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Preface

Nanostructured materials are usually defined as having some length scale smaller than
1(X) nm n at least one dimension. An important subset of this group of materials is
powders with particle size less than 100 nm, and polycrystalline materials, made by
consolidating these powders in such a way as to retain a grain size below this limit. The
choice of 100 nm stems from the fact that many physical, optical, and magnetic properties
have characteristic lengths in this range. As grain or particle size is reduced below this
characteristic length, the properties associated with these phenomena are radically altered.
A frequently cited example is the freezing out of mechanisms for generating glissile
dislocations. Another reason for expecting remarkable properties in nanostructured
polycrystalline materials is the very high proportion of atoms at. or near, grain boundaries
(as high as fifty percent or greater for grain sizes below five or ten nanometers). This
leads, for example, to very rapid diffusion coupled with very short diffusion distances.

Nanostructured materials have been around for many years. Two examples are carbon
black (for automobile tires) and TiO, (for white paint). The current interest in these
materials dates back to the pioneering work of Gleiter and coworkers at Saarlandes on gas
condensation of ultrafine particles. In this technique, the particles are precipitated from a
supersaturated metallic vapor and swept by convection currents to a cold finger where they
are collected. Since then, the number of methods for synthesis (as well as the number of
materials synthesized) has grown steadily. They generally fall into two categories.
physical and chemical. Another example of a physical method is mechanical attrition, in
which a material is severely deformed in a high energy ball mill, producing an ilcreasingl%
dense dislocation network which ultimately collapses into rianoscale grain boundarie.
Chemical methods rely on one or more chemical reactions to form the nanoscai, prticles
For example, a precursor may be decomposed during passage through a hot wall reactor
In another technique, called spray conversion, water soluble precursors are spray dried to
form micron-sized particles, reduced in a fluid bed reactor, and then carburized (for
example) in the same reactor I- one of the most unusual methods, the chemistry is carried
out in the very high temperature and pressure of a detonation front, propagating il an
explosive. Nanocrystalline diamonds have been synthesized by this method with \ery high
yield. In what is perhaps the most recent example, nanoscale particles are tormed inside
vesicles within artificial membranes. As suggested by the title of this symposium.
nanostructured materials are being designed and synthesized from the molecule up. as
envisioned by Richard Feyntian many years ago.

The list of applications for nanoscale powders and "nanocrystalline" materials is
enormous and keeps growing. An obvious example of the use of unconsolidated powder is
in the field of catalysis, where the very large surface-to-volume ratio and altered Surface
chemistry leads to significant improvements in the performance of various catalysts.
Another is in the fabrication of arrays )f particles for use in devices based on quantum
confinement. Nanoscale powders have been consolidated into nanost .ctured metals,
intermetallics and ceramics The use of nanoscale powders provide many advantages.
regardless of whether the final product is nanocrystalline. For example, the use of
nanoscale ceramic powder greatly reduces the required sintering temperature. The need for
hot isostatic pressing can be eliminated. Applications for consolidated materials include:
very hard, wear-resistant coatings; ceramics with improved strength and toughness,
superparamagnetic materials for magnetic refrigeration: net shape forming via superplastic
deformation: and transparent ceramic windows, to name only a few.

Progress in synthesis has been very rapid. Several materials, including ceramics and
cermets are commercially available, in some cases in ton quantities (Co/WC). The
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emphasis of research and development has been on finding ways to produce unagglomerated
particles wr:h controlled sizes and very narrow size distribution. Other important con-
siderations are cost. scalability, and environmental impact. Progress in consolidation has
been somewhat slower. This is partly due to the need to understand mechanisms of
sintering, grain growth, and grain growth inhibition. Rapid progress is now being made in
several areas, including oxide ceramics. cermets, ferrous alloys, and intermetallics
(especially aluminides). Opportunities exist in the areas of non-oxide ceramics (especially
nitrides), and ceramic matrix commposites, to name only two. Progress in consolidation
has enabled investigations of the mechanical properties of bulk nanocrystalline materials, as
%%ell as structure property relationships. Ultimately, it should te possible to engineer
nanoscale materials from the molecule up to the macroscopic, ;n order to achieve specific
desired properties.

The diversity of applications for nanostructured materials, combined with an explosive
growth of interest and activity in this field, has led to problems of communication between
various scientific commu'hities, each wth their own special needs and interests. Scientists
and engineers are frequently unaware of the progress m.de by people from other, seemingly
unrelated fields. It is vital tht a d~alog between different communities be established.
This symposium is a major step in that direction. Previous meetings have tended to attract
the same group of people. A comparison of the list f contributors to tha , proceeding with
previous topical conferences shows the large numbe. of "new faces." Hopefully, this is the
start of a healthy trend. Ultimately, successful exploitation of nanoscale materials by
industry will require the best efforts of chemists. physicists, materials scientists, chemical
engineers, and even biologists, together with "real world" industrial engineers.

Lawrence T. Kabacoff
Materials Division
Office of Naval Research

May 31, 1994
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THE PREPARATION, CHARACTERIZATION AND APPLICATION OF
ORGANOSOLS OF EARLY TRANSITION METALS

HELMUT BONNEMANN* AND WERNER BRIJOUX
Max-Planck-Institut fOr Kohlenforschung, Kaiser-Wilhelm-Platz 1,
45470 Mulheim an der Ruhr, Germany

ABSTRACT

Colloidal early transition metals are of great interest in both powder technology
and catalysis. We report a new process for preparing organosols of zerovalent Ti, Zr,
V, Nb and Mn

INTRODUCTION

The reduction of TiC 4 with K[BEt 3H] gives an ether-soluble [Ti(0) - 0,5 THF]x
which serves as a catalyst for the hydrogenation of titanium or zirconium sponges and
related systems and as a powerful activator for heterogeneous hydrogenation
catalysts. X-ray photoelectron spectroscopy and EXAFS analysis support the oxidation
state of zero for the titanium. By analogous reduction of the THF-adducts of Zr-, V-,
Nb-, and Mn-halides, the corresponding ether-soluble colloids of these early transition
metals may be obtained

PREPARATION OF EARLY TRANSITION METAL-COLLOIDS

The reduction of TiCI 4 • 2THF or TiCi3 • 3THF in THF solution with K[BEt 3H]
within 2h gives a brown-black solution under the evolution of H2 from which about 90%
of the precipitated KCI can be removed by filtration. After vacuum evaporation of the
solvent and BEt 3 (identih,.d by 11B-NMR spectroscopy) a black residue is obtained
which is extracted with THF. This THF solution is treated with pentane to give a brown-
black precipitate in step 1. (Equ. 1).

1. 2 h, 401C, THF
x [TiCI 4 . 2 THF] + x 4 K[BEt 3 H]

2. -THF, -BEt 3 , -H2

[Ti.0.5THF]x + x-4 KCI (1)
1

3
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After thorough drying in vacuo the pyrophoric powder 1 is obtained along with small
amounts of KCI (identified by X-ray diffraction). Quantitave measurements of the gas
evolved during the reduction (1 mol H2 per mol Ti), protonolysis and cross experiments
using K[BEt 3D] as the reducing agent in (1) show that the product of step 1. still has
various amounts of residual hydrogen. The hydrogen is removed in vacuo to give I
(step 2.). 1 readily dissolves in THF and ether but is insoluble in hydrocarbons such as
pentane. For experimental details see [1].

The IR spectrum of 1 shows intact THF coordinated to the metal core. Further
characterization of 1 by X-ray diffractometry, XPS, and EXAFS [1] supports its
description as colloidal titanium stabilized by complexed THF and containing residual
hydrogen (Fig. 1).

THF THF THF
THe THF

T H Fj THF

THF THF

THF THF

THF* THF

THF THF THF

Fig 1. Ether soluble [Ti(0) - 0.5 THFjx

The corresponding Zr-colloid was isolated by adding the THF-solution after
filtration from KCI slowly to pentane, where the Zr-colloid precipitates. The workup of
the V-and Nb-colloids was performed similarly. The reduction of the THF-adduct to
MnBr2 at 400C yielded a stable, isolated [Mn - 0.3 THF]x colloid containing typically
60% Mn.

THF

x [MnBr2  2 THF] + x 2 K[BEt 3H]
2 h,. 40°C

[Mn.0.3THF]x +x.2BEt3 + x.2 KBr + x-H 2 T (2)

Ir and NMR data of the colloid show intact THF coordinated to Mn. There is no
evidence for ether-cleavage. HRTEM showed the fringes of Mn-particles of the size 1 -
2.5 nm. An EDX-analysis of the Mn-nanoparticles showed no bromide to be present.
This result confirms the assumption that colloidal Mn(0) was formed.

EXPERIMENTAL PROOFS OF ZEROVALENT COLLOIDAL 1

The protonolysis of 1 with 2N HCI provided 1.5-2 mol of H. per mol of titanium.
Theoretically, 1.5 mol H2 are expected for TiO. This shows that in 1 Ti° has various
amounts of residual hydrogen.
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According to the IR spectrum of I intact THF is coordinated to the metal center.
Neither the IR nor 1H NMR spectra give evidence of Ti-bound hydrogen. Likewise,
there is no spectroscopic proof of a cleavage of THF by Ti° . In the X-ray diffractogramn
of 1 besides the reflections of the KCI impurity only a diffuse, small peak at 20 = 300 is
seen, the position of which matches that of the peak of amorphous titanium. The
accompanying lattice distance, approximately 0.3 nm, corresponds to that in the metal.
In the XPS spectrum of 1 (Fig. 2d) the Ti2p peak is found 2.3 eV higher in energy than
in the spectrum of TiO (Fig. 2a). Although metallic titanium as finely divided as 1 was
not available for contro experiments, it can be deduced from the XPS spectra (Fig. 2)
that titanium in 1 is almost as reduced as titanium metal.

Ti 2p

a)

0 1 b)

C)

* d)

energy

Fig. 2. XPS spectra (double peak Ti2p,12 and Ti2p3) of a) TiO2 ,
b) TiO 2 from 1, c) a sample of 1 with an oxidized sU race,
d) Ti. 0.5 THF 1. n = number of recorded pulses.

The lack of the typical broad peak between 990 and 1010 eV for 1 indicates the
absence of TiO 2 (no oxidation of the sample during the measurement). As a
comparison for the measured values, the curves from Ti0 2 produced from 1 (Fig, 2b)
and from an oxidized sample (Fig. 2c) are also displayed.

Two titanium-hydrogen compounds are known. ca-TiHx (ai < 0.46) can be des-
cribed as elemental titanium with incorporated hydrogen, whereas fr-TiH
(ca. I < y < 2)[2] has a CaF -type structure. The radical distribution function of ax
initial EXAFS analysis fitted wit the experimentally determined titanium phase function
(of titanium metal) shows three shells of titanium for 1 with the Ti-Ti distances listed in
Table 1. A hexagonal structure type similar to that of a-titanium can be deduced from
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T

these values. The lattice is somewhat expanded [31, possibly by the included hydro-
gen.

The characterization of 1 up to this point supports its description as colloidal
titanium stabilized by complexed THF and containing included residual hydrogen. The
determination of the particle size by transmission electron microscopy has not been
conducted.

The analogous reouction of ZrCI4 with K[BEt3 H] in THF also provided a product
soluble in THF; its composition was determined to be 34.1 % C, 8.0 % H, 11.4 % 0,

Table 1. Comparsion of the Ti-Ti distances in 1, a-Ti and rTiHI.97,

Shell 1 a-Ti fl-TiH1 .971
(a = 2.952, c = 4.689 A [4]) (a = 4.440 A [4])

.6A 2.90 Al
1 26A 2.9 2.925 A 3.14 A

2.95 A

2.95 A

2 4.21 A 4.14A 4.44A
3 5.68 A 5.85 A 5.44 A

3.7 % B, 5.2 % Cl, 17.9 % K, and 19.4 % Zr. The purification and closer characteriza-
tion are not yet complete.

SOME APPLICATIONS OF EARLY TRANSITIONMETAL-COLLOIDS

Besides the appi cation of 1 as dopant for noble metal hydrogenation catalysts,
the colloidal [Ti(0) • 0 5THF]x has been found to be a very efficient catalyst for the
hydrogenation of titanium and zirconium sponges as well as for a nickel hydride
battery alloy. The uncatalyzed hydrogenation of titanium or zirconium sponges using
compressed hydrogen affords pressures above 100 bar and minimum reaction tem-
peratures of 150°C. The hydrogenation of these metals under such drastic conditions,
however, is associated with unwanted sintering of the materials so that the products
can only be used after additional grinding. After the addition of 1% Ti (present in 1) to
the metal sponges a smooth hydrogenation of titanium and zirconium is observed at
low temperatures (600 - 90C). The reaction may be carried out in THF solution,
toluene suspension or in the dry state after depositing the catalyst on the surface of
the samples by evaporation of the solvent in vacuo. Using a special device [5], the
mass specific uptake of hydrogen depending on pressure, temperature and time was
monitored automatically. Fig. 3 shows the typical course of the hydrogen uptake during
the hydrogenation of a titanium sponge at 60°C catalyzed by 1% Ti in the form of 1.
After a certain latent period with only negligible uptake of H2 an abrupt start of the
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catalytic hydrogenation occurs; followed by a period of rather constant H2-uptake
(denoted as the 'hydrogenation period*). Towards the end of the H2-uptake the
reaction turns into a slow decay.

12- Pi-n Wut

'U

Fig. 3. Hydrogenation of Ti sponge catalyzed by 1

An inspection of Fig. 4 shows, that the mass specific hydrogenation time [min/g]
detected for I g of titanium sponge at 100 bar H2 in the presence of the catalyst is
constant between 601 and 90*C, practically constant in THF and toluene and even in
the absence of a solvent. Significant differences, however, occur with regard to the
latent period. If the catalytic hydrogenation of titanium sponge is performed at very low
hydrogen pressure (5 bar), a prolonged reaction time is required. In case of the Ti(0)-
catalyzed hydrogenation of zirconium sponge at 60°C in THF no latent period was
observed.

Tn sponpe Zr Spmlle
3 M - . .-- - - - - - - - - - - - - - - - - - - - - - -- - - - - -

- . s - - - - - - - -

,• -0 - - 0 - - -

T Mu n w h Cu A 8 db . T H F

Fig. 4. Influence of temperature, solvent, and pressure in the
hydrogenation of Ti and Zr sponges catalyzed by 1

AninpetinofFi. hosthtth msssecfi hdognaio im (r7g



A welcome benefit of the Ti(O)-catalyzed hydrogenation process is that the
compact titanium and zirconium sponges break down during the H2-uptake forming
finely divided hydride powders.

X-ray diffraction of the products has provided an unambiguous identification of
TiH 2 and ZrH2. Protonolysis of the dry hydrides with 5n HCI liberates 98% of the
theoretically expected amount of H2.

An interesting application of the Ti(O)-catalyzed metal hydrogenation process is
the pressureless hydrogenation of a Ni/ZrN/TiICr alloy at room temperature. The
corresponding hydride of this special alloy (38.2% Ni, 24.3% Zr, 12.8%Ti 18.7%V,
6.0% Cr) is of current interest for electrochemical purposes (Nickel hydride battery).
However, the hydrogenation at room temperature affords 5 bar hydrogen pressure and
even under these conditions an unwanted latent period occurs. After doping the
surface of the alloy with 1 wt.-% of soluble Ti(O) using 1 as the precursor, a
spontaneous uptake of 0.6 - 0.7 wt.-% hydrogen is observed at room temperature
without applying pressure.
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SPONT XNEOUS FORMATION OF Ag AND Au PARTICLES IN ALCOHOLS
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ABSTRACT

Metal particles are generated via the spontaneous reduction of Ag + and AuC4- ions by solvent
molecules that takes place in air-saturated alcoholic solutions containing hydroxide ions. Changes
in the ,1 ,smon band of the Ag particles are observed when the metal particles are in contact with
Ag20 particles. The optical changes are explained in terms of surface effects of the metal particles.
l,arger shifts of the Au plasmon band and light scattering were observed at the initial stages of the
particle formation process. These effects are explained in terms of formation of networks
consisting of small metal particles. It is proposed that generation of small Au particles occurs
mainly on silica surfaces, and that particle-networks are formed when small particles desorb from
the surfaces.

INTRODUCTION

Small metal particles continue to receive considerable attention because of their novel physical
and chemical properties. 1-3 For example, the optical properties of small Ag and Au particles are
influenced by particle size, particle shape and surface effects. 3,4 A convenient way to study these
effects consists in using colloidal solutions of the metals. 3

A simple method for the preparation of small colloidal Ag and Au particles is presented here.
The general procedure is based on the instability of some metal complexes in basic alcohols, which
results in the reduction of the metal ions at room temperature. The present report is centered on
preparation methods, some kinetic aspects of the particle formation process, as well as
characterization of colloids produced by the spontaneous reduction of Ag + and AuCI4- ions in air-
saturated alcoholic solutions containing hydroxide ions.

EXPERIMENTAL SECTION

Methanol, 2-propanol, NaOH (Fisher), AgNO3, NaAuCl4 . 2H 20 (Aldrich), and SDS (MCB)
were used as received. Unless otherwise stated, all chemical reactions were performed at room
temperature. Stock solutions of powdered Nation 117 (Aldrich) containing 5% (wt) of the
strongly acidic material (equivalent weight of 1,100 g/equiv.) were neutralized prior to addition to
the NaAuCI4 solutions. Suspensions of Sit 2 particles were prepared by sonicating 0.02 g of Cab-
O-Sil HS-5 fumed silica (Cabot, average diameter = 8 nm) in 0.1 L of methanol. For Au colloids,
0.75 mL of a 2 x 10-2 M NaOH solution in methanol was added to about 45 mL of a methanolic
solution of NaAuCI 4 and stabilizer. The volume was adjusted to 50 mL with alcohol under
stirring, and the final concentrations were 104 M NaAuCI4 , 3 x 10-4 M NaOH and 10- 3 M SDS or
10-4 N Nation. To avoid irreproducible results Au colloids were prepared in polypropylene
volumetric flasks and in the absence of ambient light (the gold complex is sensitive to visible light).
Colloidal Ag were prepared from 2-propanol solutions containing 2.5 x 10

-4 M AgNO 3 , 5 x 10 4

M NaOH and 4 x 104 N Nation. Non-neutralized Nafion was used in this case.
A Hitachi U-2000 spectrophotometer was utilized for optical absorption determinations, and

the spectral changes were monitored in 1 cm quartz or Pyrex optical cells. X-ray diffraction
(XRD) experiments were performed with a Siemens D5000 powder diffractometer. Transmission
electron microscopy (TEM) were carried out with a JEOL 1200-EX microscope.

9
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Figure 1. Evolution of the optical spectra during formation of Ag particles.

RESULTS

A bright yellow solution was slowly formed when hydroxide ions were added to an air-
saturated alcoholic solution of Ag+ ions. The evolution of the absorption spectra with time is
presented in Figure 1. Between 5 and 16 min, a broad absorption centered at 410 nm developed.
At longer reactions times the absorption band narrowed and shifted continuously to shorter
wavelengths. The shifts in the absorption band ceased after about 5 h, at which point a narrow and
strong absorption band centered at 390 nm was obtained. Afterwards, only a slow but continuous
increase in the intensity of the 390 nm band was noticed. The evolution of the optical spectra was
completed in about 10 hours, and the final spectra is shown in Figure 2. XRD and TEM
measurements of the yellow colloid indicated that it consisted of nearly spherical Ag particles; the
most frequent particle size was 4.5 nm and the statistical average particle size was 7.4 nm. Large
Ag20 particles and also a few metal particles were observed in TEM experiments with solutions
prepared at -45 C. These results suggest that silver oxide is initially formed through the reaction
between Ag+ ions and OH- ions.

Colloidal Ag particles prepared in 2-propanol with Nafion are very stable toward agglomeration
or oxidation by air despite of their small size. Illumination of evacuated colloids at 290 nm or
irradiation of air-saturated colloids with photons of X > 380 nm produced no change in the optical
spectra of the particles. However, the band centered at about 390 nm decreased in intensity and
shifted to longer wavelengths with increasing time when colloids were illuminated with light of
290 nm in the presence of air (Figure 2). At irradiation times longer than 64 min the absorption
decreased, but Ximax remained constant at about 410 nm. The decay in optical density was
exponential with time and a rate constant of 4.8 x 10-5 s- 1 was determined from a first order plot of
the data. As shown in Figure 3, micron-size polycrystalline Ag20 particles as well as small Ag
particles were present in a colloid irradiated for 810 min.
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Figure 2. Spectral changes during irradiation of colloidal Ag. Irradiation times (min) from top to
bottom are: 0, 7, 15. 64, 100, 180, 448, 662, 691 and 810.

Figure 3. TEM image of an Ag colloid illuminated for 810 min with 290 nm light.

Addition of hydroxide ions to an air-saturated methanolic solution of AuC14- ions and
Nafion resulted in a slow evolution of the absorption spectra with time, as shown in Figure 4.
Broad absorption bands were observed; kmax shifted initially to 590 nm and then slowly to 540 nm
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Figure 4. Spectral changes during formation of an Au colloid stabilized with Nafion.

at the later stages of the reaction. The resulting colloids were transparent and stable for several
weeks. They consisted of near-spherical (faceted) metal particles with an average diameter of 57
nm (Figure 5). Our results are in good agreement with previous observations on Au particles in
water (Xmax = 536 nm for daverage = 60 nm).5

Shifts in Xmax at wavelengths longer than 500 nm similar to those shown in Figure 4 were
detected in all coiloid preparations. In general, a turbidt developed as the absorption bands
shifted to longei wavelengths and it faded away when the bands shifted to shorter wavelengths.
Changes in optical density at 560 nm were used to follow the kinetics of the initial step of the
particle formation reaction. Typical results are presented in Figure 6. Curves a-c were measured
in quartz cells and correspond to the changes in absorbance of solutions containing SDS, Nafion
and no stabilizing agent, respectively. Au particles were formed with an apparent first-order rate
constant of kapp = 2 x 10-2 min-1 in SDS solutions, and with kapp = 3.7 x 10-2 min-t in solutions
with Nafion.

The rate of the Au particle formation process in methanol was strongly affected by the nature of
the container used to store the reacting mixture. For example, formation of particles was
completed after a few hours when the basic AuCL- solutions were kept in Pyrex volumetric flasks,
whereas hardly any reaction was noticed after 24 h when polypropylene containers were utilized.
Therefore, solutions containing the gold complex were mixed with base in polypropylene vessels
and sample of the mixture was immediately transferred to optical cells where the reaction was
allowed to proceed. Curve d in Figure 6 was measured using a Pyrex cell and shows the evolution
of the absorbance at 560 nm with time for a solution of NaAuCI4. NaOH and SDS. A fast
formation of particles (kapp = 0.14 min- 1) followed after an induction period of 20 min. Since
solutions with the same chemical composition were employed in the experiments with a quartz cell
( curve a) and with a Pyrex cell (curve d), the results presented in Figure 4 indicate that the rate of
metal particle formation was affected by the type of surface that is in contact with the solution.
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Figure 5. TEIM image of an Au colloid prepared in the presence of Nafion.
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Figure 6. Evolution of the absorption at 560 nm in solutions containing 10-4 M NaAUC14 , 3 x
10-4 M NaOH and: curve a, l0y- M SDS; curve b, 104 N Nafion; curve c, no stabilizer. Results
wcre obtained using quartz cells. Curve d: 10-3 M SDS, measured in Pyrex cells.
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DISCUSSION

The red shitts of the metal pla.smon band during the tormation of Ag particles can be correlated
to surface effects that occur when the diameter of the metal particles is small. 3 Shifts o; the metal
plasnion hand in the opposite direction are observed during the photooxidation of the metal
particles, indicating that they arise when metal and oxide particles coexist. Formation of small Ag
particles on the surface of large oxide particles will result in electronic interactions between the two
types of materials because Ag20 has semiconducting properties. Thus, the surface effects of the
metal particles are related to metal-semiconductor interactions. The shifts in the plasmon band of
,:olloidal Ag are explained under the assumption that transfer of electron density from the metal to
the oxide takes place when small Ag particles are formed on the surface of Ag20.

Ver. broad plasmon bands and stronger shifts of the plasmon bands were observed during
the formation of Au particles. However, it is not possible to explain these effects under the
a ssumptlion that they originate from surface and size effects, because smaller shifts ( I0 to 20 nm)
are usually induced by these effects. In addition, the turbidity that develops with increasing time
!ndicates that small Au particles formed initially react to generate species that scatter light, and that
the optical effects are related to simultaneous changes in particle size and light scattering. The
species that generate the optical effects may correspond to networks of weakly interacting metal
particles, since it has been shown that the plasmon band of Au particles broadens and shifts to
longer wavelengths when the particles form networks.4 ,5 Coalescence of the Au particles ill the
networks yields large metal particles with strong plasmon bands, which explains the blue shifts of
the absorption bands that were observed at longer times. Since elemental gold is not formed in
polypropylene or polystyrene containers it appears that metal particle formation is promoted by
silica surfaces, and that the promoting effect of Pyrex is stronger than that of quartz. These
observations are explained under the assumption that metal particle formation proceeds initially on
top of the silica surfaces. The metal crystallites desorb from the surfaces during the early stages of
growth, torming networks of s'mall Au particles.

In conclusion, the spontaneous formation of metal particles in alcohols containing base is a
simple method for the preparation of small Ag and Au particles. We have recently used this
nethi..l for the deposition of thin films (f these metals on Mylar supports.
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ABSTRACT

A self consistent jellium approach to the chemisorption of molecular oxygen on copper
clusters is investigated and compared with local density MO - LCAO calculations. The
jellium model is found to be well suited for chemisorption studies and the results explain
the main trends in the measured chemisorption properties of 02 on copper clusters.

INTRODUCTION

One of the main objectives for research on clusters is the future prospects to use clusters
in the design of new materials. Cluster assembled materials are believed to have special
optical, mechanical or catalytic properties. The first step in the design of these new materials
is, however, the characterization of free clusters. This has been an intense field of research
during the last ten yearsl1].

One of the most interesting discoveries in the characterization free clusters is the ex-
istence of magic numbers first observed in the abundance spectra of sodium clusters by
Knight et al.[2]. After these experiments various simple metal clusters have been reported
to show magic numbers in electronic properties such as, ionization potential, electron affin-
ity, optical response and reactivity[3]. The magic numbers are interpreted as electronic
shell closings, resulting from quantized valence orbitals for electrons in an effective positive
potential background constituted by the ionic cores. The self consistent spherical jellium
model which almost has grown into a paradigm in cluster physics was first introduced as
an appropriate cluster model by Ekardt[41. The jellium model is simple and consequently
an attractive tool that has been able to give a qualitative understanding of various exper-
imental findings where the electronic shell structure dominates over the exact geometrical
cluster configuration[5]. The original spherical model only accounts for the main trends in
the size evolution of electronic properties, i.e. the abrupt property changes at cluster sizes
of 8, 20, 40 atoms. To reproduce the experimental findings for also open shell clusters shape
deformations of the jellium background has been introduced to model the Jahn - Teller
distortion[6,7,8].

Reactivity of metal clusters is an important topic for applications in catalysis where the
prospect is to obtain materials with appropriate reaction selectivity and efficiency. Regard-
ing free clusters the reactivity has been reported to vary orders of magnitude with varying
cluster size(9). One example of cluster reactions showing a strong size dependence is the ox-
idation of copper clustersf 10,11). The reactivity has shown a close correlation to the jellium
counting rules where the closed shell clusters with 8, 20, 40 atoms are reported to be less
reactive compared with clusters having one, two or more valence electrons. Previously we
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have reported on chemisorption of molecular oxygen on copper clusters using a first principle
%1O - LCAO approach within the local density approximation[12. The calculations were
done for clusters around the shell closing at eight atoms and indicated an electronic shell
effect. The 02 molecule was just weakly bound to the Cu8 cluster while a strong bonding
was obtained for Cus. These calculations indicate that a jellium treatment of the clusters
might be an appropriate approach to study the chemisorption process and we will in this
work elaborate on this point and investigate how well a spherical jeliium description of the
copper clusters reproduce the first principle results. The comparison will be carried out for
the Cus and the Cus clusters. In this way the two extremes of a closed and a mono valent
cluster will be treated. The jellium model has previously mainly been used to describe alkali
metal clusters. The extension to nobel metal systems should be done with care since the
hybridization of d, s and p states while forming larger aggregates is not completely clear.
However, the ellipsoidal jellium model has successfully been used for the calculations of
electron affinity of copper clusters[13]. The comparison of the jellium and the first principle
results for the Cus shell closing encouraged us to also calculate the chemisorption properties
of oxygen around the shell closings at 20 and 40 atoms.

COMPUTATIONAL SCHEME

The density functional theory with the local spin density approximation[14,15 is used
to transform the many - electron Shr6dinger equation into a set of one - electron equations.
The hamiltonian in atomic units reads,

h(r) = -V 2 + vef((r),4(r)) (1)
2

Where (r) is the relative spin density,

(r) = (pl(r) - pl(r))/p"t (r). (2)

The effective potential in Eq. 1, vff(r, (r)) can be decomposed into three parts,

Vejjf(r, e(r)) = v,(r) + v.,(r) + v..(r, (r)). (3)

The first term v,(r) represents the attractive Coulomb potential from the nuclei of the atoms,
the second term v_(r) is the electronic Coulomb potential due to the cluster charge density
p(r). The last term is a parameterization of the remaining electron-electron interactions
for the one particle potential. For this term we have used the spin polarized formula by
Gunnarsson and Lundqvist[161.

In the first principle calculations vt(r) is composed of the point charges o the constituent
atoms in the cluster. The spherical jellium model approximates this part disregarding the
ionic structure and uniformly distribute the charge on a sphere with a radius and a density
which preserve charge neutrality. The cluster contribution to the ionic potential is thus
given by,

_-_ r>R

- R Z(R - (-)t) r <R

Z is the net charge of the ionic system and R is the radius of the jellium sphere, R = r.Z l /a .

For the Wigner Seitz radius r, we have used the corresponding bulk value of copper 2.67
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a.u.. Both in the first principle and the jellium calculations solutions to the hamiltonian

is obtained by expanding wave functions in a linear combination of atomic or jellium wave
functions, i.e. the LCAO approach. These wave functions are given on a numerical grid

and are generated separately using a SCF-LDA code. The obtained secular equation in the

LCAO approach is given a block diagonal form by applying the symmetry of the system and

the matrix elements are evaluated using the three-dimensional integration scheme developed

by Boerrigter et al.[17]. The eigenvalues are solved to self consistency using the density
fitting method proposed by Delley and Ellis[ISi.

RESULTS

Fig.la shows the one-electron eigenvalues calculated for Cus and Cu, using the first
principle MO-LCAO calculations and the self consistent spherical jellium approach, respec-
tively. The cluster geometries used for the first principle calculations were for both cluster
sizes the C2. isomers. For the Cus, clusters this isomer is reported as the energeticly most
favorable[191 The jellium description rely on the 4s electrons to completely determine the
electronic properties of the cluster. Therefore we also have investigated the effect of the 3d
electrons by carrying out the first principle calculations o. two levels of approximation. One
where the 3d electrons were included in the varational treatment and another where the
3d electrons were kept fixed as the lower lying states within the frozen core approximation.
In both treatments also the 4p polarization wavefunctions were included together with an
ionic basis set 4s4p of the Cu 2+ ion to yield an increased variational freedom. In Fig. I
the one - electron ,ibitals are denoted by the corresponding C2 , symmetry notation. For
the calculations including the 3d - states only the orbitals mainly showing 4s character are

Cu8  Cu 9  02 / Cu8  02 / Cu9  02

3d4S4P 4S4pJELLUM 3d4s4V 4S4p JELUUM LCAO JELLIUM LCAO JELLIUM

-2 .~-2

.40 -4 b'

0101IV 4i "--
- al .

-8 -8 a , 20 4

.10 V- a) -10 b)

Figure 1: a) Energy level diagram for the bare clusters Cua and Cug. The occupied levels are
represented by solid lines and the unoccupied by dashed lines. First principle results are shown at
the two levels of approximation, one including the 3d states and one treating them in the frozen
core approximation. The orbitals are denoted according to the C2 symmetry. b) One electron
energy spectrum for the oxidized clusters. The LCAO calculations represent the case of including
the 3d states. To the right also the HOMO level for the free oxygen molecule is included.
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indicated. In these calculations the shell structure is clearly apparent with a large HOMO
- LUMO separation for Cue and a high lying HOMO level for Cus together with a minor
HOMO - LUMO gap. The symmetry of the cluster also distribute the 4s electrons in a
configuration similar to the jellium result. The exclusion of the 3d - states in the variational
loop contracts the energy spectra and results in a larger separation of the one - electron
orbitals corresponding to the jellium lp state. However, it is obvious that the exclusion
of the d - states just brings a minor shift to the HOMO level of the clusters and that for
a (,ialitat:" e understanding the 3d - states may be excluded. The spherical jeliium levels
are in comparison with the first principle levels shifted upwards. The absolute energies
for the eigenvalues are scaled with the value of the jellium parameter r,, which determines
width and depth of the potential. Reducing the r. value would yield absolute results in
better agreement with the first principle results. However, changing the r, value would
also introduce an arbitrariness in the model removing one of the attractive features of the
approach.

Knowing the electronic structure of the bare clusters we continue with an investigation
of the 02 chemisorption on the two cluster sizes. In Fig. lb the energy level diagrams for the
chemisorbed state of 02 calculated with the jellium and the MO-LCAO approach including
the 3d-electrons are shown. The bond distances between the molecule and the cluster were
optimized, while the interatomic bond distance of the oxygen molecule was kept at 2.4 a.u.
which corresponds to the free molecule value. Again, the notation is that corresponding to
the C2. symmetry. Also included in the figure are the antibonding r" orbital levels for the
free oxygen molecule. This orbital is in the free molecule half filled forming a triplet ground
state. In the first principle results the chemisorption site for the Cus cluster was a 'hollow'
site while an 'on top' site was investigated for the Cug cluster. The results obtained for
Cus and Cu, are different. For the closed shell Cus cluster the interaction with the oxygen
molecule breaks the high degeneracy and spin pairing of the bare cluster. The interaction is,
however, not larger than that the cluster and oxygen orbitals keep their original character.
The unoccupied a2 and b, levels of the free molecule are shifted upwards to the HOMO level
of the cluster introducing states just above the HOMO level removing the large HOMO -
LUMO separation. For the Cus clusters on the other hand the mixing between cluster and
oxygen states is large. For example, the states originating from the ld jellium level is for
the nine atom cluster splitted over about twice the energy range compared with the eight
atom cluster.

The stronger mixing can also be seen in the charge transfer from the cluster to the oxygen
molecule. In our previous paper the charge transfer was analyzed using a partial density of
states analysis. The net charge transfer from the cluster was found to be composed of two
flows, one filling the antibonding r* state and another resulting in less charge of the bonding
r orbital. Both resulting in a weaker bond between the oxygen atoms. Using a Mulliken
population analysis the charge transfer was in the Cue cluster found to be 0.3 electrons for
the jellium case and 0.4 for the MO - LCAO calculation. Corresponding numbers for Cu
were 0.7 and 0.6. These numbers clearly show the same trends. We also notice that the shift
of the HOMO level due to the oxidation for the jelliurn and first principle results are equal,
0.2 eV for the Cu, cluster. This is an encouraging results since this enable-us to do reliable
estimations of how, for example the ionization potential will be effected by the oxidation.
The corresponding change is overestimated for the Cug duster by a factor of two. This is a
result of the high degenary of the jellium orbitals and introducing an ellipsoidal shape would
decrease the discrepancy between the models. To summarize the comparison, we conclude
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that the jellium model surprisingly well describes the chemisorption of the oxygen molecule.
Thus, we will continue by employing the model for shell closings at larger cluster sizes.

The effect of the shell closing is mainly maintained when probing the closed shell clusters
at 20 and 40 atoms together with the monovalent clusters of 21 and 41 atoms. In Fig. 2
the result of a partial density of states analysis is shown for the O2 /Cu. systems. The
chemisorption distances are optimized and the total density of states is projected on the
oxygen 2p orbital. The solid line correspond to the component pointing towards the jellium
sphere referred to as the 'perpendicular' component and the dashed line is the 'parallel'
component. Both the occupi.d and th, unocc-pied dei:sity of states are displayed plotted
with respect to the Fermi energy. The degeneracy of the levels for the free molecule is
broken because of the perturbation of the jellium sphere as discussed above. We see how
the splitting is much more efficient for t le monovalent cluster than for the closed shell
clusters. For the larger cluster sizes the ,luster energy levels are closer in energy which
results in a stronger mixing between these levels upon chemisorption. This will for the
chemisorption result in a weaker size dependence, which clearly can be seen for the Cu4o
and Cu 4 clusters.

CU9
A CU21i ~ Cu41o \°9 i o I2 1 ,

CUB Co0 CU4

€.LA.

-4 0 -8 -4 0

E-EF(eV)

Figure 2: Partial density of states. The total density of states is projected on the two angular
components of the oxygen 2p orbital. Solid line refers to the component pointing towards the
jellium sphere, dashed line is the component parallel to the jeium sphere.

CONCLUSIONS

In order to analyze the reactivity of large clusters, for which first principle methods
not are feasible, we have investigated the performance of the jellium model. The clusters
were treated as jellium spheres and the chemisorption of molecular oxygen was studied self
consistently using a MO-LCAO approach within the LSD scheme. The capability of the
model was checked through a comparison with first principal calculations for the electronic
shell closing at eight atoms with encouraging results. Although the spherical jellium model
showed a poor performance for bare clusters due to the highly degenerated levels, the main
trends in the oxidation was found to be properly described.
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ABSTRACT

Neutral, low-valent complexes of transition metals or an organometallic compound of Ge are
prepared containing ancillary ligands which bear silicate ester or (alkoxy)silicon functional groups.
Inclusion of these molecules as dopant species in a conventional sol-gel synthesis of silica xerogels
affords silica xerogels in which dopant molecules have presumably been covalently incorporated
into the xerogel matrix with uniform and high dispersion. Subsequent thermal treatment of these
molecularly doped xerogels under reducing or oxidizing/reducing conditions gives nanocomposites
containing nanoclusters of metals or semiconductor substances. By this procedure,
nanocomposites containing nanoclusters of Ag, Cu, Pt, Os, CCo3, Fe 2P, Ni2P, or Ge have been
prepared. Preliminary evidence for the formation of a nanocomposite containing Pt-Sn
nanoclusters derived from a bimetallic molecular precursor is also presented. Characterization data
for the nanocomposite materials include TEM, electron diffraction, EDS, XRD, and selected use of
micro-Raman spectroscopy. These results support the hypothesis that covalent incorporation of
molecular precursors containing low-valent metals into a silica xerogel can afford nanocluster
phases with high dispersion, relatively small particle size, and unusual elemental composition.

INTRODUCTION

Nanocomposite materials consisting of very small particles (typically nanoscale particles having
diameters less than 100 nm or, equivalently, 1000 A) of a guest substance dispersed throughout a
host matrix are a topic of intense current interest for potential applications in chemical catalysis or
as magnetic, electronic, or photonic (nonlinear optical) materials I1]. Guest substances of metals
or semiconductors are of particular interest for these applications.

Nanocomposites containing nanoclusters of metals dispersed in a silica xerogel host matrix
have been prepared by doping metal salts into a conventional sol-gel synthesis of silica xerogel
followed by oxidative and reductive thermal treatments. For some metals, this procedure gives
metal nanoclusters of small and quite uniform size. A more general procedure for obtaining such
metal nanoclusters having a fairly uniform and monomodal particle-size distribution has been
evaluated by Schubert and coworkers [2]. In this adaptation, a trialkylorthosilicate group is
attached via a CH 2CH 2CH2 linkage to either a NH2 or ethylenediamine fragment. These
molecules serve as bifunctional ligar.ds. Addition of these donor molecules to a conventional sol-
gel recipe in the presence of metal salts leads to complexation of the metal ion by the amine
functional groups and to hydrolysis and condensation of the silicate ester functional groups with
the resulting silica xerogel matrix as it is being fomed. This covalent attachment of metal ion
complexes to a xerogel matrix apparently gives more uniform dispersion of the metal ions
throughout the xerogel. Subsequent oxidative and reductive thermal treatments results in silica
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xerogels containin metal nanoclusters. Selected metal nanoclusters of the following metals
(average diameter, A, diameter range, A) have been prepared by Schubert using this method: Ag
(195, 90 - 309); Cu (39, 15 - 74); Pt (25, 8 - 42).

In this study, covalent attachment of molecular precursors to a growing silica xerogel matrix by
means c" bifunctional ligands is extended to include neutral, low-valent metal complexes or an
organometallic compound of germanium. Such complexes are expected to be more inert toward
ligand substitution than ionic amine complexes thereby affording a more uniform incorporation of
molecular precursor throughout the xerogel matrix. Furthermore, precursor melecules containing
low-valent metals may decompose thermally under solely reductive conditions to give nanoscale
phases thus obviating the need for an oxidative thermal decomposition treatment. This latter aspect
might provide synthetic control over the elemental composition of the nanocluster phase through
the proper choice of precursor molecule.

EXPERIMENTAL

The overall synthetic strategy is shown in equation (1). A metal complex or compound, 1, is

H20, MeOH
Si(OMe) 4 + x LnM{L- Si(OR) 3} - SiO, xerogelm Si-LML,),

H' or base
TMOS 1 catal. a H 2  or

IX air then H 2  
(1

SiO 2 xerogel, x "

prepared containing a bifunctional ligand or substituent which bears a silicate ester (as shown) or
an (alkoxy)silyl functional group. Addition of 1 to a conventional sol-gel synthesis of silica
xerogel from tetramethylorthosilicate, TMOS, water, methanol and/or DMF or THF, and an acid or
base catalyst gives a silica xerogel in which the dopant molecule is covalently attached to the
xerogel matrix. Thermal decomposition of this doped xerogel under reducing or
oxidizing/reducing conditions affords a silica xerogel containing a nanophase substance.

The bifunctional ligands used in this study include the commercially available thiols,
HS(CH 2 )3 Si(OMe) 3 , HSR, and HSCH 2 SiMe(OEt)2, HSR, and the phosphines,
PPh2(Cti 2 )2 Si(OMe) 3, LA. PPh2(CH2)2Si(OEt) 3 , LB, and PEt2(CH2)2Si(OEt) 3, LC, which were
prepared according to literature procedures [3].

The molecular precursors, 1, were prepared using published procedures or procedures
reported for the preparation of analogous thiolate or phosphine complexes. These compounds

include; Ag[SR'I oligomer 141, CuLB3 Cl [51, Os(T16 - p-cymene)LACl2 (61, cis-PtLA2 Cl 2 (71,
(HO) 3SiCCo 3(CO)9 [8], NiLB4 [91, Fe(CO)4LA [101, Me3GeSR [I I], and trans- Pt(SnPh 3)2LC2
[121.

Conventional sol-gel recipes were followed in the syntheses of the molecularly doped silica
xerogels 1131. The xerogels were formed at room temperature using aqueous HCI as the acid
catalyst or aqueous ammonia as the basic catalyst. Stoichiometries for the molar ratio of TMOS to
molecular dopant complex varied from 4:1 to 100:1. Product xerogels were washed several times
with alcohol prior to air drying.

Conversion of the molecularly doped xerogels to nanocomposite materials was accomplished
by placing the powdered xerogel into an alumina boat. Such samples were then introduced into a

22



quartz tube placed inside of a tube furnace. The atmosphere within the tube was controlled by
gaseous flow of the appropriate gas. Temperatures weae measured by an internal thermocouple.
Specific thermal conditions are described below.

RESULTS AND DISCUSSION

Nanocomposites containing nanoclusters of metals

The synthetic conditions used for the formation of silica xerogels containing nanoclusters of
Ag, Cu, Os, or Pt are shown in equation (2). TEM micrographs of typical samples of these
nanocomposites are shown in Figure 1. The metal nanocluster features are highly dispersed
throughout the xerogel matrix. For each sample, the presence of crystalline metal phase is
confirmed by electron diffraction ring patterns. Other crystalline phases are not evident. EDS
analysis reveals the presence of silicon and the appropriate metal in each sample and, within the
limits of detection, the absence of any residual S, P, or CI that was contained in the precursor
complex. Histograms of the respective metal particle sizes taken from TEM images indicate
monomodal particle size distributions having the following diameters (average, range): Ag (53, 30
- 120 A); Cu (24, 15 - 35 A); Os (27, 10 - 70 A)* Pt (38,20 - 80 A). XRD analysis of the Ag, Cu.
and Os nanocomposites confirms the presence of crystalline metal phases with volume-weighted
average particle diameters of 125 A for the Ag nanoclusters and 55 A for the Os nanoclusters. The
presence of a small fraction of relatively large metal clusters presumably accounts for the larger

SiO 2 xerogel x Ag SiO 2 xerogel x Cu

air (600C, I h)
H 2 (600 C, 3 h)

H2 (600 C, 5 h)

SiO 2 xerogel (AgSR') SiO2 xerogel - (CuL B3CIX

[AgSR'In CuLB3CI P /i: Cu
Si: Ag NH3 (aq) NH3 (aqI

100:1 10 1

Si(OMe)4  + H20 (xs) + MeOH &/or DMF or THF (2)

Si: Os HCI (aq) HCI(aq) Si: Pt
100: 1 pLC 100: 1

/bs(rl 6kp-cymene)LACl 2  PAC12

SiO 2 xerogel - [Os(arene)L AC12]x SiO 2 xerogel .(PtL 2C 2),

air (700 C, 2 h)
H2 (900 C, 0.5 h) H2 (700 C, I h)

SiO 2 xerogel • x Os SiO 2 xerogel - x Pt
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Figure 1. TEM micrographs of silica xerogel nanocomposites containing Ag (upper left), Cu

(upper right), Os (lower left), or Pt (lower right) nanochisters.
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particle diameters as determined from XRD peak widths. XRD peaks of the Cu nanocomposite are
too broad to give particle size measurement. A small amount of crystalline copper phosphide,
Cu3P, is also evident in the XRD scans of the Cu nanocomposite indicating that all of the
phosphorus had not been eliminated from the precursor xerogel during reductive thermal
decomposition. XRD analysis of the Pt nanocomposite is in progress.

In recent work by others, Gacoin and coworkers prepared Ag nanoclusters (41, 5 - 120 A) in a
sol-gel matrix using bifunctional ligands with reduction of Ag4 ions being induced by y - radiatio
[141. Lisiecki and Pileni formed Cu nanoclusters with diameters of 14 - 35 A by solution
reduction of copper ion in reverse micelles [15]. The formation of Os particles from the thermal
decomposition of silica-supported Os 3(CO)1 2 has been reviewed by Psaro, et al., [ 161. Chaudret
and coworkers produced Pt nanoclusters of 12 or 15 A average diameter in nitrccellulose or
cellulose acetate, respectively, by solution reduction of a precursor compound of Pt [171-

Nanocomposites containing nanoclusters of semiconductors

The synthetic conditions used for the formation of silica xerogels containing nanoclusters of
CCo 3 , Fe 2 P, Ni 2P. or Ge are shown in equation (3). TEM micrographs of typical samples of
these nanocomposites are shown in Figure 2. The nanocluster features are highly dispersed
throughout the xerogel matrix. For each sample, the presence of crystalline nanophase material is
confirmed by electron diffraction ring patterns. Although the ring pattern for the cobalt carbide
nanocomposite revealed the presence of some amount of crystalline Co 3 0 4 , the other three
nanocomposites appear to be pure. The single crystallinity of the CCo3 and Fc2 P (syn-

SiO2 xerogel - x CCo3  SiO 2 xerogel x Fe2P

I H2 (500 C, 2 h) 
H2 (900 C. 0.5 h)

SiO 2 xerogel - [SiCC03(CO)9]h SiO 2 xerogel • [Fe(CO)4LA 1,,

, (HO)VSiCCo3(CO)9  Fe(CO)4 LA

Si:Co NH3 (aq) NH 3 (aq) Si. Fe
4:1 10:1

[Si(OMe) 4  + H20(xs) + MeOH/DMF(xs) (3)

Si:Ni NH 3 (aq) HCI(aq) Si:Ge

10:1 11: NiLB4  Me 3GeSR :

SiO 2 xerogel • (NiL 4)x SiO 2 xerogel .(Me3GeSR)x
air (600 C, 0.5 h)

H2 (750 C 3 h) H2 (600 C, I h)
H2 (900 C, 0.5 h)

SiO 2 xerogel -x Ni2P SiO 2 xerogel • x Ge
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50 nm

Figure 2. TEM micrographs of silica xerogel. nanocomposites containing CCo3 (upper left), Fe2P
(upper right), Ni2P (lower left), or Ge (lower right) nanoclusters.
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narringerite) particles was determined by successful interpretation of electron diffraction spot
patterns obtained from single particles. Also, TEM micrographs of individual Fe2P particles
havig the correct orientation reveal hexagonal projections consistent with this hexagonal phase.
and at high magnification TEM images of individual Ge particles show fringe patterns. EDS
analysis reveals the presence of silicon and the other elements expected from the appropriate phase
in each sample. Within the limits of detection, the EDS spectrum of the Ge nanocomposite
revealed the complete absence of sulfur. Microanalysis of the CCo3 nanocomposite gives a SiiCo
atomic ratio of 4.7/1.0. Microanalytical data for th Ge nanocomposite is consistent with the
approximate composition of "(SiO2)lSGe".

Histograms of the respective particle sizes taken from TEM images indicate monomodal particle
size distmbutions having the tollowing diameters (average, range): CCo3 (255 )0 - 460 A); Fe2 P
(47. 20 - 80 A); Ni2P (26, 15 - 40 A); Ge (95, 35 - 155 A). XRD analysis of the CCo3, Fe2P,
and Ge nanocomposites confirms the pre.,'-ce of the appropriate crystalline phases with volume-
weighted average particle diameters of 100 A for the Fe2 P nanoclusters and 68 A for the Ge
nanoclusters. Presumably, the Fe 2P nanocomposite contains a small fraction of relatively large
crystalline particles of Fe2P, while the Ge nanocomposite contains a relatively large fraction of
small, highly crystalline Ge particles. The XRD spectrum of the CCo3 nanocomposite reveals a
predominant CCo3 crystalline phase and the presence of crystalline C0304. XRD analysis of the
Ni 2 P nanocomposite is in progress.

Micro-Raman analysis of the Ge nanocomposite shows a sharp Raman signal centered at 301
cm-I corresponding to the phonon frequency of microcrystalline Ge (Figure 1). The FWHM of

this peak of 13 + 0.5 cm-1 is consistent with Ge microcrystals having diameers of approximately
6(1 A. Similar Raman signals have been reported by Fujii and coworkers for Ge nanoclusters
formed by rf co-sputtering methods [ 181.

Intensity

200 250 300 350 400
Wavenumber ( cm- I )

Figure 3. Micro-Raman spectrum of the Ge nanocomposite ",'owing the phonon band of Ge.

In work reported by others, Fox and coworkers have found that CCo3 is an effective methanol
reforming catalyst (191, and thermal decomposition of cobalt oxo clusters containing

(OC)qCcICCO 2  fragments as ligands has been used by Wolf and coworkers to prepare
hydrogenaion catalysts [201. Fujii and coworkers report that Fe2 P is paramagnetic and exhibits
ferromagnetm at temperatures below 217 K [21]. Particles of Fe2 P have been used by Seeger
and coworkers as an ink in the fabrication of integrated curcuits [221. Ni2 P is commercially
available as a chemical reagent, and Sharon and coworkers report that it has a band gap of 1.0 ev
[231. In recent work, Paine and coworkers have prepared nanocrystalline Ge embedded in SiO2
by a hydrothermal oxidation and subsequent hydrogen reduction procedure [24].
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Nar~ ~flLI! L~fhitflilL~birretalik nanojilusiers

V!ery preliminary results support the hypothesis that the metal core composition1 of a bimetallic
precurs~or molecule can be used to control the elemental composition of a resulting nanophase
material. As shown in equation (4), a Pt-Sn molecular precursor can be covalcnitly incorporated
into a silica serogel using bifunctional phosphine ligands. Subsequent reductive thermal treatment
gives a naniocomposite containing an apparent mixture of Pt-Sn nanophases. A typical TEM
micrograph of this nanocomposite is shown in Figure 4. Nanocluster features are dispersed
throughout the xerogel matrix as particles having diameters in the range of 60) - 175 A. The
particulate features show either hexagonal or mor-e spheroidal projections. Electron diffraction ring
patterns confirms the presence of several Pt-Sn phases including the hexagonal PtSn 1:1 phase
(nieeliite), Electron diffraction spot patierns obtained from a single hexagonal nanocrystal confirm
the presence of this PtSn hexagonal phase. Reduction at 750 C gives a less complex ring pattern
and is consistent with the presence of PtSn and possibly a PtSn4 crystalline phase. EDS analysis
of this nanocomposite reveals Si, Pt, and Sni with no evidence of residual phosphorus from the
.uolecular precursor. More Judicious choice of thermal reductive conditions might give selective
[Ormation ot the more unstable PtSn2 phase. The use of 1: 1 Pt/Sn molecular precursors to give
sculective fOn-nation of the hexagonal PtSn nanocomposite is currently under investigation.

Si(O~le) 4  - SiO, xerogel -[Pt(L (Snh)I
Si(01*004 11.0 & TH-F ia xs )(nh21

I lN0; catal. 1 (900) C, 2 h) (4)
Si: Pt =30: 1

Si0 2 xerogel -x 'PtSn"

Fiirr -1. TINM micrographi of a "PtSn" nanocomposile showing hexagonal PtSn nanocrystals.



In work by others, Sinfelt has reviewed the importance of Pt - Sn bimetallic catalysts for
noforming processes 1251, and Koel and coworkers have reported the use of Pt/Sn surface alloys in
catalytic reactions with acetylene 126]. An electron microdiffraction study of Pt-Sn-alumina
reforming catalysts has been published recently by Srinivasan and coworkers 1271.

CONCLUSIONS

Covalent incorporation of neutral precursor molecules into a silica xerogel can be accomplished
through the use of bifunctional ligands or substituents and conventional sol-gel synthetic methods.
Thermal decomposition of these doped xerogels under reductive or oxidative/reductive conditions
gives nanocomposites containing nanoclusters of a guest phase dispersed throughout the silica
xerogel matrix. In some cases, the nanophase material is obtained as smaller and more uniform
particles than those prepared by related synthetic methods. The elemental core composition of the
molecular precursor provides some degree of synthetic control over the elemental composition of
the nanophase material. Nanoclusters of Ag, Cu, Ge, Os, or Pt are obtained from thiolate or
phosphine precursor complexes. Nanoclusters of CCo3, Fe2 P, or Ni2P are obtained from metal
carbonyl or phosphine precursors using solely reductive thermal conditions. The formation of
these latter nanophase substances indicates that this synthetic method might find application in the
synthesis of nanophase materials that are difficult to prepare by other methods. A preliminary
report on the use of this synthetic method is available 128].

ACKNOWLEDGMENTS

We thank Mr. W. J. Ready, Undergraduate Research Assistant, in the School of Materials
Science and Engineering at Georgia Institute of Technology for his assistance in obtaining XRD
measurements. Acknowledgment is made to the donors of The Petroleum Research Fund,
administered by the ACS, for partial support of this research.

REFERENCES

I. G. D. Stucky, Naval Res. Rev. 43, 28 (1991); G. Schmid, Chem. Rev. 92, 1709 (1992); J.
H. Sinfelt and G. D. Meitzner, Ace. Chem. Res. 26, 1 (1993); M. L. Steigerwald and L. E.
Brus, Acc. Chem. Res. 23. 183 (1990); Y Wang, Ace. Chem. Res. 24, 133 (1991); H.
Weller, Angew. Chem. Int. Ed. Engl. 32, 41 (1993); H. Weller, Adv. Mater. S, 88 (1993).

2. B. Breitscheidel. J. Zieder and U. Schubert, Chem. Mater. 3, 559 (1991).

3. V. H. Niebergall, Makromol. Chem. 59, 218 (1962).

4. S. Akerstrom, Arkiv Kemi 24. 505 (1965).

5. W. C. Baird, J. Am. Chem. Soc. 85, 1009 (1963).

6. J. A. Cabeza and P. M. Maitlis, J. Chem. Soc., Dalton Trans. 573 (1985).

7. J. A. Davies, J. G. Mierzwiak and R. Syed, J. Coord. Chem. 17, 25 (1988).

8. D. Seyferth, C. N. Rudie and M. 0. Nestle, J. Organomet. Chem. 178, 227 (1979).

29

I



9. C. S. Cundy, J. Organomet. Chem. 69. 305 (1974).

10. M. J. Therien and W. C. Trogler. Inorg. Synth. 28, 173 (1990).

11. W. E. Davidson, K. Hits and M. C. tHenry, J1. (irganomet. Chem. 3, 285 (1965).

12. C. Eahomn, A. Pidcock and B. R. Steele, J. Chem. Soc., Dalton Trans. 809 (1975).

13. T. Adachi and S. Sakka, J. Mater. Sci. 22. 4407 (1987).

14. T. Gacoin. F. Chaput, J. P. Boilot and G. Jaskicrowicz, Chem. Mater. 5, 1150 (1993).

15, 1- Lisiecki and M. P. Pileni. J. Am. Chem. Soc. 115. 3887 (1993).

16. R. Psaro. C. Dossi, A. Fisco and R. Ugo. Res. Chem. Intermed. 15, 31 (199 1).

17. A. Duteil. R. Queau. B. Chaudret, R. Mazel, C. Roucau and J. S. Bradley, Chem. Mater. 5,
341 (1993).

18. M. Fujii, S. Hayashi and K. Yamamoto, Jpn. J. Appi. Phys. 30, 687 (1991).

19- J. R. Fox, F. A. Pesa and B. S. Curatolo, U. S. Patent No. 4 632 774 (30 December 1986).

210. Z. Kalenik, B. Ladna, E. E. Wolf and T. P. Fehlner, Chem. Mater. 5, 1247 (1993).

21. H. Fujii, Y. Uwatoko, K. Motoya, Y. Ito and T. Okamoto, J. Phys. Soc. Jpn. 57. 2143
(1988).

22. R. E. Seeger. Jr.. N. H. Morgan and J. R. Landry, Jr.. U. S. Patent No 4 759 970 (26 July
1988).

23. M. Sharon, G. Tamizhmani, C. Levy-Clement and J. Rioux, Sol. Cells 26. 301 (1989).

24. D. C. Paine. C. Caragianis, T. Y. Kim, Y. Shigesato and T. Ishahara, Appi. Phys. Lett. 62.
2842 (1993).

25. J. H. Sinfelt. Bimetallic Cataly- sis: Discoveries, Concepts. and Applications, (Wiley, New
York. 1983). pp. 130 - 157.

26. C. Xu, J. W. Peck and B. E. Koel. J. Am. Chem. Soc. 115, 751 (1993).

27. R. Srinivasan, L. A. Rice and B. H. Davis. J. Catal. 129. 257 (1991).

28. C. M. Lukehart. J. P. Carpenter. S. B. Milne and K. J. Burnas, Chemntech 23. No. 8, 29

(1993).

30



MOLECULAR PRECURSORS TO FUNCTIONAL MATERIALS
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19880-0328

ABSTRACT

The design of molecular precursors to materials for catalysis will be described. Aluminum

fluoride is an important catalytic material for fluorocarbon transformations which are key to the

production of CFC alternatives. Catalytic activity is closely related to the crystalline phase of the

bulk AIF3 and we show how this phase chemistry can be precisely controlled using molecular

precursors to produce pure known phases and also to extend to previously unknown phases. A

similar approach to vanadyl phosphate oxidation catalysts will be described where cluster

chemistry can be invoked to generate isolated fragments of a catalyst's structure and then used

either to explore mechanism or be used as precursors to functional catalyst materials. The

underlying themes of controlled molecular precursor synthesis, resultant processability and

eventual easy conversion to useful materials are emphasized throughout.

INTRODUCTION

The journey from isolated small molecule to extended bulk solid is a trek which crosses several

traditional scientific disciplines and, therefore, materials in the intermediate size regime have

received less attention than perhaps they merit. The realization that these intermediate materials

have unique properties of their own has spurred synthetic chemists to turn more attention to the

consmction of molecular precursors and their subsequent conversion into larger assemblies and

extended bulk solids. One early example of this approach has been the proliferation of sol-gel

based ceramic syntheses where a molecular material such as tetraethylorthosilicm has been used as

the fundamental building block to construct a macroscopic matrial - in tis case silica - by simple

chemical transformation. Molecule-based routes to functional materials offer the possibilities of

new mechanistic understanding of their functionality and perhaps rational control over bulk

properties. Equally important is the potential for exploiting new uses for traditional materials by

permiting their production in non-traditional forms or phases and with possibly enhanced

processability.
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Our approach has been to borrow a concept long-used by organic chemists, the idea of

retrosynthesis. "Given a target inorganic material, how can we design a molecule having the

structural and reactivity features necessary for its eventual assembly into a desired solid-state

structure? Can we leam something about the assembly process itself which may shed light on the

origin of the desirable properties ' e functional material? Can we use this knowledge to actually

engineer the solid so as to 'tai ew, desirable properties?" With these as the lofty goals, this

contribution will briefly descr. , o case-histories from our own laboratory where we have tried

to use these ideas to generate new materials or new understanding of traditional functional materials

from the a of catalysis (AIF3 and vanadium phosphates).

FLUOROALUMINATE CATALYSTS AND PRECURSORS

Fluorides of aluminum are some of the most important of inorganic materials manufactured since

they find use both as commodity chemicals [1] (in the aluminum industry) and as catalysts for the

new "ozone benign" chlorofluorocarbon alternatives [2]. In this latter application it has become

clear that the catalytic activity of AIF3 is strongly dependent on the structural phase used [3]. This

has led to extensive study of the phase chemistry of AIF3 and an attendant folklore has evolved

around the phase diagram of AIF3 itself. Two phases are well characterized - a and 0 - with

reliable synthetic and structural data available [4,51. In both cases, the structures are built of

octahedral [AIF6] units where all of the fluoride ions are corner-shared. The patent literature is

repleat with a litany of other less-substantiated claims to additional phases (e.g. y, 8, F) which may

represent either impure materials or mixtures of the better characterized phases [2,6]. With this

background, we began to explore the phase chemistry of AIF3 - applying the retrosynthesis

strategy described above. As our molecular precursors, we wished to explore isolated

fluoroaluminate salts which could then be thermally transforned into AIF3 itself. In order to

achieve this latter goal we decided to investigate organic cation salts of the form M + A IF4" (where

M is an organic cation) so that simple thermal degradation could release the equivalent of MF as a

volatile species leaving behind AIF3.On commencing this work we quickly discovered that the

literature described no examples of the tetrafluoroaluminate anion which is implicit in these salts.

Rather, all fluoroaluminate materials reported to that point existed as corner-shared octahedral

[AIF6] species and this is true even for those materials with stoichiometries which superficially

appear to contain the [AIF4"] anion (MAIF 4 , M=K, Rb, N114, T1 [7]). We set out to explore the

existence of salts of organic cations with true tetrahedral isolated AIF4" anions and to investigate

their utility as precursors to AIF3 catalysts.

Reaction of trimethylaluminum or aluminum di(isopropoxide) acetoacetic ester chelate with the

HF.pyridine adduct in a ratio of AI:F 1:4 was performed in pyridine solvent in a plastic container

under an inert atmosphere [8]. The strongly exothermic reaction deposits a white material which is

essentially insoluble in all common solvents. The microcrystalline solid has the stoichiometry
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(pyridine-H] 4A1F 4 ' and is produced in close to quantitative yield. M.A.S. 19 F nmr. (broad
peak at 85- -lS55ppm) suggests that the solid consists not of tetrahedral [AF 4 -1 species but rathe of
the ubiquitous [AIF6] octahedral species and therefore implies extensive fluoride bridging
consistent with the low solubility. This solid may, however, be rendered soluble in either

etotutrile, methylene chloride or methanol by inetathesizing dhe pyridinium cation [8] to any of a
number of other cations such as N(CH3M4+. P(Ph 4 , As(Ph)4+, 2,4,6-trimethylpyridinium
(collidinium). l.8-bis(dimehylamino)naphthalneJI+ (promo sponge, PS (Aldrich)). All of these
materials (and other related cation species) can be prepted and crystallized [8.91 and all have been
shown (by x-ray single crystallography) to contain the previously unconfirmed AIE4- tetrahedral
anion as an isolated species. Figure I depicts the crystal srncwre of the PSH+ salt and lists some
of the important stuctural data.

2?A2
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The accompanying 27AI and 19F nmr specra of the PSH + material dissolved in acetonitrile

categorically confirm the existence of the tetrahedral anion in solution while MA.S 19F n.mr.
shows a single very sharp peak at 8 = -187ppm which turns out to be characteristic of the

tetrahedna anion in the solid-state. In all cases, it appears that the tetrahedral anion has little or no

propensity for interaction with the organic cations via. hydrogen bonding. This is in stark contrast

to octahedral [AIF6 ] species which almost always become involved in hydrogen bonding or

bridging to avoid terminal fluoride species [8].
This wealth of new organic salts of AIF4" permits the investigation of their thermal

"decomposition" into AIF3 via. loss of the organic cation fluoride equivalent as represented in (1).

MAIF4  ..... N> MF + AIF3 (1)

Our intent was that the MF species would be "volatile" at moderate temperatures and would thereby

allow production of AIF 3 at unprecedentedly low temperatures - perhaps allowing the preparation

of hitherto unknown, metastable phases.

100, pyHAIF4 N(CH 3 )4 AIF4 -*

HAIF4- 50- AF3 "  -

AI43 AI--

2a 2b
00o& 260 4W 600

TEMPERATURE M TEMPERATUREM

un

Figure0 2TAcuvsoa)yidnmAI
4 bN( 3)4.) NH4AIF 4 (RniN2ta

S AIF 3  4

2c

I0

0 20 0 600

IEMPERATURE MC

Figure 2. T(3A curves of a) pyridiniumAIF4 b) N(CH 3M4AIF 4. c) 13-NH4AlF 4 (Run in N2 at a

ramp of lOPC/xnin. Stoichionieties calculated from weight changes are indicated on the curves).
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Beginning with the original, insoluble pyridinium salt, TGA reveals two weight loss events as

temperature is raised. Between I00 and 200C pyridine is lost quantiavely leaving a material of

stoichionietry HAIF4. At 325°C a clean, abrupt evolution of HF from this material leaves pure AIF3

with no further weight changes up to 900°C (Figure 2a.). At this point XRD reveals it to be phase
pure ct-AIF3 with no contatm on from any other material including A120 3 (any phase). The new

material HAIF4 (nominally a solid acid but chemically does not appear to act as such) is crystalline

as revealed by XRD (Figure 3a) and the structure is, as yet, unknown. The XRD pattern of the

AIF3 produced immediately after evolution of HF from the HALF 4 material at 325*C (Figure 3b)

reveals a major crystalline phase reminiscent of the known pyrochlore materials AIFx(OH) 3 .x

(0.4<x<2.07) [10] and FeF3 [111. Pure AIF3 having this structure has never been reported and so

we have refined this structure using XRD data and Reitveld techriques. The new phase is
designate.,' olF3 and the structure refines very well in the pyrochlore model. The srucmre is

depicted rt Figure 4a and can be viewed as a relative of the established -AiF 3 phase having the

same nanoporous openings defined by corner-shared rings of six (AIF 6] octahedra. However,

where the -phase has these openings aligned along [001] of the crystal forming smaight channels,

the TI-phase has adjacent rings tilted with respect to each other producing an undulating channel

along [ 1101 of approximate diameter 2.6k This undulation is imposed by the other key structnal

feature of the I-phase - the presence of clusters of four tetrahedrally-disposed (AIF6] octahedra.

Three fluoride ions from each of the four octahedra of the cluster are comer-shared to the other

three octahedra of the cluster.

20 2

Cd

2 10 d0 20 40

Figure 3. XRD patterns (Cu radiation) of a) HALF 4 b) T1-AIF3 c) e-AIF 3 d) K-AIF3.
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a

C

Figure 4. (a) Sereodrawing of the TI-AIF3 stuucture (polyhedral representation) looking nearly

parallel to the [110] direction to show the channels which run through the crystal. Bond length: Al-
F, 1.803(1) A. Bond angles: cis F-AI-F, 89.8(1)0 and 90.2(1); Al-F-Al, 141.3(1). (b)

Stereoview of a single "layer" (polyhedral representation) of O-AIF3 emphasizing the 4 and 5 rings

of the linked [AIF6] octahedra. The Al-F bond lengths range from 1.738(5) to 1.862(2) A; the cis
and oans F-Al-F angles are all within 30 of 90.0 and 180.0, respectively; the Al-F-Al angles vary

from 140.2(2) to 180.0P.(c) Single layer polyhedral representation of the structure of ic-AIF3
(layers are fused perpendicular to this view by means of Al-F-Al linkages).

36



When the organic cation is N(CH3)4 + [91 the thermal behavior is quite differeat (Figure 2b). The

single weight-loss event at 4500 C corresponds exactly to loss of the equivalent of N(CH3)4F. The

product AIF3 at 4500 C has an XRD pattern (Figure 3c) with a major crystalline phase which could

not be matched to any previously known structural phase of AIF3 [12]. Tis new tetragonal phase
of AIF 3 is designated the e-phase and its structure was refined by combined XRD and neutron

powder diffraction analysis. The structure is depicted in Figure 4b and again consists of corner-

shared [AF 6 ] octahedra. The unit cell has 4 independent Al and seven independent F atoms

assembled into rings of 5, 4 and 3 [AIF 6 ] octhedra. The 5-rings form an undulating 3-D

interconnected channel system around tetrahedral clusters of four [AIF6 ] octahedra - this latter

feature being identical to that found for the 1n-phase described above. The microporous nature of

this new phase is similar to that of the -AIF3 and ii-AF 3 phases.

The appearance of the material HAF 4 in the preparation of Y-AIF3 was intriguing and we sought
to prepare macrocrystalline samples for crystallography. One approach which suggested itself was

to attempt to dissolve the pyrineH+.AIF precursor material into some high boiling point solvent,
heat it in an inert atmosphere t boil out the pyridine and allow the HAIF4 material to crystallize

from the cooled solution. One solvent which proved viable for this approach was formamide which

was an excellent solvent for the pyridinium salt. Heating to 180*C, a concentrated solution of

pyridinium salt begins to boil and fizz vigorously whereupon a clear solid begins to precipite. On

cooling, a copious white precipitate forms and may be collected for XRD. The solid is

microcrystalline but the XRD is unlike the expected HALF4 phase. After detailed TGA (see Figure

2c), chemical and XRD analysis it was clear that the material was in fact of stoichiometry NH4AIF 4

formed via. attack of the fluoroaluminate upon the formamire solvent itself in a manner similar to:

pyridineHAF4 + HCONH 2  ----- > pyridine + CO + NH4 AIF 4  (2)

However, the XRD pattern was unlike that previously reported for this ammonium salt [6] and

detailed Reitveld analysis reveals the strncture to be a new A-phase of this material. The structue is

a layered motif wherein sheets of comer-linked [AIF 6] octahedra are connected to form 3, 4 and 5

rings in a motif identical to that depicted in Figure 4c. Between these layers reside the ammonium
cations. While similar to the known ai-phase [6] (in that the structure is composed of sheets of

corner -shared [AF 6 ] octahedra sandwiched with ammonium ions) the connectivity within the

sheets is very different. The registry between sheets is also different and overall, the structure is
very similar to the A-phase structure of RbAF 4 [13]. TGA of this new phase shows a single

weight loss event at 350-400°C corresponding to loss of NHF (Figure 2c) and the product AIF3

has an XRD (Figure 3d) which is clean and is again a new phase which we designate K Detailed

Reitveld analysis of the powder diffraction data reveals a structure which is depicted in Figure 4c.

This structure is derived from the precursor ammonium salt by retaining tLe layer connectivity but

eliminating ammonium fluoride from bctwecp th layers, bringing the layer% into perfect registry
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and then fusing the layers together via. Al-F-Al linkages. This is therefore referred to as a

pseudotopotactic transformation in that the layer structure of the precursor is maintained. The

structure has linear channels running through the crystal comprised of 5, 4 and 3 rings of comer

shared [AIF6 octahedra.

Surface areas for the three new phases (from BET nitrogen absorption) are -58, 64 and
19m2 /gm for 1 , 0 and Kc-phases respectively. Detailed, in sinE, XRD studies of all of the known

and new phases make it clear that the a-phase is the thermodynamically most stable, the 0, Ti, 0

and c phases do not interconvert amongst themselves but rather all convert to a in the 600-7000 C

regime. It is further clear that the phase of AIF3 produced in any given synthesis is apparently

dictated by the temperature of synthesis but more especially by the nature of the precursor from

which it is made. In our cases, we find that the intermediacy of a HAlF 4 phase seems to be

required for production of the Tq-phase. The 0-phase can be produced from almost any

decomposable organic cation which cannot proceed through a discrete HAIF4 phase. Finally, the

-phase is only formed in the pseudo-topotactic transformation from the new -NH4AlFt phase.

These new phases are now in the process of being tested catalytically for a wide variety of

fluorocarbon transformations to determine what, if any, correlations can be made between

structurdsurface area and reactivity.

VANADYL PHOSPHATE MATERIALS

The partial oxidation of n-butane to maleic anhydride is a remarkable and commercially important

example of heterogeneously catalyzed oxidation chemistry [14]. The catalyst preferred for this

transformation is vanadyl pyrophosphate (VO)2(P2O7 ) or VPO and while it is used commercially

its mechanism of action is still a subject of much research [15]. In particular, this catalyst is known

to use lattice oxygen atom species for incorporation into the organic molecules and the form and

method of insertion of these oxygen atom species is of acute interest as is their method of

regeneration from molecular oxygen. As with many catalyst materials, the exact method of

preparation is critical to a high activity and selectivity material. We have adopted the molecular

precursor approach to VPO to serve a dual function 1) as a method for controlled preparation of

processable, dispersible or modified catalyst materials and 2) as a method for generating small, yet

identifiable, pieces of the bulk VPO lattice and using these to probe the structurefreactivity

characteristics of the catalyst itself.

The structure of VPO itself as a phase pure crystalline material is depicted schematically in Figure

5. Key stuctursl features include the presence of dimeric (VO)2 units which lie in sheets and ar

coordinated by 0 of the pyrophosphate groups. The pyrophosphate groups lie roughly

perpendicular to the sheets and link sheets together The vanadyl groups from consecutive sheets in

the structurre am in approximate registry and the vanadyl oxygen atoms from each pentacoordinate
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Figure S. Schematic representation of the bulk VPO structure emphasizing connectivity (for a
detailed description of the crystal structure see ref [15]).

vanadium coordinate weakly into the sixth coordination site of the vanadium in the next adjacent

sheeL Finally, the dimeric (VO) 2 units are surrounded by eight-membered rings of -VOPOVOPO-
linkage. Questions abound about the functioning of this material and a vast pool of data exists to
address those questions [15]. In this brief description we shall only consider one molecular species
which models some of the structural features of VPO and which can be considered as a processable
molecular precursor to 'VPO-iHke' species. This work is ongoing and this short description should

be viewed as a progress report.

Taking vanadyl tris-isopropoxide and diethylphosphate with a minimum of acetonitrile solvent
under an inert atmosphere rapidly converts the originally yellow/orange mixture to a blue/green and
eventually generates a deep blue solid mass from which crystals form on standing. X-ray structural
analysis of these crystals reveals that they are composed of a remarkable trimeric molecular cluster
which engenders several key structural features of VPO itself, Figure 6a. The neutral cluster

possesses three (VO) units where the vanadium is in the +4 oxidation state. Since the starting
reagent is a vanadium +5 species, the reaction has led to internal reduction of the vanadium and
concurrently some of the co-product isopnupanol has become oxidized to acetone (detected by IH
n.m.r.). This is an example of the oxidizing power of phosphato co-ordinated vanadium 5+
species and may be related to the active surface species in functioning VPO catalysts. The isolated
vanadyl groups are coordinated exclusively by phosphato oxygen atoms in a cyclic ring built

exclusively of the eight-ring motif mentioned above. Perhaps most intriguing is the "re-entrant"
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FIgure 6 a) Crystal structure of the (VO)3((EtO) 2PO26.CH 3CN with the ethyl groups omitted

for claity (the central 0 makes contacts of 2.765(3)A with the other 2 V atoms) and b) TGA trace
of its thermal decomposition in N2.

nature of one of the vanadyl oxygen groups (16]. In order to satisfy the apparent desire of the V+4

species for a ligand in their sixth co-ordination sate the uner has turned one of its oxygen

atom into the cluster interior so that it may interact with the other two vanadium sites. In so doing
this vanadyl group exposes its own sixth coordination site to the molecular exterior and this Lewis

acid site is coordinated by solvent acetonitrile. The V=0--V interaction is reminiscent of the
interlayer connectivity of VPO itself (Figure 5). The cluster is very soluble in acetonitrile and
exhibits interesting c.p.r behavior wherein a 22-line signal is detected at room temperature
indicating that the unpaired electrons are delocalized over all three vanadium sites in the cluster

(17].
Taking this solid material and heating in nitrogen in TGA reveals the expected weight losses for

evolution of acetonitrile, ethanol and diethylether in successive steps at -80 0 C (acetonitrile) and
-300C (ethanol fragments) (Figure 6b) leaving a material of the stoichiometry VO(PO,) 2. XRD

reveals that our material is the same phase as previous preparations of this material [ 18] although

ours is a lower temperature route to it and potentially provides a route for dispersion onto high
surface area supports. Catalytic testing of this product in butane oxidation shows low but
detectable activity for the pure material The loss of acetonitrile at such a low temperature suggests
also that the original trimeric cluster can be readily "activated" to generate a Lewis acid site at the
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Lewis acid site at the V+4 site and investigations of the role of such sitei in the surface chemistry

of VPO with organic molecules can be probed with this molecule.

CONCLUSIONS

Examples from two catalyst material areas have shown the value of a detailed understanding of

precursor chemistry and synthesis in production of new or mote versatile materials. The detailed

examples from the AIF3 arena show how a wealth of new chemistry and catalyst materials can be

extracted from an elaboration of the theme of designed molecular precursors. The brief description

of our newer area of VPO oxidation catalyst materials reinforces the belief that molecular chemistry

can directly impact materials preparation. Additionally, however, we believe that these same

molecular precursors can begin to find use in augmenting the understanding of how the bulk

materials function - small molecular pieces of extended structures open the possibilities for

traditional solution phase and other small molecule characterizational techniques to be applied to

these problems.
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ABSTRACT

Diamond-like nanocomposite (DLN) and metal containing DLN (Me-DLN) films,
synthesized in a combined process of deposition of carbon-silicon precursor and magnetron
sputtering of a metal target, have been examined by Auger electron spectroscopy, Raman and
IR spectroscopy, nanoindentation and internal stress measurements. The stability of the films
under ion and electron irradiation and thermal annealing has been tested.

INTRODUCTION

The development of a new class of materials, DLN, which consist of random networks
of carbon and silicon have been described previously [1-31. These materials possess a unique
combination of chemical, mechanical, electronic, and superconducting properties. In this report
we focus on the mechanical and electrical properties and type of carbon chemical bonding in

DLN and metal containing DLN and their stability under irradiation and high temperature
annealing.

EXPERIMENTAL DETAILS

The technology for DLN films has been developing since the end of the 1970s [1]. The

key principles of DLN synthesis are as follows: clusterless initial beams, no collisions between
atoms or radicals in the chamber, optimum initial fragmentation of C-Si precursors into low
CH. radicals and SiO, optimum beam energy and low substrate temperature. Several methods
and precursors have been compared, but the best approximation to DLN today remains in films
which are produced in a plasma enhanced co-deposition process on rf biased substrate from
polyphenilmetilsiloxane [(C2H5)3SiO(CH3C6HSiO)3Si(CH33 ] with evaporation of metals or
sputtering of metal targets. The deposition regimes are presented in another paper at this
conference [4]. Film thicknesses were about 1 jsm.

The mechanical properties of these films were investigated using a load and displacement
indentation test performed by a nanoindenter. It, all cases sixteen indents were performed on
each sample. The detailed description of these measurements is presented elsewhere [5]. A four
probe test was used to define the surface rezistivity. Measurements of the temperature
dependence of the resistance were performed on DLN with Ti electrodes (deposited in 101 "

vacuum) fabricated on (a) sitall and (b) <001> p-Si (p - 5x10'5 0-cm). The stress
measurements were performed using a two laser beam system calibrated by Flexus 2-300. The
difference in substrate curvature was used to calculate the film stress from the Stoney equation
[6]. Auger spectra were taken in an UHV chamber with a 3 keV, 30 mkA electron beam for
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excitation. Standard phase-sensitive detection methods with a 2 V peak-to-peak modulation
voltage were used [7]. The sputtering was performed by means of a 4 keV Ar beam. The Raman
and IR spectroscopy experimental setup and results are presented in [4].

EXPERIMENTAL RESULTS

Mechanical Properties

Adhesion

DLN and Me-DLN films showed good adhesion (tested by tape pull) on various metals
and plastics. The rating for tape adhesion per ASTM D3359, Method B were 5B and 3B for
DLN on high density polyethylene and Teflon (tested at Buffalo Testing Laboratories, Buffalo,
NY), respectively. The DLN film also was used as an intermediate layer to glue the teflon band
to steel by epoxy. High adhesion was proved bth by pull test and high frequency ultrasound
measurements (tested in Lorex Industries, Inc., Poughkeepsie, NY).

Elastic Modulus and Hardness

Presented in Table I are the elastic modulii (EM) and hardness (H), together with their
la standard deviation, for DLN and various Me-DLN films. The TiN-DLN and Zr-DLN
materials possess the highest E and H among the films studied. For these samples the ratio H/E
- 0.1. It should be mentioned that standard Knoop measurements show 3-4 times higher
hardness than nanoindentation [8]. The values of EM and H of DLC films obtained by
nanoindentation are in the range 40-130 GPa and 5-15 GPa, respectively, [8,9] which is close
to our experimental data.

Stress

Hard diamond-like carbon (DLC) films possess high compressive stress (usually more
than I GPa) [101, whose origin is still not clear. The stress was found to be dependent on
hydrogen concentration [11] or the energy of ion beam [10]. The internal stress in as-deposited
DLN films is also compressive but in the range of 200-350 MPa. The stress in Me-DLN films
does not depend on sheet resistance (po) for Pt, Cr, and Pd but for Zr, W, Cu, and Ta it
increases when p, decreases. For example, in the case of Zr-DLN the change in stress from 0

to -1100 MPa corresponds to a decrease in p, from 470 Q/ - to 4 Q/ [] (5].

Electrical properties

The electrical resistance of DLN films can be varied over 15-17 orders of magnitude,
i.e., from that of wide band-gap semiconductors to that of amorphous metals [2]. Values ofo,
in the DLN films of the present study were found to lie in the range 1011-101 Q/" 0. The I-V
characteristics of the DLN on p-doped Si showed a strong rectifying effect when a positive
voltage was applied to the film 112]. The independence of the breakdown voltage (600-900 V)
on the film thickness (30-300 rm) suggests that the properties of the Si depletion layer also must
be taken into account.
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Table I. Sheet resistance, elastic modulii and hardness of as-deposited films.

Material Sheet Elastic Standard Hardness Standard
Resistance Modulus Deviation (GPa) Deviation

(0/l]) (GPa) (GPa) (GPa)

DLN io1 84.0 4.0 6.3 0.4

Ti-DLN 90.2 98.9 5.2 8.1 0.7

TiN-DLN 6.0 184.5 19.0 17.7 3.9

W-DLN 8.9 123.5 11.1 9.6 1.6

W-DLN 320.0 86.7 7.0 8.6 1.3

Hf-DLN 76.1 109.0 5.9 8.9 1.1

HfN-DLN 90.1 138.8 7.3 11.3 1.0

Cr-DLN 0.4 160.5 12.9 8.9 1.4

Zr-DLN 2.8 192,7 8.8 20.7 1.7

ZrN-DLN 69.6 131.7 7.1 9.8 0.6

Thermal stability

Thermal stability is a main problem of amorphous DLC films. In the annealing study of
Grill et al [13] the internal stress of DLC decreased considerably after annealing in vacuum at
390'C but annealing at 440-490'C reduced the stress from 1.5 GPa to practically zero. No
hydrogen effect on the stress change was observed in this report. Probably this stress reduction
is related to an sp3 to sp2 transformation. The lengths of the C-C bond in sp3 and the C=C
bond in sp2 are 0. 154nm and 0. 142nm, respectively. According to Koidl et al [141 the thermal
decomposition of a-C:H is caused by a loss of chemically bonded hydrogen and resulting
dangling bonds rearrange by forming sp2 bonds. Graphitization is reflected in the changes of the
DLC properties, particularly the drastic increase of the electrical conductivity (two orders of
magnitude at 350'C in [14]). For comparison, thermal annealing in air (2 hrs at 350DC - 2 hrs
at 4000C) decreased the DLN stress by 10% and by 25% after 1 hr annealing at 500'C in

Table II. Electrical and mechanical properties of annealed Me-DLN films.

Material Sheet Elastic Standard Hardness Standard
Resistance Modulus Deviation (GPa) Deviation

S (fl/l]) (GPa) (GPa) (GPa)

Cr-DLN 0.4 145.3 7.4 7.0 0.7

TiN-DLN 6.0 179.7 17.2 18.0 3.9

Zr-DLN 2.4 168.6 12.4 17.1 3.4
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K
vacuum.

Shown in Fig. 1 is the
temperature dependence of p,
of DLN/sitall [heating (0) and
cooling (0)]. For comparison
purposes we also show the "
data for the sitall substrate j02

alone [heating (U) and cooling CL
(0l])]. From the DLN/sitall 10
results one can see that high 10
temperatures cause an increase
in p, of the DLN film. 10812 16 20 24 28 3'2
Obviously, the change in 4 (K
resistivity cannot be caused by 10

graphitization but rather by an Fig.1 Temperature dependence of the sheet resistance.p, of
increase in the sp3/sp2 ratio DLN/sitall [heating (0) and cooling (0)1 and the sitall
or/and oxidation. substrate alone [heating (U) and cooling ([1)1.

Listed in Table II is the
influence of thermal annealing
in vacuum (1 hr at 400'C + 1 hr at 500'C) on p, EM and H of some of the Me-DLN films
presented in Table 1. The sheet resitance, ps, of the studied films remained relatively constant
as did EM and H of the TiN-DLN film. However, the EM and H of the Cr-DLN and Zr-DLN
films decreased by 10-15%.

Stability to irradiation

Pd-DLN films with room temperature p,=3, 5, 10 and 500 l/LI were studied by means
of AES. In Fig. 2 we present the differentiated carbon KLL (C-KLL) AES of the 3 fl/El] sample
(a) as-deposited, (b) after ion etching and after electron beam exposure for (c) 10 min, (d) 180
min, (e) 240 min and (f) 300 min. Complete AES data of these and some other films will be
published elsewhere [151. For comparison purposes Fig. 3 shows the AES data of (a) natural
diamond, (b) flame synthesized diamond, (c) graphite and (d) DLC obtained by Ravi et al [16].
One can see that the carbon on as-deposited Pd-DLN is in a graphite state. Argon sputtering
creates considerable change in the fine structure of the C-KLL spectrum which appears to be
very similar to flame synthesized diamond and consists of a mixture of sp3 and sp2 with sp3

dominant. During long time exposure to electron irradiation the C-KLL peak transforms back
to the graphite-like structure. That is, the intensity of the fine structure peak located at a lower
energy increases over the peak closest to the primary C-KLL peak. Following ion sputtering
restores again "more diamond" appearance. In our experiment the spot from the ion beam is
considerably bigger than that of electron beam so the sputtered surface not exposed to electron
irradiation remained unchanged. It is well known that under ion or electron irradiation as well
as thermal annealing graphitization of diamond and DLC films occurs f17]. Pd-DLN films have
showed increase in sp3/sp2 ratio, i.e., the opposite behavior under ion bombardment. Research
is ongoing to determine the role of argon sputtering. The evolution of the C-KLL spectra under
electron irradiation is probably caused not by radiation damage but electron stimulated growth
of the carbon layer on the film surface (vacuum in the chamber was 5x10--5x10 - T). This
conclusion is supported by the complete disappearance of the peaks of other elements (Pd, Si,
0) present in the Auger spectra after a long exposure to electron irradiation [15].
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Fig. 2 The C-KLL spectra of (a) as- Fig. 3 AES spectra of (a) natural diamond,
deposited Pd-DLN. (b) after ion etching and (b) flame synthesized diamond, (c) DLC and
after electron exposure for (c) 10 mmn, (d) (d) graphite.
180 min. (e) 240 min and (f) 300 min.

DISCUSSION

The obtained data can be explained on the basis of the following model. The DLN
structure is composed of two random networks tied with weak Van der Waals forces: a carbon
network, mainly in the form of sp3 "diamond-like bonds" and a silicon "glass-like" network.
This results in a purely amorphous structure. No Si-C bonding has been detected by FTIR,
Raman, XPS or other techniques. The C-network is chemically stabilized by hydrogen and the
Si-network by oxygen. These networks form an ideal matrix for the introduction of additional
atomic or molecular species. Indeed, Raman spectroscopy measurements for both DLN and Me-
DLN (metal: W, Zr, Pt) films showed the same broad peak centered at 1500 cn -l typical for
diamond-like carbon [4]. Also, no additional peaks in the FTIR spectra were observed in Me-
DLN compared to pure DLN. An XPS study of Zr-DLN films established that no carbidization
occurs after annealing at 4001 C and no change was found on Zr-DLN IR spectra after annealing
at 600'C [5]. These results probably support the idea that metallic atoms are placed in the matrix
nanopores. Therefore, the implantation of a soft metal increases the hardness of relatively hard
DLN without formation of carbides. The qualitative picture of mutual stabilization of
interpenetrating atomic-scale filaments is presented in [2]. In such a structure the special
thermodynamic properties of the mesoscopic forms of carbon come into play, i.e., the critical
size of the graphite nucleus is 39 atoms and while that of diamond is only 14 atoms. Therefore,
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the multi-network DLN structure prevents graphite formation even at high temperatures while
the sp 3 bonded clusters can be formed at relatively low temperature.

CONCLUSIONS

Amorphous DLN materials possess a unique combination of high E and H, low stress and
good adhesion to various substrates. The addition of soft metal increases both E and H of the
initially hard matrix. In contrast to diamond and DLC, argon sputtering increases the sp/sp2

ratio and thermal treatment increases the electrical resistance. Data obtained are explained as a
result of multi-network formation which prevents graphitization under various treatments.
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ABSTRACT

We have prepared GaP and GaAs nanoclusters from organometallic
condensation reactions of E[Si(CH3)3]3 (E = P, As) and GaCi3. The size of
the as synthesized clusters is 10 A to 15 A. Larger clusters of 20 A to 30 A
size were obtained by thermal annealing of the as grown material. X-ray
diffraction and transmission electron microscopy confirm the high
crystalline quality. A lattice contraction of 6.7% could be seen for 10 A
sized GaAs clusters. The clusters are nearly spherical in shape. Optical
absorption spectra show a distinct line which can be assigned to the
fundamental transition of the quantum confined electronic state. The
measured blue shift, with respect to the GaP bulk absorptioa edge is 0.53
eV. As the cluster is smaller than th,: exciton radius, we can calculate the
cluster size from this blue shift and obtain 20.2 -A, consistent with the
results from X-ray diffraction of 19.5 A for the same sample.

INTRODUCTION

1It-V semiconductor nanoclusters have attracted growing interest in
recent years because of their structural, electronic, and optical
properties.[l] Clusters in the size regime of a few nanometers show a
crystalline structure, their electronic properties, however, are very
different from those of bulk semiconductors.[2] The quantum confinement
of the charge carriers leads to distinct electronic levels, having an energy
higher than the bandgap of the bulk material (blue shift). Due to the long
coherence length of the charge carriers in semiconductors, e.g. an excitonic
Bob.r radius of 12.4 rn. in usdA,, .hic 1ectronic '-d upi-ii nroperties are
strongly influenced by the cluster size.J31 The behaviour of quantum
confined systems has been studied in semiconductor quantum wells, wires,
and dots, fabricated by molecular beam epitaxy and electron beam
lithography. Studies on nanoclusters. down to a few nanometers, have
been done mostly with I-VI semiconductors.[41 There are few reports on
the synthesis of Ill-V semiconductor clusters.[5-8] This study focuses on
the synthesis, and thz structural and optical properties of Ill-V
semiconductor clusters in the 1 nm regime.
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EXPERIMENT

We have fabricated GaP and GaAs nanoclusters using the organo-
metallic condensation reaction:

GaCI3 + P[Si(CH3)3]3 ---- n-GaP + CISI(CH3)3

Synthesis of GaP: GaC13 was dissolved in acetonitrile (MeCN) and
P(SiMe3)3 was added, immediately producing a yellow solution. The
reaction was heated to reflux for 16 hrs, producing an orange turbid
solution. The solvent was removed to yield an orange solid, which can be
redissolved in acetonitrile. Synthesis of GaAs: As(SiMe3)3 which was
prepared via a published method,[9J was suspended in MeCN and GaCl3
was added resulting in the immediate formation of a yellow-orange
precipitate. The reaction mixture was heated to reflux and filtered to give
a reddish solid. The alternate use of diethyl either as solvent yielded a
orange solid. Thermal annealing was performed under dynamic vacuum.
Outgassing was observed and the samples darkened in colour
proportionally to the annealing temperature. X-ray diffraction
measurements were performed with a Siemens D 5000 diffractometer with
aCuKa source (1.54 A) using a curved germanium monocromator to obtain
an instrument resolution of 0.03 deg, combined with the high intensity
necessary for small powder samples. The samples were contained in a
sealed cell with beryllium window.

RESULTS AND DISCUSSION

We have used X-ray diffraction to determine the lattice constant and
the cluster size. Ill-V semiconductors have a Zincblende structure. The
strongest diffraction peaks are [111], [2201, and [3111. The latter two
strongly overlap if the linewidth exceeds a few degrees. Figure I shows a
X-ray diffraction spectrum of a annealed GaP cluster sample with the
[111], [220], and [311] reflections marked. The sharp lines are caused by
the beryllium window and the sapphire plate which holds the powder in
place. It should be noted that there are no diffraction peaks indicating
other crystalline phases, e.g. of oxides. The effect of annealing the clusters
is shown in figure 2, comparing as grown GaAs clusters with an annealed
sample. Note the strong shift in the peak position. The as grown GaAs
clusters of 9 A size show a lattice contraction with a lattice constant 6.7%
smaller than the bulk one, whereas the annealed, larger clusters of 32 A
size have the bulk lattice constant, similar to clusters grown by molecular
beam epitaxy.[10] This shows the effect of surface tension. The cluster
size was determined by a Warren-Averbach analysis and using the
Scherrer formula. No correction for particle shape was done. As shown in
table 1, the values obtained by both methods agree. As synthesized
material and samples annealed at lower temperatures (350 C or below)
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exhibit a Gaussian lineshape, a sign of a narrow size distribution. Samples
annealed at higher temperature, such as the GaAs annealed at 500 C a
more Lorentz type lineshape.

5000-

4500-

GaP annealed 1
4000-

3500-

C3000

2500-

2000-

20 30 40 50 60
2-Theta (degrees)

Figure 1: X-ray diffraction spectrum of annealed Gal? nanoclusters with a
size of 19.5 A.

500 as annealed 4000

4000- 3000

2., 000-2000 Z

C 2.

2000 
-1000

2-Theta (degrees)

Figure 2: X-ray diffraction spectra of as synthesized 9 AGaAs nanoclusters
(bottom) and 32 A GaAs clusters annealed at 500C (top).



a (A) Aae Scherrer IWarren- Line

abulk Averbach shape

GaPE as grown 5.26 -3.517 11.5 - GauB

annealed 5.40 - I%9 19.5 18.5 Gau!3
3501C. 20h)

GaAs as grown 5.275 -6. 7 c 9.0 10 GauB
5.51 -2.5t 12.0

annealed 5.68 32 30 Psuo
(500C) Psuo-

Log

Table 1: Lattice constant and cluster sizes of GaP and GaAs nanocrystallites

In order to obtain a verification of the crystallinity and the size of'
the clusters we performed transmission electron microscopy. Figure 3
shows a cluster of annealed GaP. The lattice planes can be clearly seen.

Figure 3: TEM image of a GaP nanocluster witth a larger size.
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Measuring a number of clusters, we obtain a typical size of 19 A. a
maximum size of 23 A and a minimum size of 15 A, confirming the narrow
size distribution suggested by the Gaussian X-ray lineshape. The clusters
have a nearly spherical shape, and they appear to be only weakly faceted.
A thin shell covering the crystalline cluster can be seen in figure 3. As the
clusters were prepared by a chemical reaction in a solution, the residual
reaction products, CI and Si(CH3)3, can chemically bond to the surface.
saturating the dangling bonds which a bare surface would have. This
surface layer seems to prevent the oxidation of the cluster,. This effect is
similar to efforts to coat 1I-VI semiconductor clusters.{ 1I]

We have performed optical absorption measurements using an UV-
visible absorption spectrometer. The as grown material, GaP and GaAs,
showed an absorption edge blue shifted with respect to the bulk. but
without distinct structure. The annealed GaP exhibits a distinct line in the
absoption spectrum, that can be assigned to the lowest electronic level
caused by the quantum confinement of the charge carriers; see figure 4.

6

5 GaP nancluste

I-

3-

2.0 2.2 2.4 2.6 2.8 3.0 3.2
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Figure 4: Optical absorption spectrum of GaP nanoclusters (same material
as in figure I). The GaP bulk -ibsorption edge is.included to show the blue
shift.

This spectrum is similar to absorption spectra reported for Il-VI
semiconductor clusters.{121 We measured the position of the absorption
line as 2.80 eV, resulting in a blue shift of 0.53 eV with respect to the bulk
absorption edge at 2.27 eV. As the cluster size is smaller than the
excitonic Bohr radius, we can use the following equation for 3- dimensional
charge carrier confinement:[6,131
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This results in a cluster size of 20.2 A. in good agreement with the X-ray
diffraction and the TEM results. Note that the blue shift is a sensitive
function of the cluster size. From the width of the absorption line we can
estimate a cluster size distribution from 17 A to 23 A.

CONCLUSION

We have shown, that GaP and GaAs nanoclusters can be fabricated by
organometallic synthesis with high crystalline quality in the size regime t,

10A to 30A. They seem to be coated with a chemically bonded shell of the
residual reaction products, inhibiting oxidation. Calculating the particle
size from the measured blue shift of 0.53 eV using the function for 3-
dimensional charge carrier confinement gives 20.2 A. consistent with the
structural measurements. This gives clear experimental evidence for a
quantum confinement of carriers in these GaP nanoparticles.

ACKNOWLEDGEMENT

The authors thank John A. Samuels for support with the synthesis
and for valuable discussions.

REFERENCES

I H. Uchida, C. Curtis, P.V. Kamat, K.M. Jones, and A.J. Nozik. J. Am.
Chem. Soc. 96, 1157 (1992).

2. L.J. Brus. J. Phys. Chem. 90, 2555 (1986).
3. A.L. Efros. and Ai.L. Efros, Sov. Phys. Semicond., 16. 772 (1982).
4. M.L. Steigerwald, and L.E. Brus. Acc. Chem. Res. 23. 183 (1990).
5. E.K. Byrne. L.Parkanyi. and K.H. Theopold, Science, 241, 332 (1988).
6. M A. Olshavsky, A.N. Goldstein, and A.P. Alivasatos. J. Am. Chem.

Soc. 112, 9438 (1990).
7. R.E. Treece, G.S. Macala, and R.B. Kaner, Chem. Mater.. 4, 9 (1992).
8. S.R. Aubuchon, A.T. McPhail, R.L. Wells, J.A. Giambra. and J.R. Bowser.

Chem. Mat. 6. 82 (1994).
9. G. Becker, G. Gutekunst, and H.J. Wessely, Z. Anorg. Allg. Chem.

462, 113 (1980).
10. C.J. Sandroff, J.P. Harbison. R. Ramesh. M.J. Andrejco. M.S. Hedge.

D.M. Hwang, C.C. Chang. and E.M. Vogel, Science, 245,391 (1989).
I1. Y. Wang, N.J. Herron, J. Phys. Chem., 95, 525, (1991).
12. N.F. Bor,:Ili. D.W. Hall. H.J. Holland, and D.W. Smith, J. Appl. Phys., 61,

5399 (1987).
13. L.E. Brus, J. Chem. Phys., 79, 5566 (1983).

54



PART 11

Self-Assembly and Biomolecular Engineering



THE CONTROL OF DNA STRUCTURE AND TOPOLOGY: AN OVERVIEW
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ABSTRACT

The control of structure on the nanoscale relies on intermolecular interactions whose
specificity and geometry can be treated on a predictive basis. DNA fulfills this criterion, and
provides an etremely convenient construction medium: The sticky-ended association of DNA
molecules occurs with high specificity, and it results in the formation of doublc helical DNA,
whose structure is well known. The use of stable branched DNA molecules permits one to
make stick-figures. We have used this strategy to construct in solution a covalently closed
DNA molecule whose helix axes have the connectivity of a cube: The molecule has twelve
double helical edges; every edge is two helical turns in length, resulting in a hexacatenane, each
of whose strands corresponds to a face of the object. We have developed a solid-support-based
synthetic methodology that is more effective than solution synthesis. The key features of the
technique are control over the formation of each edge of the object, and the topological closure
of each intermediate. The isolation of individual objects on the surface of the support eliminates
cross-reactions between growing products. The solid-support-based methodology has been
used to construct a molecule whose helix axes have the connectivity of a truncated octahedron.
This figure has 14 faces, of which six are square and eight are hexagonal; this Archimedean
polyhedron contains 24 vertices and 36 edges, and is built from a 14-catenane of DNA.
Knotted molecules appear to be the route for cloning DNA objects. It is possible to construct
three knotted topologies, as well as a simple cyclic molecule from a single precursor, by control
of solution conditions. Control of both branching and braiding topology is strong in this
system, but control of 3-D structure remains elusive. Our key aim is the formation of
prespecified 2-D and 3-D periodic structures for use in diffraction experiments. Another
application envisioned is scaffolding for the assembly of molecular electronic devices.

CONTROL OF STRUCTURE ON THE NANOMETER SCALE

All scientists who devise new formulations of matter would relish structural control on
the molecular scale comparable to that enjoyed by craft workers on the macroscopic scale.

I 
The

ability to join, couple or weave two molecules together to produce a structure with the same
certainty enjoyed by a carpenter, a plumber or a garment worker, would increase greatly the
efficiency of materials scientists, chemists, and molecular biologists. These ends have been
sought by chemists on the molecular (Angstrom) scale for years; new arrangements of atoms on
this scale sometimes produce new chemical properties, due to subtle features of the charge
density distribution in ite product. Chemists have learned that it is not as straightforward to
create structures from molecules as it is from macroscopic objects: They must rely on intrinsic
propensities of precursor molecules, because there are no nails, screws, or threads available to
form bonds between atoms. Furthermore, the laws of physics do not nermit all conceivable
arrangements of atomic nuclei to produce stable compounds; for example, carbon-carbon bonds
0.5 or 1.8 A long are not available as structural components, Nevertheless, when they are
successful, chemists generate products in parallel on a scale that is almost unimaginably vast in
the macroscopic world: Reactions involving a gram of a simple compound of molecular weight
600 generate roughly 1021 product molecules.

The nanometer scale is used by biological systems to build their structural components.
The globular protein components of the microtuhules and microfilaments that form the
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architectural basis of the cell are typically a few nanometers in dimension. The nanometer scale
appears to be the smallest macroscopic scale, in that them are no evident principles that prevent
the fabrication of ay sstucturai arrangements not forbidden by the impenetrability of matter. Of
course, care must be taken to avoid unfavorable interactions, such as the juxtaposition of like
charges. Likewise, it is important to remember that the large number of molecules involved in
nanoscale systems are subject to the laws of chemical equilibria: Target structures must be
sufficiently favorable that byproducts do not result 2. It is easier to fashion new structures
derived from biological components on ti,.e nanometer scale, because the components can
associate by means of weak interactions, sich as hydrogen bonds and van der Waals forces,
rather than by covalent bonds. On this sca',e, it is unlikely that new chemical properties will
arise, because the chemical features of the constituent residues are already fairly well fixed.
However, the re-orientation and juxtaposition of well-defined macromolecular elements can lead
to new functionality on this scale. In much the same way that a given piece of metal can be
fashioned to form a paperweight, a key, a spring, or a chair without altering its internal
structure, new functions can be derived from new shapes on this scale. Indeed, Medawar has
suggested that the evolution of new kinds of biochemicals predates the divergence of plants and
animals 3; nevertheless, the reorganization of the existing biochemicals has led to the diversity of
eukaryotic life.

Self-Assembly is a Route to Nanometer Scale Construction

It is most natural to imagine assembling structures piece by piece, in the same way that a
house or an automobile is built. The movement of atoms by scanning tunneling microscopes
(STM) exemplifies this top-down approach to nanotechnology; the constructions of a corporate
logo4 and an atomic switch5 by these techniques are dramatic examples of this methodology.
These top-down methods enjoy the advantage of lacking undesirable cross-reactivities between
the large numbers of components found in a chemical reaction. Nevertheless, the efficiency of
top-down methodology for interfacing with the nanometer scale is inherently low: A single
STM is used by an individual investigator to construct one object.

The structural components in biological systems often self-assemble spontaneously. In
fact, self-assembly appears to be the most effective means for achieving structural goals on the
nanometei scale. In self-assembling systems, complementary surfaces form cohesive
structures. Microtubules and microfilaments are examples of nano-scale systems that self-
assemble to grow in one-dimension, and the capsid proteins of simple viruses form self-
assembled two-dimensional (icosahedral) surfaces. Many biological macromolecules can be
induced to self-assemble into three-dimensional crystals, although these are not common within
the cell. Complementary surfaces ar the key common elements in each of these processes.

We have exploited the self-assembly properties of DNA. The complementary nature of
DNA structure makes it ar ideal molecule to use in nanoscale construction. We have used
branched DNA molecules to form stick-polyhedra, and we have exploited the self-
complementary features of single-stranded molecules to form a variety of knotted molecules.
We will show below that by means of a solid-support-based synthetic methodology, it is
possible to combine self-assembly with molecular isolation on the nanometer scale to achieve
the level of control characteristic of the top-down approaches: We have been able to assemble
DNA molecules whose helix axes have the connectivity of a truncated octahedron.

DNA Molecules Self-Assemble

For the past decade, we have used the self-assembly of DNA molecules as a convenient
way to achieve control over the structure of matter on the nanometer scale. DNA is the
molecule that offers the most predictable intermolecular associations known. The double helical
molecule invariably forms in compliance with the complementarity rule that adenine (A) pairs
with thymine (T) and that guanine (G) pairs with cytosine (C). The biotechnology industry is
predicated in part on the reliability of this type of association. Other forms of association are
possible in the absence of complementary partners, but complementarity appears to prevail if it
is one of the conpetitive alternatives. Under conventional conditions, the product of this
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association is a right-handed double helix approximately 20 A in diameter with a pitch about 34
A, containing about 10 nucleotide pairs per turn. Two DNA molecules with single-stranded
overhangs, called 'sticky ends' will cohere, and can be linked covalently by DNA ligases6 .

DNA Can Be a Branched Molecule

The apparent drawback to engineering DNA molecules for structural purposes is that
naturally occurring DNA is a linear molecule, in the sense that its helix axis is unbranched.
Thus, the ligation of linear DNA corresponds to the concatenation of line segments that can
produce longer lines, circles or knots. However, DNA need not always be linear. It is po ik;
to design synthetic sequences that self-assemble to form branched molecules called 'jun,
Junctions are designed by minimizing the sequence symmetry of the strands and maximizs
Watson-Crick base pairing of the target complex, so that the branched structure will actually
form under convenient solution conditions 7-9 .

Molecular Associations Between Branched Molecules Can Be Directed by Sticky Ends

The sticky-ended ligation of DNA fragments6 is the fundamental reaction of biotechnology.
The combination of branched DNA molecules with sticky ends provides building blocks that
can be assembled 7 into multiply-connected stick-figures and networks10 . All the edges of these
figures consist of double helical DNA. Thus, one can imagine designing and building complex
structures from branched DNA molecules. The concept of self-assembly among branched
molecules is illustrated in Figure 1, which shows a 4-arm junction with sticky ends arranged to
form a quadrilateral.

A 1L7 

A

A'7 A b AL,: I

Figure 1. Formation of a Quirilateralfrom a Junction with Sticky Ends. A is a sticky end and A' is
its complement. The same is true of B and B'. Four of the monomers on the left are complexed in
parallel orientation to yield the stmcture on the right. DNA !igase can close the gaps left in the
complex. The complex has open valences; it could be extended to form a 2-dimensional lattice by the
addition of more monomers.

Connectedness

A key concept in the assembly of DNA stick-figures is connectednesst 0 , which is the
number of edges of a closed object or a lattice that meet at a vertex; the number of arms of the
junction at a given vertex limits the maximum connectedness of that vertex. Thus, 3-connected
objects and lattices can he built with 3-arm junctions, and 4-conne-ted structures can be built
with 4-arm junctions. Junctions with 3-6 arms have been constructed and characterize 9 ,1 1,12 .

It is important to recall, however, that the assembly of individual objects into larger constructs,
such as clusters and periodic arrays, requires junctions containing arms that can be used for
connections between objects. For example, Figure 2 shows two periodic arrays. The one on
the right is a 6-connected array corresponding to the edges of space-filling cubes, which are
themselves 3-connected objects. The array on the left is the 5-connected spuce-filling array
formed by 4-connected octahedra at the corners of 3-connected truncated cubes. Each of these
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lattices is shown acting as a host for a guest macromolecule.

Figure 2 Five-Connected and Six-Connected Networks Acting as Hosts for Macromolecular Guests. The
simplest conceptual network, the 6-connected cubic lattice, is shown on the right side of this drawing.
Macrsnalecula guests, reresented as shaded kidney-shWed objects, have been added to four unit cells. Note that
if the guests are all aligned in the perallel fashion shown, die entie material will be a crystalline, and it will be
possible to determine the structure of the guests by crystallography.

MOLECULAR ASSEMBLY USING BRANCHED DNA COMPONENTS

Branched Junctions Are Not Rigid. But Stecific Sticky Ends Can Produce Target Structures

In practice, junctions are flexible over the 1-100 hr periods used for ligation' 11. 3. It is
reasonable to expect the short double helical edges of each object to be torsionally an4 flexurally
stiff, because the persistence length of DNA has been estimated to be between 450 A and 2500A 14.15. However, the 'valence angles' between the double helical edges of each object are not
fixed. When a 3-arm or 4-arm junction is oligomerized to yield oligolaterals with two helical
turns between branch points, it forms a series of cyclic products: trimers, tetramers, pentamers
and so onll.13. Thus, the angles flanking a DNA branch point are variable, in contrast to the
local geometry near a covalently bonded atom. Hence, a junction is more closely analogous to
an octopus, whose flailing arms are separated by a variety of angles, than to a starfish, whose
arms rarely appear to deviate substantially from pentagonal symmetry.

Although their flexibility implies that oligomerization of individual junctions is unlikely
to be a useful way to generate target polygons, unique sticky-ends can be used to direct the
assembly of particular junctions into target structures. We have tested this approach by
assembling a specific quadrilateral from four branched DNA molecules 16. The sticky ends on
each junction are unique, so the process is directed synthesis, rather than oligomerization.

The Construction of a Platonic Solid. a DNA Cube

The most exciting prospects for this system entail the assembly of multiply-connected
objects in 3-D. We have exploited the flexibility of branched DNA to construct from 3-arm
junctions a molecule whose helix axes have the connectivity of a cube17. A schematic of the 3-
dimensional, 3-connected ibject is shown in Figure 3. The object is shown as a cube, but the
angles between the edges arc iincharacterized. It contains 12 edges that consist of double helical
DNA. Whereas every edge contains 20 nucleotide pairs of DNA, we expect that their lengths
will be about 68 A. Each of the edges contains a unique site for recognition and cleavage by a
restriction endonuclease, thereby enabling us to establish the validity of the synthesis. The
synthesis of the cube-like object has been demonstrated by breaking it down to standard
catenanes 18 whose electrophoretic properties are known.

There is an integral number of turns in each edge, so every face of the cube corresponds
to a single cyclic strand. Therefore, the object in Figure 3 is a complex catenane of 6 single-

60



stranded cyclic molecules, each doubly linked to its four nearest neighbors. The catenated
nature of the strands in Figure 3 highlights an important point about double helical DNA: The
braiding of the strands about the helix axis is a critical structural and topological property of any
DNA molecule. For example, the strands in the cube can be separated from nicked failure
products by electrophoresis under denaturing conditions, because the catenane holds together,
but nicked molecules separate into individual strands 17 . The twisting of DNA strands about
each other implies that closed structures will be complex catenanes, and materials constructed
from this medium can contain polycatenated mesh substructures, much like chain mail.

4-U
4--... 4-R

Figure 3. A DNA Molecule Whose Helix Axes Have the Connectivity of a Cube. The molecule
consists of six cyclic strands diat have been catenated together in this particular arrangement. They are
labeled by the first letters of their positions, Up, Down, Frnnt, Back, Left and Right.

A Solid-Suonort Based Synthetic Methodology

The synthesis of the cube was performed in solution. This led to numerous problems,
arising from the combination of (i) the flexibility of the branched junctions, (ii) the difficulty of
separating products from catalysts, reactants and byproducts, and (iii) the differences between
the optimal concentrations for intermolecular addition reactions and for intramolecular
cyclization reactions. Control of DNA ligation in solution derives solely from the ability to
phosphorylate sticky ends in a selective fashion. This is insufficient control for the synthesis of
complex objects, so we have developed a new methodology that is more effectivet 9 .

This procedure is based on the use of a solid support, which permits convenient
removal of reagents and catalysts from the growing product. Each ligation cycle adds a
component that creates a covalently-closed, topologically-bonded intermediate. This feature
permits exonuclease digestion of incompletely ligated edges, thereby purifying the growing
object during synthesis. A single edge of an object can be formed at a time. Control derives
from the restriction endonuclease digestion of hairpin loops that form each side of the new
edge. The isolation of growing objects on the support also removes the problem of cross-
reactions between growing product molecules. Sequences are chosen to destroy restriction sites
when the edge forms. In principle, the component added to the growing construct can be a
junction, a polygon, a group of polygons, a polyhedron, or an array of polyhedra.

The Construction of an Archimedean Solid- a Truncated Octahedron

In order to analyze the solid-sLupport methodology, we have constructed a truncated
octahedron from DNA 2 0 . This Archimedean solid contains six squares flanking its four-fold
symmetry axes, and eight hexagons that surround its 3-fold symmetry axes. There are two
turns of DNA per edge, so each of the 14 faces corresponds to a single cyclic strand. Thus, the
final object is a complex 14-catenane. The truncated octahedron is a 3-connected figure, but the
molecule has been constructed from 4-arm junctions; thus each vertex is associated with another
arm that could be used to join polyhedra, although this has not been done. The extra arms are
all hairpins within the strands that correspond to the square faces. The entire molecule contains
2550 nucleotides, and has a molecular weight ca. 790 kd.
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In this construction, the objects added to the support are squares and square groupings,
as indicated in Figure 4. The figure contains six squares and eight hexagons. The object has
been constructed by doing two intermolecular additions to a square attached to the support. In
the first addition, a tetrasquare complex is added, and in the second addition, the final square is
added. The structure on the lower left of Figure 4 is a heptacatenane hexasquare complex. The
square strands are already intact in this construct, and the hexagons are all formed from the
outer strand. The hexagons result from successive intramolecular closures of the sticky ends
associated with the restriction enzyme site pairs, SI-Sl'...$7-S7'. Whereas the molecules are

Figure 4. The Synthetic Scheme Used to Synthesize the Truncated Octahedron. The boxed diagram
in the upper left indicates the numbering of individual squares. Each square in the rest of the diagram is
shown with its restriction sites indicated. Symmetric restriction sites are named 'S', indicated in pairs,
with one member primed; restriction sites cut distally are named 'D'. Arms that will eventually
combine to form edges are drawn on the outside of each square, and exocyclic arms are drawn on the
inside of the square. A reaction is indicated by a line above a restriction size: This means that the
restriction enzyme is added, protecting hairpins are removed and then the two sticky ends are ligated
together. The product is shown in two forms. On the left, the S I-S6 closures are shown as triple
edges, to emphasize their origins; the two strands of the edge formed by the S7 closure are separated to
maintain the symmetry of the picture. On the right, a slightly rotated front view of a polyhedral
representation of a truncated octahedron is shown without the exocyclic arms; the 432 cubic symmetry
of the ideal object is evident from this view.

isolated from each other on the support, it is possible to expose this group of sticky ends
successively by using symmetrically-cleaving restriction enzyme pairs that recognize six
nucleotide pairs each. Although the initial sites are destroyed after ligation, four-base cutting
sites remain, for analytical purposes. The final step in the synthesis involves releasing the
structure from the support and annealing it shut with a hairpin. The synthesis is demonstrated
in two stages: First, by showing that all six cyclic strands corresponding to the square
molecules are in the heptacatenane, and second, by digesting the final product to the
tetracatenanes that flank each square. This second stage of proof has been performed for five of
the squares, but the molecule lacks restriction sites for square #6.

SINGLE-STRANDED KNOTS: THREADING DNA

An intimate relationship exists between catenanes and knots2 t : Removal of a node by
switching strands, yet maintaining local symmetry and strand polarity (sometimes called
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forming a zero node), converts a catenane to a knot. and a knot to a catenane (Figure 5). This
relationship is important here, because it appears that cloning these DNA structures will be most
readily achieved by getting single-stranded DNA molecules to fold up into complex knots,
whose restriction will lead to the desired stick figures22. It is not possible to clone branched
structures directly, because a single round of replication will reduce a branch to linear duplexes.

KntCatename Knot
Figure S. lnierconversion, of Knots and Catenae by Switching Strands at a Node. The structure shown
on the left is a 51 knot. The strand direction is indicated by the arrowheads appearing along the strand.
When the two strands entering the lower node or. the right exchange outgoing partners, the node disappears.
and a 'zero node' is introduced21

. This converts the knot to a catenane, shown in the middle: the two linked
cycles are drawn so as to retain their shapes, but they are drawn with pews of different thicknesses. The lower
left node of the catenane undergoes a strand switch, and the structure is converted to a trefoil knot, illustrated
on the right. The trefoil knot is one strand, so it is drawn with one pen.

Nevertheless, it is possible, in principle, to make an entire structure from a single strand, as
illustrated for a dodecahedron in Figure 6. The key to this strategy is to add an extra external

Figure 6. A Single-Stranded Representation of a Pentagonal Dodecahedroa. A pentagonal dodcahedron is
illustraied with twelve exocyclic arms, in a Schlegel diagram. This is a 2-D representation of a 3-D object in
which the central polygon is closest to the reader, the polygons removed from the center are distorted and further
behind in the page, and the outer polygon is at the rear of the figure. The Schlegel diagram of the dodecahedron
is shown in the thickest lines. Flanking these are lines that represent the double helical DNA corresponding to
each edge of the dodecahedron. Each of the twelve pentagons contains an exocyclic double helical arm, with one
strand terminating in an arrowhead, indicating the 5'-->3 polarity of the strand. In addition, each of the
individual faces has been connected to a neighboring face through the exocvclic arms and wcry thin connecting
strands, so that the entire representation is a single long sand. The structure shown wouk , i. u be cleaved in
order to fold. Each exocyclic double helical segment would contain a restriction c. t ,ever it from
connecting DNA upon fornmlion of the structure. No topological representation is mad, -crc: cma acing DNA
lies behind the polygonal DNA for clarity.

arm for every strand; for molecules whose edges only contain an integral number of helical
turns, this corresponds to an extra arm per face. The external arms are connected to form the
complex knotted structure shown. The sequence of ste. a single-stranded molecule could be
cloned. Whereas one needs external arms on a polyhedral structure to form a lattice, the target
structure will have restrictable external arms.

We have -.,xplorod the possibilities for threading knots experimentally. A DNA molecule
can be synthesized containing the sequence X-T-Y-T-X'-T-Y'.T, where X ad Y
corespond to one helical turn, X and Y' are their Watson-Crick complements, respecu - ly,
and T is dTn linker. When cyclized. the strand yields a trefoil knot with negative nodes (31-;.
because the nodes formed by ordinary right-handed B-DNA correspond to negative topological
nodes23. However, there is a left-handed form of DNA, Z-DNA24, that is formed by special
sequences, under the control of solution conditions25. One can choose for both X and Y
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sequences capable of forming Z-DNA under different conditions. Figure 7 shows that mild Z-
promoting conditions will produce an amphichiral figure-8 (41) knot (in methylated DNA),
containing two positive nodes and two negative nodes, but strong Z-promoting conditions

y

X 0 X SINGLE STRAND

LICATE IN THE
PRESENCE OF LINKER

I I I 3I 0.mM l 5mM Mg 3

SIm MM a I*eM Ma 3raM CoeH$) 6

0, 4, C%

CIRCLE TREFOIL KNOT 1.) FIGUREi4 KNOT TREFOIL KNOT ()
3. 4, 3;

Figure 7. The Synthetic Scheme Used to Produce Four Target Topologies. The top of this scheme
indicates the molecule from which the target products are produced. The four pairing regions, X and its
complement X', Y and its complement 5" are indicated by the bulges from the square. The 3 end of the
molecule is denoted by the arowhead. The 3 end is between helical domains, and therefore requires a linker
complementary to the 3 and 5 ends of the strand. The molecular topol'gies are shown at the bottom.

will produce a trefoil knot with positive nodes (31+) 2 6 . The circle of the same sequence can be
prepared by ligating in an ionic strength too low to support knot formation. Altering the

Figure 8. The Relationhip Between Nodes and Antparallel B-DNA Illustrated on a Trefoil Knot.
A trefoil knot is drawn with negative nodes. The path is indicated by the arrows and the very thick
curved lines connecting them. The nodes are formed by individual arrows drawn at right angles to each
other. Each pair of arows forming a node defines a quadrilateral (a square in this figure), which is
drawn in dotted lines. Double-arrowheaded helix axes are shown perpendicular to these lines. The
twofold axis that relates the two strands is perpendicular to the helix axis; its ends are indicated by
lens-shaped figures. The twofold axis intersects the helix axis and lies halfway between the upper and
Iowe strands. The DNA shown base paired at each node corresponds to half a double helical tumn.

solution conditions after a knot has been closed creates a molecule under stress. In the presence
of DNA topoisomerase 1, which lacks an energy source, the molecule will convert to the
topological species most favored by solution conditions 27 . The shortest knots of a given motif
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ar likely to contain the greatest amount of stress. We have ascertained that the shortest 31" and
41 two-domain knots readily made contain about 80 nucleotdes, although molecules as short as
70 or 66 nucleotides yield traces of knotted material28.

There is a general relationship between the nodes of DNA molecules and the nodes of
single-stranded DNA knots: A half-turn of duplex DNA can be used to generate a node in a
knot29, 30. Figure 8 illustrates this point with a trefoil knot built from a branched junction. The
three nodes of the knot shown are formed by perpendicular lines, whose polarity is indicated by
arrowheads. The nodes act as the diagonals of a square, which they divide into four regions,
two between antiparallel arrows and two between parallel arrows. The transition from topology
to nucleic acid chemistry can be made by drawing base pairs between strands in the antiparallel
regions. The axes of the helices are drawn perpendicular to the base pairs. A trefoil knot has
been constructed recently from a the branched junction motif31.

MOLECULAR TARGETS FOR DNA ASSEMBLY

The Directed Assembly of Periodic Mat

A key use envisioned for DNA arrays7 is to function as macromolecular zeolites,
serving as hosts for globular macromolecular species, as an aid in crystallographic structure
determination. This application is illustrated in Figure 2. The rate-determining SLep in
macromolecular crystallography is the preparation of adequate crystals. The ability to assemble
periodic arrays of cages that contain ordered guests would help solve that problem. Intracage
orientation might be accomplished through binding the guest by site-specific fusion domains.
The assembly of periodic lattices is likely to be difficult: One can control the synthesis of an
individual object by minimizing sticky-end symmetry, but symmetry minimization cannot be
used to build a crystal, since the lattice inherently contains translational symmetry.

Scaffolding to Direct the Assembly of Other Macromolecules

The medical and commercial importance of DNA has resulted in convenient technology
for the synthesis32 and modification 33 of DNA. There are also natural mechanisms by which
drugs, particular proteins, or other DNA strands recognize and bind to specific sites on DNA.
These methods may ultimately be used to attach molecular electronic components to DNA
molecules34. The self-assembly of the DNA molecules could thereby direct the assembly of
these other components. We have suggested that a crystalline arra of this sort could act as a
biochip, in which the DNA plays a structural role34. The scaffolded threading of polymeric
species has also been suggested29.

CONCLUDING COMMENTS

Structure and topology are key properties in DNA molecules. DNA molecules whose
helix axes meet at branch points can be used to construct multiply-connected stick figures. The
construction of a truncated octahedron demonstrates that this type of topological control is now
well in hand. Likewise, achieving the level of control necessary to generate four different
knotted (or unknotted) topologies from a single strand of DNA indicates that braiding topology
is also under reasonably good control today. The next stages in DNA construction are periodic
DNA lattices and more complex knots: The former will enable many applications, such as
diffraction studies and long-range scaffolding, and the latter be useful in cloning structures and
in testing the relationship between half-turns of DNA and nodes in knots. The greatest
stumbling block for the construction of lattices is the lack of rigid junctions with fixed 'valence'
angles. It is possible that the 'bulged' junctions reported recently by Leontis and his
colleagues35 will be of use in this context. The construction of more complex knots awaits
technologies that can be applied to direct characterization of their topologies. Developments in
scanning probe microscopy 36 and optics37 may lead the way in this direction.
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POLYMERIZABLE SELF-ORGANIZED MEMBRANES:
A NOVEL CLASS OF ORGANIC COMPOUNDS
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Washington DC. 20375-5348

ABSTRACT

Molecular Self-assembly of amphiphilic phospholipid molecules (containing a hydrophobic
acyl chain and a hydrophilic phosphate group attached to glycerol backbone) and other amphiphiles
offers a versatile approach to form ordered structures. Stabilization of lipid microstructures by
polymerization renders them useful for practical applications in the areas ranging from controlled
release technology to template mediated synthesis of metals. Our efforts are focussed on the
development and use of polymerizable diacetylenic phospholipids and their microstructures as
template for chemical synthesis. The surface of vesicles and lipid microcylinders (0.5 im dia.) is
made reactive by chemically modifying the hydrophilic region of phospholipids. Lipids with
chemically reactive sites were incorporated into lipid membranes predominantly formed from
charge neutral lipids and used for binding metal ions and growing fine metal particles.

INTRODUCTION

Multidisciplinary approaches may often provide efficient solutions to technologically
important problems by virtue of maintaining a balance of efforts to address the issues involved.
Synthesis of micron and sub-micron particles, composites, and ordered growth and pattern
formation during crystallization are the examples of successful implications of these approaches I I -
3]. In addition, the hierarchical approach (progression in increased complexity) similar to that
observed in nature is getting attention in the fabrication of advanced materials [4] . By combining
these two strategies - multidisciplinary and hierarchical - it is possible to emulate nature's
architecture by designing materials that are optimized for their ultimate functions on every scale,
from molecular to macroscopic.

Phospholipids are amphiphilic molecules, which means that each molecule contains both
hydrophobic and hydrophilic segments. Phospholipids are common building blocks for cell
membranes and fulfill a number of vital basic cell membrane functions [5]. Synthetic
phospholipids, particularly phosphatidylcholines, have received considerable attention because of
their ability to produce a variety of morphologies including vesicles - spherical structures
consisting of an aqueous core surrounded by single or multiple bilayers with dimensions on the
micron to sub-micron scale. Figure 1 shows the structures formed by spontaneous self-
organization of phospholipids in the presence of aqueous medium. The amphiphilic nature of
phospholipid molecules leads them to orient in such a way that the polar headgroups remain in
contact with surrounding aqueous medium while the hydrocarbon segments are segregated from
water. Vesicles have been the subject of extensive investigations because of their usefulness as
models for biological membranes and in the development of applications that utilize their membrane
properties e.g., encapsulation and controlled release, functional incorporation of proteins, and
signal transduction. However, the problem of long term stability of membrane structures restricted
their utility and led to the development of new strategies to stabilize membranes. In particular,
polymerization has emerged as a promising strategy for stabilizing bilayer membranes.
Polymerization strategy is versatile because it stabilizes membranes by crosslinking the lipid
monomers only after they have attained a particular morphology. Other methods reported for
membrane stabilization include the use of proteins, sugars, and cholesterol in the preparation of
lipid membranes.

In this article, we will discuss the results of our research efforts which began with
stabilization of vesicles by polymerization. Results obtained during the course of these
investigations have led to the development of reactive membranes that are, a) suitable for carrying
out reactions at the membrane interface as well as inside of the closed bilayer structures, and b)
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easy to modify to achieve transport of ions.

polar headgroup

water sonicate

PHOSPHOLIPID BILAYER

VESICLE
20 - 60 nm

FIGURE -I

STABILIZATION OF VESICLES FROM POLYMERIZABLE PHOSPHOLIPIDS:

Use of polymerizable phospholipids in stabilization schemes represents a pristine strategy
for lipid bilayer stabilization because the scheme doesn't rely on the addition of an extra component
to the lipids. The polymerizable phospholipids in monomer form exhibit physical properties that
are similar to their non-polymerizable analogues. The added capability of polymerizable lipid
monomers is their ability to stabilize membranes by crosslinking with their next neighbor lipids (6-
91. The polymerizable functionalities have been incorporated both in the headgroup region and to
the acyl chains. A variety of polymerizable groups have been tried to achieve membrane stability
[101. Of all the polymerizable groups, diacetylenic group has been the most studied because of the
thermochromic behavior of polydiacetylenes and ability of diacetylenes to influence membrane
morphology [1 t-12]. Figure 2 shows the chemical structures of polymerizable phospholipids used
in our vesicle studies.

Polymerized vesicles produced by incorporating methacryloyloxy monomer in the acyl
chain of a phosphatidylcholine (1) and irradiating with UV showed reduced permeability and
enhanced stability against chemical and physical perturbations that included mild ultrasound
agitation, phospholipase A2 catalyzed hydrolysis, and freeze drying - redispersion cycle [13,14].
The following method for the polymerized - vesicle preparation demonstrates that the technique is
straightforward and the polymerization step is very simple to follow.
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Typically, 2 mg of polymerized phospholipid (1) was dissolved in chloroform and coated on
the walls of a glass tube with the aid of a stream of nitrogen. Traces of solvent were removed
under vacuum (5 hrs.), and the lipid was hydrated in water (2 mL) which was warmed up in a
water bath (80 oC) for 10 minutes. Vortex mixing produced multilamellar vesicles (vesicles
with many bilayers) which were converted to a clear solution of small unilamellar vesicles by
ultrasound agitation (50 "C) for one hour. The dispersion was then irradiated with ultraviolet
light (254 nm) for 30 minutes to produce polymerized vesicles. The polymerization was
monitored by thin layer chromatography. The polymerized lipid stayed at the origin of the
TLC plate. ThL vesicle morphology was confirmed by transmission electron microscopy.

Polymerized lipid membranes were originally thought to be attractive candidates for
pharmaceutical applications e.g., inhibition of fungal growth [15,161. On the other hand, a large
number of studies are reported concerning non-medical related studies such as, protein
reincorporation, sensors, interfacial interactions and use of vesicles as reaction cages [17-211.

0

CH2-O C-R

1
CH 2 -P-OCH 2 CH 2 NMe2

0

R= (CH2 )I-OC-C(CH 3 )=CH 2 (1)

(CH2 )8-CCCC-(CH 2 )9 -CH 3 (2)

E 1Q U- E E

DIACETYLENIC PHOSPHOLIPIDS MEMBRANES:

Phosocholine Membrane: The diacetylenic moiety was incorporated in the acyl chains of a
phospholipid to stabilize the vesicles by photo-polymerization [7-91. But, the diacetylenic lipids
turned out to be quite unique since their dispersions from 2 produced hollow cylindrical structures
or tubules (Figure 3) in addition to the vesicles [ 12,221. Lipid tubules formed from diacetylenic
phosphocholines have a fixed internal diameter of -0.5 im. The length of the tubules is,
however, process dependent. Experimentally, the tubules have been produced by two separate
routes; the liposomal route (thermally grown) and the solution route (solvent grown) using an
alcohoVwater solvent system. Both methods have advantages and limitations but, tubule formation
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from ethanol/water is easy, straight forward, less time consuming, and less deperdent on sample
purity. Two techniques to fabricate tubules are described in the following paragraphs. The simple
operation demonstrates the effectiveness of self-assembling route for making complex structures.

For the preparation of tubules via thermal vesicular route, 4 mg poly-crystalfine 2 was
hydrated in 2 mL distilled water by incubating at 50oC for an hour. Lipid was dispersed by
occasional vortex mixing during incubation period. Small unilamellar ',estcles were produced
by sonication at 50C using a sonifier with a cup-hoin attachment. Sonication was continued
until dispersion with constant turbidity was produced (usually 45 minutes to one hour). The
small vesicles then cooled down to room temperature and then maintained at 40C till the
dispersion tined into thick gel. The gel was then slowly heated to above the phase transition
temperature of the dispersion (T.n = 43.1 O) followed by slow cooling (> 0.5 oC/min) of the
dispersion to room temperature, This cooling cycle produces uniformed sized tubules in
high yield.

The second procedure for the preparation of tubule is the solvent method. The diacetylenic
lipid was dissolved in ethanol containing 30% water (concentration 0.5-1.0 mg/mL) Tfh
turbid solution was warmed to ensure complete dissolution of lipid in the solvent system. The
clear solution was slowly cooled to room temperature. An increase in turbidity indicates the
formation of tubules. This method produces high yields of tubules Once the tubules are
produced they are stable enough to withstand the dialysis step that follows to exchange
alcohol with water.

FIGURE 3

A large number of studies have been conducted to understand the mechanism of tubule
formation. Important information on tubule structures was collected by implementing various
techniques including X-ray analysis 123,24] and Raman spectroscopy 125] Reported mechanisms
for tubule formation diun't fully account for all the reported tubule properties [4]. In a recent
report, however, experimental evidence is provided that the tubules are the result of chiral
molecular architecture and that the helices are the common precursor for the tubules prepared by
either technique [261.

For technological applications, it is necessary that the tubules should retain their
morpliological integrity during physical and chemical perturbation. Diacetylenes do not polymerize
efficiently in organized assemblies [27]. Ultra violet irradiation (254 nm) of the tubules (solvent or
thermally grown) cross-linked the diacetylenes available only on the outer surface of tubules as
evidenced by the generation of deep red color due to conjugated polydiacetylenic polymer
backbone. About 60 % monomer phospholipid was recovered from the polymerized tubules by a
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simple rnethylene chloride extraction. The inefficient polymerization of the tubules lbrced a search
for lternate methods of tubule stabilization. The strategy of incorporation of a second
polymerizable group at the end of the acyl chains was implemented successfully. In this approach
pol,'inerization was initiated after the lipid was transformed into tubules 128]. Alternatively, the
stabilization of tubu!es by coating its surface with metals through electroless metallization proved to
le the best option 129J. This method utilized the ability of quaternary amine of phosphocholine
headgroup to bind the tin-palladium catalyst. The bound catalyst has been used in the metallization
of tubules with a variety of metals including copper, nickel, permalloy, cobalt etc. Metallized
tubules, due i0 their size and stability, were studied in the interests of developing a variety of
tcchnological applications 141.

Hlectroless metallization of tubules with copper was accomplished as follows. To a 2 ml-
aqueous dispersion of thermally or solvent grown tubules (from 4 mg phospholipid) an equal
volume of Pd/Sn colloid (MacDermid Co., Waterbury, CT) was added and the contents were
gently mixed. After two minutes, the solution was removed after gentle centrifugation that
separated the tubules from the medium. The brown colored, palladium coated tubules were
washed several times with water. To these tubules 0.1 M HCI was added (pH 4.0) to oxidize
the tin shell and expose the palladium catalyst. The oxidation was furthe: accelerated by
,ubbling oxygen into tht dispersion The:: 5 nil. of copper bath Metex 9027 (MacDermid.

containing cupric chloride and ;i reducing agent) was added. After about three minutes
evolution of gas was observed and the color of the dispersion turned from brown to black.
The re'action was then quenched by repeated centrifugation, removal of supernatant, and
resuspension of the tubules in water. The metallized tubules are mechanically strong and
withstand freeze drying step with retention of morphological features.

Hydroxyalkanol Lemhrane: The tubules produced from diacetylenic phosphocholines have two
major drawbacks from an application points of view. One drawback was the fixed diameter of
tubules which was independent of both the acyl chain length as well as the position of diacetylene
in the chain [4, 10]. The second drawback related to the low quality of metal coating due to the
presence of tin oxide produce during metallization. Also, the acceleration step involved bubbling
of oxygen at pH 4.0 which caused the tubules to break. To overcome these drawbacks we
explored the possibility of designing and synthesizing alternate materials that would form tubules.
We focussed on those diacetylenic lipids that could be produced by adopting simple synthetic
routes. Phospholipase D mediated transphosphatidylation of lipids is a simple, one step method
that can replace choline (-CH 2-CH2-N*Mei) with a molecule that contains primary alcohol group.
For convenience we replaced the choline moiety with -(CH2)n-OH (Figure- 4) [301. These lipids
produced the tubules in the presence of metal ions while in the absence of metal ion no tubule was
observed. By selecting the appropriate hydroxyalkanol group, metal ion, pH of the dispersion
medium, and the ionic strength of the buffers, Markowitz et ai. [31] were able to produce tubules
of vai ying diameter. The strategy of making tubules using bivalent metal ions was extended to the
use of palladium ion which not only produced the tubule structure but also acted as catalyst for

lectroless metallization. Following this strategy electroless metallization of cobalt, nickel, and gold
was achieved 132,331 (Figure- 5). This metallization method did not metallize charge-neutral
phosphocholines because the palladium ion did not bind to the surface.

0uhule Fo~rmatrion The hlpid tubules were prepared by thertial cycling of the lipid
dispersion. A thin film of the lipid 3 was hydrated above the melting transition of the lipid
5 I"C) fi 012 M acetate buffer pl 5.6) containing a small volume of palladium-complex
.oltton. The final concentration of lipid in the dispersion was 2 mg/ml. and that of the

palladium complex was I maM. The molar ratio of lipid to metal ion was 2.6:1. The volume
M, paladium complex solution added to the buffer solution was less than 2% of the buffer
SOlutio-; The mixture was sonicated at 80"C for 10 min and then allowed to gradually cool
to roonm temperature. The dispersion was kept at 4tC for 3 hrs and then. reheated to 80KIC
and kept at tins temperature for if0 nun The dispersion was then allowed to gradually cool to
room temperiulre (e I,,/mm) to produce lipid tubules.
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R = -(CH 2 )B-CCCC-(CH 2 )g-CH3 (3)

-(CH 2 )47 CH 3 (4)

FIGURE 4

Metallization: The tubule dispersion was dialyzed against water to remove the buffer salt and
excess palladium salt. Cobalt and nickel plating baths were made by dissolving 10 g of the
tetrasodium salt of EDTA and 9 g of NH4 CI in 150 mL of water. To this mixture 6 g
hexahydrate of MiCI, or CoC12 was added. The pH of the resulting solution was adjusted to
8.2 by dropwise addition of 0.1 M aq. NaOH. Four grams of dimethylamino borane
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dissolved in 50 mL of water were then added. The dialyzed tubule dispersion was diluted
with five times its volume of water and then an equal volume of the metal plating solution was
added. The plating was allowed to continue until hydrogen evolution stopped (about 2
hours) and metallized microstructures settled at the bottom of the bath. The metallized
microstructures were then washed three times with water. For long term storage, the tubules
were washed twice with acetone and were kept stored under acetone.

Mixed Phospholipid membranes: Since the metallization protocol described in the preceding
section doesn't work on charge-neutral lipids, we utilized this property for metallization of
selective sites on lipid surfaces. Vesicles were formed from a mixture of charged and zwitterionic
phospholipids 2 and 3. Palladium ion was then added. The palladium ion was able to bind to the
negatively charged phospholipid but not to the charge-neutral phospholipid. Addition of a gold
nieLal plating bath for electroless plating resulted in the selective metallization of the vesicle (figure-
6) [ 33,341. Electron diffraction analysis demonstrated that fine gold polycrystalline particles
were deposited on the vesicle surface. It has been observed that the best results are achieved only
if both the negatively charged and charge-neutral phospholipids were polymerized in the
membrane. With vesicles formed from mixtures of polymerizable phospholipid 2 and non-
polymenzable lipid 4, the vesicles were not stable to the metallization procedure. In addition to
phospholipid polymerizability, the headgroup structure of the phospholipid was an important factor
in the metallization of the vesicle. Phospholipids with a stericaily unhindered headgroup such as
phosphatidic acid caused uncontrolled metallization while vesicle membranes containing relatively
more sterically hindered phosphohydroxyethanol headgroup were metallized at a manageable rate.
A simple alteration of this system has provided the means to synthesize metal particles exclusively
on the outer or inner side of the vesicles [351 The vesicles were formed in the presence of
palladium ions. As a result, both the inner and outer vesicle membranes contain bound palladium
ion. After removing the palladium ions on the exterior membrane by the addition of the
tetrasodium salt of EDTA, the gold plating bath was added. Because of the polymer boundaries in
the polymerized vesicles, the metal cations were able to diffuse across the bilayer membrane
thereby providing the capability to carry out the synthesis of metal nanoparticles within the
vesicles. Using this strategy, we produced unagglomerated gold nanoparticles within the vesicles
(figure 7) [36].

FIGURE 6
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FIGURE -7

SUMMARY

The results presented in this article clearly demonstrate the technological potential of polymerized
membranes New applications evolved while exploring the properties of polymerizable lipids. It
is worth noting that the membrane approach was originally adopted to design and construct
vesicles for controlled release studies. It has finally led to the capability to perform chemistry in a
constrained environment and to study nucleation and growth of nanoparticles at membrane
interface.
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SELF-ASSEMBLY OF INORGANIC/ORGANIC MULTILAYER FILMS
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ABSTRACT

In order to investigate the influence of substrate functionalization on the subsequent self-
assembly of multilayer films, multilayers composed of alternating hafnium and 1,10-
decanediylbis(phosphonic) acid (DBPA) have been grown on three different substrates.
Substrates studied include gold wafers functionalized with 4-mercaptobutylphosphonic acid,
silicon wafers functionalized using a hafnium oxychloride solution, and silicon wafers coated with
an octadecylphosphonate LB-template layer. The nature of these films is probed using
ellipsometry and grazing angle x-ray diffraction. These studies indicate that the overall order and
the individual layer thickness can vary substantially from sample to sample and depend strongly
on the initial surface functionalization prior to mulhilayer growth.

INTRODUCTION

The research effort in the preparation and characterization of self-assembled multilayer films
has increased rapidly in recent years." Interest in these materials arises in part from the variety
of physical properties which could be incorporated by rational design and synthesis of such
microstructures. By assembling a material one molecular (or atomic) layer at a time, layers with
conducting, magnetic, luminescent or nonlinear optical properties can be assembled with control
of order and spacing between layers. The advantage of multilayer film synthesis via self-
assembly compared to other methods lies in the relatively easy, straight-forward preparation
methods and the mechanical and thermal stability of the films due to strong ionic and/or covalent
bonds between the layers.

We are currently investigating hafnium 1, 10-decanediylbis(phosphonate) (Hf-DBP) multilayer
films, which are structurally analogous to the prototype zirconium-DBP self-assembled films first
reported by Mallouk and coworkers.7 8 These films can be preoared by alternate adsorption of
hafnium (or zircenium) ions and bisphosphonic acid molecules from aqueous solutions onto a
substrate bearing an appropriate reactive functionality.

The main objective of this investigation was to study the influence of the substrate and the
initial surface functionalization on the overall quality, reproducibility and structural characteristics
(e.g. thickness and density) of the multilayer films. We therefore used two different substrates,
commercial silicon wafers and very smooth vapor deposited gold substrates. The silicon wafers
were primed with two different "anchor" layers, a hafnium layer and a preassembled octadecyl-
phosphonate Langmuir-Blodgett (LB) template layer capped with zirconium.9'0 The hafnium
functionalization reactiol (using aqueous HfOCI2 solution) is not fully understood, although we
presume it involves adsorption of a very thin hydrous hafnium oxide layer (2-8 A by ellipsometry)
onto the native silicon oxide surface of the wafer.' This functionalization is analogous to that
reported by Mallouk et al.'2 using zirconium oxychloride solution to functionalize fumed silica
(Cab-o-Sil) for growth of Zr-DBP multilayers. In this case, the authors report that multilayers
grown on the zirconium-functionalized Cab-o-Sil appear to be better ordered and more crystalline
than Cab-o-Sil functionalized with a silanol phosphonate. In accord with their result we have also
found that multilayer films are of better quality if prepared using hafnium- or zirconium-
functionalized silicon.

The organic LB-template-' 0 on silicon consists of a zirconium-capped octadecylphosphonate
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LB-layer transferred onto a silicon water rendered hydrophobic by self-assembly of a monolayer
of octadecyltrichlorosilane. This LB-template provides a surface layer of zirconium with very low
roughness, high order and consistent density."' ° The gold surface was functionalized with 4-
mercaptobutylphosphonic acid, an anchor which is reported to give well ordered primer layers
with a high surface density of phosphonate moieties.8

Multilayer films prepared on these substrates were characterized by ellipsometry and grazing-
angle x-ray diffraction. Ellipsometry has been used widely for the determination of layer
thicknesses of thin films,5 ' 3'14' 5 and also of self-assembled metal-bisphosphonate films.' '

However, a main disadvantage of this technique lies in the fact that the correctness of the
calculated film thickness relies on the proper choice of the refractive index for both the substrate
and the film. Unless the substrate is very reproducible (as is the case for silicon wafers), the
refractive index of the substrate has to be calculated for every particular sample from the
ellipsometry parameters A and 4t' of the bare substrate.'6 The main problem, however, lies in the
,;hoice of the refractive index of the multilayer film. Generally, the refractive index of the film is
not known, and is usually estimated to be the same as for the bulk compound. Using the bulk
value for the index in the calculation of film thicknesses implies exactly the same properties
(structure, density etc.) of film and bulk compound, which may not be the case. In addition, slight
variations in the film density from sample to sample, as may result from variations in the
substrate or the surface functionalization, can only be reliably detected if the exact refractive
index of each particular film is known.

The use of grazing angle x-ray diffraction is still rather uncommon in thin film investigations,
although this method allows the direct measurement of multilayer film thicknesses and does not
require any assumptions about the properties of the sample. 7 This technique is exploited in
these studies to accurately assess film thicknesses as a function of multilayer growth, and to
compare multilayers grown on the substrates described above. We compare ellipsometry
measurements with grazing angle x-ray diffraction in order to assess the refractive indices of our
films.

EXPERIMENTAL

Materials: Hafnium oxychloride octahydrate was used as obtained from Teledyne Wah Chang Albany.
,1 0-Decanediylbisphosphonic acid (DBPA) was prepared by the Michaelis-Arbuzov reaction using 1,10-

dibromodecane and tnethyl phosphite.' 4-Mercaptobutylphosphonic acid was provided by Prof. Thomas
E. Mallouk (Pennsylvania State University).8 In all experiments deionized water purified to a resistivity of
18 M-2.cm with a Barnstead Nanopure II was used.

Substrates and surface tuActionirzation : Single crystal silicon wafers of 76 mm in diameter with
polished 100 faces were obtained from Silicon Quest. Prior to hafnium functionalization the wafers were
rinsed for 10 min. with trichloroethylene, 10 min. with 2-propanol and 15 min. with ultrapure water. The
wafers were then immersed in a 5 mmolar aqueous solution of HfOCI2 aid heated to 500C for 1V/ -4 days.
The preassembled LB template was provided by Professor Daniel R. Talham and Houston Byrd (University
of Florida)." 0' ° It was prepared by transferring an octadecylphosponic acid monolayer via the LB-technique
onto a with octadecyltrichlorosilane functionalized silicon substrate. An additional monolayer of Zr" was
then added by self-assembly. The wafers as obtained were rinsed with ultrapure water prior to multilayer
deposition. Flame-annealed gold substrates, prepared by thermal evaporation of ca. 2000 A of gold onto
glass substrates precoated with ca. 20 A chromium, were provided by Dr. Peter Zeppenfeld
(Kernforschungszentrum J0lich, FRG). The gold substrates were rinsed with methanol and ultrapure water,
then immersed in a 1 mmolar solution (80 water, 20% methanol) of 4-mercaptobutylphosphonic acid for
72 hrs at room temperature.

Mulftyer depoeihln : Hf-DBP multilayers were grown on the functionalized substrates by alternate
immersion of the wafers in a 5 mmolar aqueous solution of HfOC 2 for 4-6 hrs. and in a 1.5 mmolar
aoueous solution of DBPA for 6-12 hrs. A 15 mi. rinse with ultrapure water was performed after each
immersion step. The dipping sequence was started with the HfOCI2 solution in the case of the gold samples
and with the DBPA solution in case of the other samples, in accordance with the respective surface
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functional group of the substrate.
bgnirientarjon and reasurmeisnt: Ellipsometric measurements were done with a Rudolf Research

Thin Film Ellipsometer 43603-200E using a tungsten halogen light source, a 632 nm filter light source and
an incident angle of 70 degrees. Film thicknesses were calculated from the measured A and '1, values with
a program from Rudolf Research using n - 3.858 - 0.018 i as the refractive index for Si and n - 1.462 for
SO. The refractive nadices of the gold substrates were calculated for each particular sample from the A
and IF values measL",d for the bare substrate, using standard equations. 's

Low angle x-ray diffraction was done on a Scintag XDS-2000 e-e powder diffractometer using Cu Kat
radiation. The diffraction experiment measures the interference of x-rays reflected from the air-film interface
and the film -substrate interface. The resulting diffraction pattern shows several "beats", each corresponding
to a different order of interference.'a The position of the beats is given to a first approximation by the
Bragg equation n-X - 2d.sine (d . total film thickness). In order to take into account index of refraction
effects however, the layer thickness is not calculated directly from the absolute peak positions. Instead,
the position sin'O of each beat maximum is plotted versus n2, the square of the corresponding order. After
a linear regression fit to the data, the layer thickness is obtained from the slope, which corresponds to
(4 

2
4 d 

2
) !1 1

RESULTS

The Hf-DBP multilayer growth on gold surfaces was monitored by ellipsometry
measurements. Fig. 1 shows a plot of film thickness versus number of layers for a gold sample
derived from ellipsometry data. The film thickness was calculated using various values for the film
refractive index in the range 1.45 5 n,, s 1.60. No matter which value is chosen, the data show
a constant increase in layer thickness after each additional layer added, as can be seen by the
straight lines in Fig. 1. However, the slopes of the lines, corresponding to the average thickness
per layer, depend strongly on the value of the refractive index. An average layer thickness as
high as 23.3 A results when using n,,=1.45 as refractive index, whereas a layer thickness of
18.1 A is obtained when using n,,,=1.60. This example shows clearly the need of an independent
method to determine layer thicknesses. Unfortunately, to date no grazing angle x-ray diffraction
has been detected from the multilayer films grown on gold. This is probably due to the high
critical angle for total reflectance of gold (20,.1°). The multilayer film diffraction, which is usually
seen in the region 0.5' S 0 s 2.0' is most likely masked by the high intensity of the total
reflectance x-ray beam. Therefore no independent information could be obtained about the exact
layer spacing of the multilayer or about the proper value for the refractive index.

300n = 1.45 n 23.3 A layer

250 n = 1.50 # 21.1 A
n = 1.55 0 19.5 A

Figure 1. Film thickness versus '. 200- n = 1.60 A 18.1 A

number of Hf-DBP layers deposited u,
onto functionalized gold determined (n

0) 150-by ellipsometry using various film C
refractive indices (1.45, 1.50, 1.55, o
1.60). The solid lines are a linear 100-
regression fit to the data; the slope -

of the straight lines is given in the 50-
left comer.

0 M I I

0 2 5 8 10 12

Number of Layers
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For the Hf-DBP multilayers grown on silicon surfaces (e.g. on Hf- and LB-template-covered
samples) data from both diffraction and ellipsometry experiments were obtained. Figs. 2 and 3
show the total film thickness as derived from both methods plotted versus the number of Hf-DBP
layers. A constant increase in layer thickness with every additional layer added can clearly be
seen in all plots indicating the regular multilayer growth on these substrates.

The average layer spacing of the multilayer films is given by the slopes of the straight lines
shown in Fig. 2 and 3. The spacings obtained by x-ray diffraction, which are not dependent on
any assumption about the film properties, are 16.8 A/layer for the film grown on the LB-Template
and 18.1 A/layer for the film grown on the Hf-functionalized silicon (Hf-Si) wafer.

400 -_ -_

0 y = 19.9x , 190 /
Figure 2. Film thickness versus * y = 19.7x + 18.2 /
number of Hf-DBP layers deposited "'- 300
onto Hf-functionalized silicon deter- -

mined by ellipsometry (solid squares)
and grazing angle x-ray diffraction C 200-
(open squares). The ellipsometry
data is fit using a film refractive _ 0
index n,, 1.49. F_ 10
The solid lines are a linear
regression fit to the oata; the fit
paameter, are given in the left 0
comer. 0 5 10 1 5 20

Number ot Layers

300--
o y = 

16.bx ,- 25

Figure 3. Film thickness versus 210- y = 16.8x + 60.7/
number of Hf-DBP layers deposited
on LB-template covered silicon1
deter-nined by ellipsometry (solid u 200-
squares) and grazing angle x-ray

C:diffraction (open squares). The 150-
ellipsometry data is fit for a film
refractive index nf,=, 1.57.
The solid lines are a linear 1 -00
regression fit to the data; the fit
parameters are given in the left 50
corner. 0 5 10 1 5

Number of La-,ers

The layer spa,. g calculated from the ellipsometry data depends strongly on the value for the
refractive index as shown above. We therefore fitted the refractive index to give layer thicknesses
which closely match the layer thickness determined by grazing angle x-ray diffraction. In fitting
the ellipsometry data, a close match in the slopes of 'he x-ray data in the plots of Figs. 2 and 3
(corresponding to the average layer thickness) was attempted rather than a close match to the
absolute values for the layer thickness. This procedure was chosen because the uncertainty in
the determination of absolute layer thicknesses is considered much higher for both ellipsometry
and diffraction measurements than is the uncertainty associated with the determination of the
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average thickness increase per layer. A close match was found for a refractive index of 1.57 for
the multilayer grown on the LB-template and 1.49 for the layer grown on the Hf-Si.

An average layer spacing of about 16.8 A/layer and a refractive index of about 1.57 for
multilayers grown on the LB-template could be confirmed by layer experiments on a second LB-
template substrate. These values are also close to the preliminary values we determined for the
bulk Hf-DBP compound which are 16.7 A/layer and nF.=1.545, respectively. However, multilayers
grown on Hf-functionaized wafers show a substantial variation in layer spacing from sample to
sample. Most layer spacings range between 18 Aflayer and 20 Mayer, although spacings as low
as 15 A/layer and as high as 21 A/layer have also been observed. However, for all films grown
on Hf-anchored silicon a good match between ellipsometry and diffraction data is always obtained
using a comparatively low refractive index within the narrow range 1.48 < nF, 5 1.50,
independent of the average layer spacing of the particular sample.

DISCUSSION

All layer experiments, done on various substrates and anchor layers, show consistent
incremental layer growth of Hf-DBP multilayers. Thus, the different substrates investigated here
all provide suitable surfaces for uniform multilayer growth. The average layer spacing, however,
is found to be strongly dependent on the initial surface functionalization. Compared to the layer
spacing of about 16.7 A for bulk Hf-DBP, layer spacings of the multilayers grown on the hafnium-
functionalized silicon are generally larger (18-20 A). From other studies, the density of
multilayers grown on Hf-Si is estimated to be approximately 75/6 that of the bulk Hf-DBP.'9 This
observation is consistent with the observation reported here that the refractive index of
multilayers grown on Hf-Si is consistently lower than that of the bulk ( =1.49 of the film
compared to 1.545 of the bulk Hf-DBP).

The large variation in layer spacing observed for multilayers grown on Hf-anchored silicon is
most likely due to variation in the hafnium functionalization of the substrates. In order to
understand and optimize the functionalization reaction we have investigated a variety of reaction
conditions and have characterized functionalized wafers by ellipsometry and AFM microscopy.
These investigations show that the thickness and roughness of the Hf-anchor layer increases
substantially with increasing reaction temperature (>500C) and reaction time, possibly due to
precipitation of colloidal hydrous hafnium oxide similar to that observed for zirconium oxychloride
solutions." Although we did not observe any formation of precipitate in our HfOCI,-solutions, we
assume that the Hf-anchor layer consists of a rather undefined layer of hydrous hafnium oxide.
Ellipsometry measurements indicate that this layer is generally 2-8 A thick. Properties such as
roughness, thickness and density of this anchor layer are likely to vary considerably from sample
to sample, and may account for the observed variation in layer thicknesses of the multilayer films.

Although no exact layer spacing could be determined for the multilayers grown on gold, the
value for the refractive index is most likely in the range 1.50 _ nF,, 1.57, which would yield an
average layer thickness of 19-21 A, which is significantly larger than the bulk layer spacing, and
comparable to that ot the multilayers grown on Hf-Si substrates.

A possible explanation for layer thicknesses larger than the bulk layer spacing could lie in
the tilt angle of the phosphonate alkyl chains, which may differ between the multilayer films and
the bulk material. In bulk Zr-DBP, which should be similar to bulk Hf-DBP, this tilt angle is about
310 with respect to the surface normal." 9 In this case the phosphonate carbon bond is oriented
nearly perpendicular to the plane of metal ions. A much smaller tilt angle for the multilayer film
would result in a larger layer spacing and could (at least in part) explain the high layer spacings
observed here. A smaller tilt angle would require the bisphosphonate alkyl chain to orient nearly
perpendicular to the plane of H- ions, which in turn would preclude binding of all three oxygens
of a phosphonate group to the plane of hafnium ions. Alternative phosphonate-metal binding
involving only two of the phosphorate oxygens has been proposed by Talham and coworkers and
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is reported for some bulk metal phosphonate materials.9 Assuming perpendicular orientation ot
the alkyl bisphosphonate moiety would suggest an individual layer thickness of =19 A. This layer
thickness is closer to the larger values obtained fjr Hf-functionalized silicon and gold substrates.

A smaller alkyl chain tilt angle in the film compared to the bulk could simply be due to the
(stepwise) preparation method. It is also possible, however, that the density of binding sites on
the initial surface determines (at least in part) the tilt angle. By this argument, one would predict
that a high density of initial binding sites might produce a denser packing of the alkyl chains, thus
forcing the alkyl chains to orient more perpendicular to the surface. One would further predict
on this basis that the films grown on the LB-templates should have the largest average layer
thickness, since the LB-template presents a close-packed array of zirconated phosphonates at
the surface, and should therefore have the highest surface binding site density. This, however,
is contrary to our observations, since the average layer spacing for the multilayers grown on the
LB-template is smaller than for those grown on the other substrates, and is nearly identical to that
of bulk Hf-DBP (16.8 vs 16.7 A. respectively). From these observations, we conclude that larger
layer thicknesses do not necessarily correlate with denser packing of bisphosphonate alkyl
chains. Larger layer thicknesses are more likely to correlate with increased roughness of the
surface functionalization and/or increased disorder in the alkyl chains.
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ABSTRACT

Single-phase nanocomposites containing montmonllonite, MoS2, MoO 3 or '", witth
poly(ethylene oxide) are obtained by the exfoliation of the layered solid, adsorption of p l\incr.
and subsequent precipitation of solid product. Aqueous solutions can be emplo.ed tor all
syntheses except PEO/TiS,, which is prepared from lithiated TiS, in an N-methyl lorinamide
(NMF) solution. X-ray diffraction indicates that the resulting solids increase in basal-plane
repeat by approximately 4 or 8 A. consistent with the incorporation of a single or double laser
of polymer between the inorganic layers. Reaction stoichiometries and elemental anal .se
provide compositions for the single-phase products.

METHODS FOR GENERATING POLYMER-CONTAINING NANOCOMI )SITES

The incorporation of poly(ethylene glycols) or polv(ethylene oxide) by smectite clay s inas beell
known for several decades.' More recently, novel materials derived from polyethers and other
low-dimensional solids, including oxide,' chalcogenide, ' and MPS, ' lattices hae alo been
described. In each case, a significant increase in the interlayer spacing is observed, indicating
that oligomers or polymers are incorporated within the galleries. Interest in the incorporation
of polymers within inorganic hosts stems from the potential mechanical, structural, and electri,_al
properties of organic/inorganic nanocotnposites.'5  This work will describe nanocomposlics
derived from PEO with a variety of layered structures, as summarized in Table 1.

Topotactic Methods

Layered ternary chalcogenides of the transition metals, AMCh2 (A = alkali metal; N = Ti,
Nb, Ta; Ch = S, Se, Te) spontaneously incorporate water or polar organic molecules to form
stable compounds with solvated cations. Exchange reactions can also be utilized to expand the
chemistry of these materials. An example is the incorporation of the oligoether polylethylene
glycol) by exchange of water in the hydrated lithium salt:

A(H0),MS, + z PEG -. A,(PEG),MS 2 + y HO 12)

A topotactic mechanism for the above reaction, in which the intersheet galleries expand or
contract but the solid retains its two-dimensional character should usually be ineffective ior the
introduction of high-molecular-weight polymers due to the slow diffusion of macromolecules into
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the galleries. It should be noted, however, that recent work utilizing elevated temperatures
shows some promise for this method of obtaining nanocomposites.'

Table 1. Layered nanocomposites containing PEO

PEO Basal Snacing (i)
Nanocomposire Host Nanocomposite Expansion

PEO,'Na-montmorillonite 9.6 17.7' 8.1
13.7 4.1

Li, j(PEO)- ,MoS 2' 6.5 14.5 8.0
m,(PEO)o TiS2  6.0 14.2 8.2
Li, 4(PEO)oMoO, 8.1 16.0 7.9

12.7 4.6
Li,(PEO)yMoSe 2  7.3 15.2 7.9

'Boldface indicates excess polymer employed in synthesis.
'Stoichiometry of PEO indicates moles of monomer repeat (CH40)

An alternate route to polymer-containing nanocomposues inolves the in situ ponimcrilation
of monomeric intercalants, and the preparation of materials such as poly(styrene MoN .
polv(aniline) / V,0 5,

2 and poly(aniline) / MoO3,
3 have been reported. As a variant of thi,

method. Nazar and coworkers" have reported the incorporation of a water-soluble precursor into
MoO, by the exfoliation / adsoiption method, followed by the in situ thermal polyneri/i,tion.

Exfoliation / Adsorption Method

Single-sheet colloids can be obtained by chemical oxidation of the lithiated metal disulfides.'
Morrison and co-workers","i have demonstrated that a colloidal suspension of single-sheet MoS.
can incorporate molecular organics, organometallic complexes, or other complex cations " hei
the single-sheets are restacked. The general method is simple: layered compounds are reduced.
rapidly re-oxidized by hydrolysis to form a stable colloid, and then interacted withi a soiuHe
polymer and the solid product precipitated from the solution.

PEO / Na-montmorillonite Nanocomposites

Polymer composites with smectite clays are produced by the exfoliation / adsorption method.
although no special techniques are required to prepare the colloid (which is directly obtained by
the dissolution of the clay).

The variation of polymer / clay stoichiometry shows that polymer/montmorillonite ratios of
0.15 and 0.30 g/g provide sioigle-phase products with sharp diffraction peaks and several higher-
order (001) reflections. Peak widths indicate ordered domains of 150 A (approximately 10
layers) along the stacking direction for these products. Least-squares fits to these data yield
lattice spacings of 13.73(4) A and 17.65(4) k. At stoichiometries richer in polymer than 0.30
g/g an admixture of the 17.7 A phase and crystalline PEO is obtained.
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The polymer conformation in these nanocomposites raises significant fundamental issues and
will also govern important physical properties. Two models which may be considered are a
helical conformation similar to that observed in crystalline PEO, or an adsorbed polymer layer
on the clay surfaces. The formation of a 13.6 A phase involves a gallery expansion of 4.0 A,
which sterically limits the polymer conformation to approximate a single adsorbed layer between
the clay surfaces. The 17.7 A phase displays twice the gallery expansion and also twice the
polymer content of 13.6 A phase, and therefore is consistent with the incorporation of two such
polymer layers. This architecture can be derived from the coalescence of colloidal clay sheets
with adsorbed polymer layers on both surfaces. The similarity of complexes prepared from PEO
and an amorphous copolymer PEM, [OCH 2(OCH2 CH,)],, is also significant in that the helical
conformation is disrupted in PEM.

The 4 A and 8 A gallery expansions are also similar with those obtained when oligomeric
(PEG) or small-molecule ethers such as ethylene glycol are incorporated into montmorillonite.
This coincidence is reasonable if each of these species adopts an adsorbed-layer conformation
within the galleries.

Nanocomposites prepared with stoichiometries between 0.15 and 0.30 g/g do not produce a
sharp (001) peak, but show highly asymmetric peak profiles. When physical mixtures of the
single-layer (0. 15 g/g) and double-layer (0.30 g/g) phase are ground together at ambient
temperature, two sharp peaks corresponding to the discreet phases are obtained, but a broad
diffraction profile of intermediate repeat spacing appears upon annealing this mixture at 100 'C
for two days. These patterns therefore appear to correspond to homogenous nanocomposites ot
intermediate composition (0.15 - 0.30 g/g) which are a solid solution of the single and double-
layer phases.

LiPEOMoSz

The powder diffraction data from the nancomposites prepared via exfoliation / adsorption in
aqueous media using excess PEO indicate single-phase products. Basal-repeat spacings obtained
increase slightly with higher polymer content, and range from 14.2 to 14.6 A. Peak widths
indicate stacking coherence lengths in the range of approximately 200 - 400 A (20 - 25 unit
repeats). At low polymer stoichiometries, a broad peak associated with restacked MoS, appears.

The distance between Mo planes in these nanocomposites is 8.0 - 8.3 A greater than in
LiMoS,. This expansion, similar to that obtained by insertion of poly(ethylene glycol) or PEO
into MS2 or montmorillonite, suggests that a polymer bilayer is incorporated into the intershect
region.

The polymer conformation within the galleries cannot be determined directly from diffraction
studies, and a helical polymer conformation, as in crystalline PEO, cannot be excluded by steric
arguments. Since the favorable energy of polymer adsorption will decrease dramatically once
monolayer coverage of the sheet surfaces is complete, a bilayer within the galleries (resulting
from monolayer coverage of each sheet face) is reasonable. Elemental analyses for C, H. and
Li for reactions indicate that the polymer stoichiometry for single-phase products can vary
between 1.0 and 1.3 moles of monomer repeat to MoS. The polymer / MoS2 ratio found in the
product depends on the mixing stoichiometries utilized in the nanocomposite syntheses. The
change in polymer content found for these products indicates a higher packing density of
polymer within the disulfide galleries. This explanation is consistent with the reproducible
change in relative peak intensities and slight increase in c-repeat distance with polymer content.
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The overall stoichiometry was found to be close to Li0 12(PEO)xMoS, for all three sample,,.
which reflects a negative charge on MoS 2 sheets similar to that present in the hydrated lithium
salts. The lithium stoichiometry (x - 0. 1) is consistently similar to that obtained for hydrates
prepared under similar conditions. Electrical measurements indicate a semimetallic conductivity
and thermal response, which are again consistent with negatively-charged MoS2 layers.

Thermal and Chromatographic Analyss

A simultaneous DTA I TGA scan of the nanocomposite is provided in Figure I. The absence
of a melting endotherm at 60 'C indicates that no crystalline PEO phase occurs in the product.
An exotherm near 310 'C arises from degradation of the polymer and te as-'cated weight loss
of 27 %, due to volatilization of the decomposition products, closely corresponds to the polymer
content within the nanocomposite. X-ray diffraction of the nanocomposite after heating to 450

C shows only a restacked MoS2 phase.
An additional exotherm between 125 and 255 'C is not associated with any significant sample

weight loss. In order to further explore this transition, ambient-temperature X-ray diffraction
pattern of a single pellet of the nanocomposite folowing heating at 200 'C in an Ar atmosphere
for 3 - 6 hrs show an indicate an irreversible loss of sample order. After six hours, the material
appears entirely disordered by X-ray diffraction. Subsequent heating of the pellet above 400 'C
under inert conditions for several hours to remove the polymer component regenerates crystalline
MoS2 . The disordered phase must therefore contain MoS2 sheets without a coherent stacking
arrangement. The driving energy for this process may be provided by the thermally-activated
rearrangement of adsorbed polymer. The potentially high electroactive area for the disordered
phase make it an attractive candidate for electrochemical applications.

GPC data on polymer extracted from the nanocomposites indicates that the polymeric
component of these materials is not degraded into low-molecular-%k eight fragments, although the
results of crosslinking and scission are evident. The extracted polymer from Li, ,2PLO "MoS,
contains significant molecular weight components centered at 450,000 and 20,000 Da. After
heat treatment to form the unstacked nanocomposite, the extracted polymer has a single peak
centered at 45,000 Da. In these samples, only 10 - 50% of the total polymer component can
be extracted into an organic solution for analysis.

MPEO0 TiS,

The exfoliation / adsorption process can probably be extended to other layered disulfides
(TaS,. WS2, and NbS2) or dichalcogenides. For example, we have recently obtained results with
MoSe,2 indicating single-phase nanocomposites are readily prepared by methods described aboxc.

Some target compounds, however, are not amenable to processing in aqueous solution. A
notable example is TiS2-containing nanocomposites; TiS 2 is susceptible to hydrolysis under
acidic conditions, and forms a stable hydrate in aqueous base. The charge-storage properties
of TiS, generally as the anode in a solid-state Li cell, naturally leads to interest in the
preparation and characterization of a single-phase polymer/TiS2 nanocomposite.

A recent communication notes that the addition of a solution of PEO with sodium perchlorate
in acetonitrile to an aqueous colloid of TiS 2 will produce a nanocomposite (7). Our results
indicate that the PEOITiS 2 nanocomposite can be obtained from aqueous media, but a single-
phase product is not readily obtained.
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Exfoliation in N-Methyl Formamide (NMF)

The exfoliation of TiS2 and other disulfides in NMF has been known for some time. Two
phases can be obtained by the interaction of MTiS 2 with NMF; M,(NMF),TiS 2 (M = Li, Na),
with c-repeat = 13.7 A, and (RNH,),NMF),TiS 2, containing CH3NH 2CHO (RNH 2*) cations,
with c - 19.5 A. The relative abundance of the metal and RNH2' - containing products is pH
dependent, with the latter predominating when the reacton is carried o- dic conditions.
Similarly, the insertion of NMF has been reported for other lithium - snsition metal
disulfides. Optimal conditions for the synthesis of PEO I TiS2 are a basic NMF
solution using excess PEO twhich can be washed away from the desired pri 5). In this way,
single-phase products are reproducibly prepared. A representative diffraction patten is provided
in Hgure 2.

The products ootained in this manner do not contain a large component of the molecular
solvent within the galleries. Elemental analysis allow for a maximum ratio of NMF to ., ,nomer
repeat near 0.1 mol/mol. Utlike the NMF-intercalated products, these nanocomposites ,;o not
lose a significant fraction of weight during DSC scans through the boiling point of NMF 185
C).

The powder diffraction data for the single-phase products obtained provide a basal-plane
repeat of 14.2 A. Peak widths for the (001) set provide a stacking coherence length of 300 A
(approximately 20 repeat units). The absence of a diffraction peak at d = 5.7 A indicates that
the product is devoid of unreacted TiS 2, and the absence of a melting exotherm at 60 'C in the
DSC trace shows that no crystalline PEO phase occurs in the nanocomposite.

The distance between Ti planes in the nanocomposite is 8.0 - 8.2 A greater than in LiTiS,.
This expansion suggests that a polymer bilayer has been incorporated into the intersheet region.
Flemental analyses indicate a product stoichiometry of Li0 02Nao 25(PEO)0 7,TiS 2"0.09NMF; the
notation (PEO). refers to n moles of the monomer repeat unit (CH2 CHO). The overall cationic
content is consistent with other similar compounds which retain the composition A,(solv),-iS,
(x - 0.3), !nd reflects the partial re-oxidation of the TiS,' sheets through interaction with
solvents. The polymer content is somewhat less than that obtained with PEO / MoS 2
nanocomposites.

Thermal ;,nd Flectrical Measurements

Thermal analysis of the nanocomposite reveals a broad endotherm between 90 and 140 'C.
This endotherm is also observed with unreacted TiS 2. A sharper endotherm is observed at 180
'C and could be associated with the minor NMF component in the product. Both TiS, and the
nanocomposite are unstable to loss of sulfur above 220 'C.

Electrical measurements on pellets pressed from powders indicate a semimetallic conductivity
and thermal response; the conductivity of the nanocomposite somewhat less than the pure TiS2 .
The bulk conductivity for the partially reduced sheets, TiS2

53- , is expected to increase
significantly relative to TiS.; however, the reduced crystalline order in the nanocomposites and
the incorporation of a large fraction of electronically-insulating polymer between the sheets
should decrease the conductivities of these pellets.
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LiEO MoO3

LiMoO 3 rapidly exfoliates during sonication in aqueous solution, and the nanocomposite with
PEO is easily obtained. The extent of lithiation in the Li.MoO3 employed (i.e. x in Li,MoO1 )
was not evaluated quantitatively in our studies, other studies indicate that the maximum value
for x by these methods may be less than 0.5. Complete exfoliation results only for the most
highly reduced salts, when the anhydrous lithiated compounds show a basal-plane expansion of
at least I A relative to MoO 3. The nanocomposites prepared by the exfoliation/adsorption
methoo expand by approximately 8 A when excess PEO is employed: the stacking repeat of 8.2
A in Li,MoO 3 is increased to 15.9 - 16.5 A. A 4.4 A expansion is observeud, however when
the PEO content is limited to 0. 1 g/g Li.MoOl. These data are consistent with adsorbed hilayers
or moiolaycrs of PEO between MoO 3 Sheets.

Elemental analysis of the products provides a Li/Mo() mole ratio of 0.25. The
nanocomposite rapidly reforms a colloid when placed in aqueous solution, so the products cannot
be washed to remove excess polymer. Some products therefore contain excess PEO; in this
case scanning calorimetry of the products indicates a sharp exotherm near 60 'C corresponding
to a bulk PLO melting transition. Single-phase products are obtained by careful conti of the
PEO / MO; and solvent ratios. Elemental analyses for Li, C, and H in the single-phase
products privides a stoichiometry of Lio, 0 3 PEO0 93 MOO.06H2O. Thermal analvses of the
products show an irreversible exotherm, associated with polymer decomposition. at 320 C.
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ABSTRACT

Nano-composites have been prepared from Na' and Ca" montmorillonite (MMT) in a
polystyrene matrix via chemical intercalation. Vinyl monomer-g-MMT was prepared by
exchanging the mineral cation by vinylbenzyl trimethylammonium chloride, thus rendering the
mineral organophilic and forming polymerizable moieties directly bonded to the lamellar surface
of the mineral. Styrene was added and polymerized by free radical in selected solvents. The
ratio of mineral to :2,z bound polymer ranged from 0.3 to 1.25 (by weight) depending on the
initial mineral concentration in the feed and on the solvent used. The mineral domains in the
composite. measured from suspension cast film fall in the range of 150 nm to 400 nm.
Measured from compression molded samples, the domains were ca. 50 rm which is much
smaller than the mineral aggregate and comparable !o !hat of the primary particle of the mineral.
WAXD disclosed that the d (001) spacing of MMT in the composite ranged from 1.7 to 2 5 nm
suggesting that the mineral aggregates (ca. 10 tim) were dissociated into individual layers then
reassembled into lamellar nanoclusters.

INTRODUCTION

Concurrent with the recent surge in the preparation of nanoscale materials, nanostructored
composites based on hybrids of polymers and smectic clay minerals, mostly montmorillonites,
are emerging with the prospect of solving recognized limitations of fiber composites and filled
polymers. Montmorillonite nanocomposites of nylon 6 [1-5], polystyrene [6,7] and rubber [8,9]
have been described in the recent literature. Like other multiphase materials, successful
development of this class rests on two basic principles: chemical continuity and morphological
hierarchy. From a chemical point of view, these systems may be considered as clay-polymer
complexes (10] and are based on physical or chemical intercalation. In both cases, it is
suggested that a limited quantity of the polymer resides within the interlamellar spacing as
evidenced by d (001) measurements. In the chemical intercalation approach [6,8,9,11 1, the
polymer is chemically bonded to the ionic sites at the internal surfaces of the lamellae through
an ion exchange process. Physical intercalation (12,13], which has been also called "direct
intercalation" [7], involves mixing clay or its organophilic derivative with a polymer in the melt.
The organophilic treatment of MMT facilitates the adsorption of the polymer into the
interlamellar spacing but does not assure effective bonding.

Undoubtedly, ionic bonding of the polymer to the internal surface of the clay lamellae
provides chemical continuity from which higher levels of stability may derived. Indeed, a
polystyrene/ montmorillonite composite prepared by the physical intercalation approach [7] has
been noted to deintercalate by suspending the composite in toluene. On the other hand, the
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polystyrene in a similar composite (PS/MMT), prepared by the grafting approach [6], remained
chemically bonded to the mineral after extensive solvent treatment. Since intercalation is a
common attribute of all three methods, it is instructive to categorize the hybrids prepared by
chemical intercalation as "mineral-polymer grafts".

The morphological hierarchy of this class of composites stems from the lamellar assembly
of the mineral into primary particles which constitute the native aggregate [14]. It is also known
that MMT swells and disaggregates by the action of certain liquids then reverts back to its
aggregated character. Thus, regardless of the type of bonding, intercalation does not necessarily
give rise to a nanoscale morphology [11, 13]. Morphological evolution of MMT-polymer
hybrids remains ambiguous and appears to depend on thermodynamic and kinetic factors which
dictate the balance between forces of dispersion and aggregation. Realizing that materials derive
their properties f"om their chemical stability and morphological hierarchy, this paper describes
i method for the preparation of PS-g-MMT and provides evidence to its nanostructjred
character. A companion paper provides detailed chemical and morphological analysis of another
nanocomposite: MMT-g-ATBN [].

PROCEDURES

The concept underlying our method of preparing the grafted PS intercalate rests on two
basic steps [6]. The first comprises the preparation of the onium salt of an appropriate vinyl
monomer which is subsequently bonded to the mineral interlayer by ion exchange. The second
step involves a routine polymerization reaction. Thus, a suspension of 25 grams of MMT (Na
or Ca) in I liter of water was stirred overnight. To the stirred, cooled (0-5 'C) suspension, an
aqueous (30 mmol) solution of vinylbenzyl trimethylammoniumchloride (I in Fig. 1) in 100 ml
water was added drop wise. After 3 hours, a white precipitate (11) was filtered, washed and
dried. To a prescribed mixture of MMT-g-monomer and solvent a predetermine volume of
styrene monomer and AIBN initiator are added. The mixture was then heated to 80 0 C while
being stirred, for 5 hours, at the end of which the Poly(styrene-g-montmorillonite) (111) was
precipitated in methanol, washed and dried in vacuum at 100 C for several hours. Figure 1
presents a scheme to describe the preparation procedure and Table I specifies the composition
of five different preparations of PS-g-MMT. The polymerization reaction was carried out in
acetonitrile (MeCN) and toluene whose amounts (in ml) are reported in parentheses.

Table I. Composition of polymerization recipes.

CODE MMT-g-MONOMER SOLVENT
per 100 ml styrene (ml)

A 5 MeCN (40)/Tol (60)
B 10 MeCN (125)
C 10 MeCN (125)/THF (125)
D 25 MeCN (200)/Tol (200)
E 50 MeCN (400)/Tol (400)
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II a- M = Na III

b- M = Ca

Figure 1. Schematic illustration of the preparation procedure

The material produced by the scheme outlined above (I11) was characterized
systematicallv to define the evolving nanostructure. The interlamellar structure which includes
the stability ot the ionic bonding and the nature of polymer packing between the lamellae has
been examined by elemental analysis, FTIR and WAXD. The morphological hierarchy was
elucidated using SEM and TEM.

RFSULTS AND DISCUSSION

Elemental and FTIR analyses of the
MMT-monomer intercalate (I) and the
MNIT-polymer were used to ascertain the
chemical structure of the monomer and the
stability of the ionic bond [61. WAXD of
the MMT-monomer gave rise to an
interlamellar spacing of d (001) = 1.5 nm
in both the Na and Ca montmorillonites.
I his increase amounts to a swelling in the
interlamellar spacing of 0.54 nm which
suggests bimolecular packing of the vinyl
monomer in (II) if horizontal alignment is
assumed. It was also ascertained that the
exchange of he inorganic cation was
complete and that the cation exchange
capacity of the MMT-monomer was similar
to its original value [6].

Figure 2. TEM of suspension cast film

A recent US patent [151 described a similar procedure to prepare PS/MMT composite
containing only 5.3% MMT. The patent narrates that the X-ray diffractometery of this
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composite material gave no peak attributable to the (001) plane of MMT. This indicates, the
patent disclosed, that the individua; lavers of MMT were uniformly dispersed in the polymer
Similar claims were examined in another publication 181. The present study established that it
is possible to carry out polymerization recipes containing up to 50% MMT (Table 1). In this
regard, it is useful to note that intercalation of MMT involves two interrelated phenomena
namely, swelling and disaggregation.

TM micrography of a thin filn
fabricated from THF suspension of a crude
composite preparation (F) is shown in Fig.
2. The product appears to be comprised of
mineral-rich spheres, in which the polymer
is bound to the mineral, evenly dispersed in
a polymer ,natrix. The spheres in Fig. 2
range in diameter from 150 nm to 400 nm.
This observation leads into two worthwhile
consequences. One is that the spherical
clusters of Fig, 2 can not be perceived to
undergo unlimited swelling upon molding.
On the other hand, this morphology
indicates the feasibility of extracting the
mineral-rich domains from the polymer
matrix by centrifuge treatment of the
suspension to obtain a composite with higher
MMT content.

SEM examination of a compression
molded sample of preparation E (Table I) is
exhibited in Fig. 3. The presence of
nodular submicroscopic domains (ca. 50 nm)
in Fig. 3-a implies that the spherical clumps
of Fig. 2 are plausibly assemblies of smaller
domains. Related phenomenon has been
observed in ATBN-g-MMT [8]. Mapping
the surface of the specimen imaged in 3-a
for Si at the a'me magnification (Fig. 3-b)
unveils that MMT domains in the molded
specimen probably maintain a wide size
distribution, of which the iiodular entities of
Fig. 3-a are the largest, anu that they are
homogcneeusty dispersed.

Figure 3. SEM micrograph (a) and Si
mapping (b) of 50% MMT composite.

Table If summarizes the results of the separation experiment. The Table also includes
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Table 11 . Extraction Resuits

Cod Ei Ar. i". 2 M V 1 g I" d (MX) Crude d (001 Fxtr
I' ZO. I0 A 2 2.,)11 77A
1 .~ 24.5 A 21.7 A

U. t,0.7 22.2- A 18.9 A
D) 421 0.77 18'1 A 17.1 10(. 1
1- 01) 1.'2S 17 2 A 2o.8/loA( 'k

C onsi~ferig the darai in Fables I cid 11,. it is ----- ~--
noted tstthe interianiellar actis it in thes

pok meriiations dcpends on the sols .tion
PO wer of the used solsent and the fraction ot
11 in the polymerizationi recipe. 'l)picad
WAND) behas br of our preparations ar
shown in Fig. 4 for samples contaitning (a) 2
S 7 and ibi 50 %c NMT . Apparently. w
diffracting species exist in these samples
one of which exhibit d (0301) of about 10 A,
is perhaps associated with unreacted
mineral. The majority of the material
exhibhits interlas er di ffract ion of 2. 1 mnand
1.7 n tor the 5%' and 50% composites,
respectively. Quantitative [LM analysis
indicated that the spacing between the NINT
lasers in the composite exhibits a wide _ -- .-.

distribution ranging from 3 rto to 20 nim 2

%k:th an average of about 6 nin t1,61. .

Figure 4. WAND of t550 comipoites
containing 5'e (a) and 50, (b). IN IT

CONCLUSIONS

A method to prepare PS-g-MMNT composites containing more than 50% NNT is
disclosed. It -mtails two steps; preparation of a chemically intercalated monomer which is then
polymerized with styrene. The amount of polymer contained within the interlamellar spacing
of MNIT, as detected from WAXD, appears to reflect multimolecular packing whose magnitude
depends on the preparation conditions. MNIT in the composite predominates as clusters in the
order of ca. 50 nm which are homnogeneously dispersed within the matrix.
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LANGMIUIR-BLODGETT FILMS OF CALCIUM STEARATE
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ABSTRACT

The Langmuir Blodgett (LB) Process has been hown to be an appropriate method Ior
tue in mimicking of biological processes for producing engineering materials such as
h;occramics. The main advantages of this approach are that the layers form at low
temperatures, that they are fully dense and that the process of densification is by infiltration
rather than by sintering. Moreover, biological hard tissues are self-assembled to perform
certain functions; the architecture being controlled by an eitaxial organic matrix. Clearly, it
this process can be understood in detail then it is possible that LB films may he used to
replicate this architecture for engineering purposes.

Atomic Force MicroS-.py (AFM) and X-ray diffraction (XRD) have been used to study
and characterise LB films of calcium stearate obtained by the repeated dipping into and
,xithdrawal of a 01)l) Si wafer from a subphasc containing calcium ions and using stearic acid
as the surfactant. Contact-mode AFM images of the film surface have been used to measure the
thickness of the LB layers and to revcal the nature and distribution oft dc ects in the film. The
measured thickness of the calcium stearate layers is about 2.5 nm; a value consistent with that
,hained by XRD. hut smaller than the length of an individual calcium stearate molecules.

INTRODUCTION

Recently. the design of new materials on the atomic and molecular level Ior practical
applications has been investigated in detail. The Langmuir Blodgett process has been
suggested to be one of the most appropriate methods for the production of well-ordered two

mensional arrays. The Langmuir Blodgett process consists of the transference of a
preformed monolayer onto a solid substrate. The process consists of amphiphilic compounds
being spread at air-water interfaces and a monomolecular layer being formed. Upon
compression of the monolaycr, the molc.ulcs are oriented at the interfaces. The compressed
monolayer is transferred onto a solid substrate via its immersion into, and withdrawal from,
the subphase. Fig. I shows a schematic drawing illustr-ling the various stages of the
langmuir Blodgett Process. Three different stages are identified : spreading, film compression
and deposition.

Characteristics such as film stability . a low-defect structure with molecular-scale
features and the fact that the process is "designable" fulfil the technological requirements of a
method for the production of- picielectric and pyroelectric thin films; organic thin films for
photoelectric information conversion; organic thin films for optical information storage and
organic thin film for biomimetic process.

In this work the Langmuir Blodgett process has been used as a biomimetic process to
produce a material with similar structure to that in the shell of a mollusc. Mollusc shells are
biological hard tissues which have well-ordered crossed lamellar microstructures. Their
strengths are comparable with those of many common engineering ceramics. The main idea of
this project is to produce a biomimctic surface in the form of a LB film and to investigate how
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such surface tilms will modify crystallisation hehaviour. As a prelude to this, thickness
measurements were carried out on calcium stearate LB films. The evaluation of this parameter
is of vital importance in any study of LB films and such measurement.,; are !he focus of the
pres nt p, cr.

substrate

I) movble111i11 4

bartir irC f barr

2) 5)

3) -5 4 L~ ~ 6)

Fig. I - Schematic drawing of the Langmuir Blodgett prsess I -spreading 2-compression
3. 4 & 5 - deposition o 18. 2

n- d and 3-rd layers: 6-final film structure.

MATERIALS AND EXPERIMENTAL API"ROACII

The surlactant used in this study was a 5 x It-3 M solution of stearic acid
(C;i7H3sC()H) in chloroform and the subphase was a pH I0 in solution of calcium hydroxide
(Ca()H)2) in double distilled water() .102 gI). The surfactant solution was deposited onto
the subphase using a micro syringe fitted with a metal needle. The substrates used were,
polished wafers of semiconductor grade silicon with a nominal surface orientation of ().
The wafers cleaned and degreased by washing with detergent. rinsing with deionised water in
an ultrasonic bath and then rinsing in isopropyl alcohol.

The Langmuir-Blodgett trough used was a double rigid barrier type unit constructed of
tFITE, with a paper Wilhelmy plate. The surfactant solution was introduced into the middle of
the trough and the chloroform was allowed to evaporate until only pure surfactant remained on
the subpha.se. The surface pressure was measured using an infrared detector which was
calibrated against the isotherm curve determined for the system in separate experiments. Th,.
barriers close until the surface pressure between the surfactant molecules reaches a specific
target value. The surface pressure is maintained at this target value by direct computer control
of the barriers. The target value is chosen such that the surfactant molecules are close enough
to enable the substrate to he coated by immersion into the suhphase. After each layer is
deposited, the target pressure is re-established before producing the next layer. Since the Si
substrates used are hydrophilic, they skere immersed in the subphase before spreading the
surfactant mixture. In order to allow drainage of the aqueous subphase solvent from the film,
the withdrawal speed chosen was lower than the critical speed for film deposition. Between
deposition of the first and second layers, the wafers were allowed to drain for I hour such that
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more of the water was eliminated from the film.

X-ray diffraction was used to determine the thickness of the LB film "monolayers".
The diffraction studies were carried out using a Philips PW 1381) horizontal diffractometer with
a graphite crystal monochromator controlled by a DACO-MP controller. The ka line from a Cu
target. which produces X-rays with a characteristic wavelength of 0. 1452 nm, was used. The
film thickness were obtained by assuming that, since the scattering of X-rays from carbon and
hydrogen atoms is very small compared to that from the heavier metal ions, the lattice spacing
(normal to the film) measured by X-ray diffraction for simple fatty acids corresponds to the
distance between adacent planes containing metal ions. Thus the d-spacing can be
calculated for each pair of layers.

Film thicknesses were also was determined by contact-mode AFM using a Digital
Instruments Nanoscope I1 scanning probe microscope with a microfabricated Si3N4 cantilever
with a force constant of 0.O6Nm -t and scanning at 4kHz. Images were obtained by scanning
under conditions of constant height with a net tip force in the region of It)- (X) pN. Since the
AFM gives quantitative measurements of surface geometry, layer thicknesses can he calculated
by measuring the vertical displacement between adjacent regions on stepped LB multilayers.

RESULTS

Cracks were generated in the LBF during examination in a low vacuum SEM
(I.VSEM) and a typical region is shown ir. Fig. 2. Despite the relatively high background
pressure which the LVSEM maintains, evaporation of water or more volatile components from
the sample can still occur. We note that, whilst simple ageing of the films can produce similar
effects, films such as the one shown in Fig. 2 were only produced I hour before examination
and thus this is not likely to be the cause of the cracks in the present case.

It is interesti;ng to note that tnulhilayers consisting of 15 or more layers (lid not crack
when viewed under LVSEM. One possible explanation for this behaviour is that it may be
related to increasing film disorder, small environmental changes (e.g. in temperaturc and
pressure) can cause defects on the multilayers. According to Allara et alI layers can peel off
the substrate after reaching 11) nm (approx. five layers) as a consequence of an increase in
film disorder However using purer reagents2 and with alternative reaction and bonding
schemes3-4 this problem has been solved and uniform intact films of over 10( nm thickness
are readily achievable.

(a) (b)

Fig. 2 - AFM images of cracks on the surface of a 40 layers of calcium stearate LB
film. (a) two dimensions (b) 3-dimensions.
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The thickness of the layers were then measured using X-ray diffraction and AFM and
these measurements were compared with the thicknesses which would be expected for ideal
LBFs.

Since the atomic scattering amplitudes for X-rays from carbon and hydrogen atoms are
much smaller than those of the heavier metal atoms, the X-ray diffraction patterns from LBFs
are dominated by the arrangement of these latter atoms. Thus the main diffraction peaks from
the films corresponds to the distances between adjacent planes containing metal atoms. A
typical scan is shown in Fig. 3. and up to ten orders of such (001) reflections can be
identified. The direct beam has a divergence which swamps the detector at angles below 1 ',
thus the (1I) peak is not accessible but (002) and higher order are clearly visible. There is
some suggestion of subsidiary oscillations in the tails of the (002) peaks; similar features have
also been observed by Pomerantz et al5 .6 who used a diffractometer with excellent collimation
and monochromaticity, under computer control and with counting times of about 5 min per
point to measure the fine structure of the diffraction pattern. It was shown that, the tails of the
Bragg peaks are modified by an envelope function giving pronounced maxima and minima for
films which consist of small numbers of monolayers.

- Bragg Law:

< I d= _ n_L..
2 siii 0

2 x sin 0

d= 5 1 nm

d = 5.4 nn

calcium diffracti(IpAeata , /)OW/7?
, 3.21 radius

calcium diffraction calcium diffraction / )peak at, I pA at: Ids~cn

29 =.739radins t: =4.60radius 4/di' / djoao

Fig. 3 - X-ray Diffraction results for calcium stearate Langmuir Blodgett multilayer.

The monolayer thicknesses determined for the calcium stearate is around 3 rm. This
value is comparable with the value of 2.75 nm which would be expected on the basis of atomic
structure models using standard values for interatomic distances and atomic radii (Fig. 4).
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Fig. 4 - Atomic Structure of calcium stearate.

To verify these X-ray results, measurements of film thicknesses were also obtained
using AFM. Fig. 5 shows an AFM image obtained from a test structure whereby a step of 9
monolayers has been deposited onto one side of a continuos 20 monolayer film. The height of
the step was measured as 21.77 nm which corresponds to 9 monolayers as expected and
yields a layer thickness of 2.41 nm.

FIG. 5 - Cross sectional section of a Calcium stearate LB Film.

Thus there is a small but consistent discrepancy between the measured thickness of the
monolayers and that which would be expected on the basis of atomic models. If this
discrepancy does not arise because the atomic radii and/or interatomic distances in the molecule
are different from the standard values used, then one possible explanation is that the calcium
stearate molecules are inclined to the substrate thereby producing a thinner layer.7 .

The use of those three thicknesses (theoretical. X-ray, and AFM values) also could
indicate the type of structure obtained. X-rays diffraction measurements showed that the
spacing of metal cations were nearly twice the thickness of a single layer , confirming the
head -to-head, tail-tail arrangement (Y-type structure). X-type multilayers are expected to have
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a different structure than Y-type. The methyl groups of one layer should be adjacent to the
carboxyl groups of the next layer on the basis that the deposition occurs only during the
immersion sequences of the dipping operation. However. Holley8 and Ehlert(I have shown
that the spacing of the metal cations is essentially the same in both x- and y-type multilayers.
This indicate- that the orientation of the molecules must overturn during the building of the x-
type multilayers.

CONCLUSIONS

The thickness of calcium stearate LB film has be determined to be 2.5 nm. It is consistent with
values obtained using different techniques (AFM, X-ray diffraction) A small discrepancy
(theoretical value = 2.75 nm and experimental calculation = 2.5 nm) has been found in relation
to the theoretical value and the value obtained experimentally. It has been proposed that this
discrepancy could arise due to tilting of the molecules in the film away from the substrate
surface normal.
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BIO-MIMETIC COMPOSITES

JEREMY BURDON, JIEFFREY SZMANIA AND PAUL CALVERT,
Department of Materials Science and Engineering, University of Arizona, Tucson AZ, 85721.

ABSTRACT

The properties of bone, as a polymer reinforced with nanometer-sized ribbon-shaped
crystals of mineral, are compared with the properties of synthetic polymer composites. Bone
does show some superiority to existing composites. The improvements can be attributed to the
microstructure. Methods for reproducing this structure in a synthetic material are discussed.

INTRODUCTION

Mineralized biological tissues show a range of properties from slightly reinforced polymer
through tough composite to ceramic. Bone particularly stands out as having a good combination
of stiffness, strength and toughness when compared to equivalent synthetic materials. The main
components of bone, collagen and hydroxyapatite, have properties that are typical of other tough
polymers and minerals, respectively. Hence we must look to the microstructure as the source of
the good properties.

This paper will provide a brief comparison of bone and composites, will identify the key
aspects of the structure and then will discuss synthetic efforts to duplicate these structures and
properties. Bone will be compared to short fiber reinforced composites which are moldable.
roughly isotropic materials. Much better properties can be obtained with continuous fiber
reinforcement but at the cost of expensive processing methods and poor properties in at least one
direction. The challenge is to extend these good properties into moldable materials.

BONE AND COMPOSITES

Bone has an elastic modulus in the range of 20-30 GPa, about 10 times that of collagen
or synthetic resins, table 1. This increase is achieved by reinforcement with 40-50 vol% of
hydroxyapatite ribbons which have a thickness of a few nanometers and a high aspect ratio.
Various theories can be used to predict composite moduli from composition 11] and bone seems
to be in the range expected for the known component moduli, volume fraction and particle shape.

Particle-filled composites generally show a decrease in strength and a rapid decrease in
toughness with increasing particle content. Fiber-filled composites get stronger but also less
tough [21. Properties are very dependent on the aspect ratio of the fibers which is generally
limited to a range from 10-50 by the processing conditions. Glass fibers are typically 10 Ll m in
diameter and standard processing equipment will break fibers with lengths in the millimeter
range. Finer fibers are undesirable because they would be a health hazard during handling. In
addition normal mixing procedures, which randomize fiber orientations,limit the fiber volume
fraction to the percolation threshold. This is around 40 vol% at an aspect ratio of 10 and 10
vol% at 50 13).

Dense bone has a strength of 150 MPa, measured in tension parallel to the length and an
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extension to break of 10%. Some equivalent composites are also shown in table 1. It can he
seen that bone is distinguished by a large extension to break. It has also a large work of fracture.
The characteristics which must contribute to these fracture properties include: high aspect ratio
particles combined with a high packing density. There is no a priori reason to expect the small
particle thickness to be an advantage since composite theory predicts a decrease if work of
fracture with decreasing particle size at constant volume fraction and aspect ratio 141.

This rather counterintuitive conclusion arises in essence from the fact that the energy to
pull oui a fiber will vary as the critical length squared multiplied by the diameter, while the
number of fibers in a cross-section depends on the diameter squared. The result is an energy that
increases as the first power of size.

Two other aspects of bone structure may be important. Little is known about the nature
of the hydroxyapatite-collagen interface. Presumably the bonding is quite good as it is in good
synthetic systems. It is possible that the helical structure of collagen allows some specific
energy-absorbing mechanism to operate at the interface during fracture. Such a mechanism has
been observed during the fracture of mollusc shells (51. In addition it has been suggested that
the large extension to break of bone is due to microcracking which may follow specific planes
within the Haversian or lamellar structure and so reflect structure on the 10-100 micron scale {61.
Bone has a very clear hierarchical structure [7,81 and it may well be that part of the reason tor
this is to control fracture by including weak planes. Different bone types do show different
fracture behavior.

INORGANIC-ORGANIC HYBRIDS

Inorganic-organic hybrids have been studied for about 10 years by several groups and the
general pattern of mechanical properties is now becoming clear. The addition of the inorganic
phase stiffens glassy polymers in line with composite theory. The change in modulus does
depend on morphology in that a material formed with a continuous inorganic network is stiffer
than one with an continuous organic phase and inorganic particles. There is a much more
marked increase in modulus above the glass transition (figure 1).

The mechanical strength in compression does increase, as for many particulate composites.
but there is generally a decrease in tensile strength and in toughness, especially at high particle
contents [9,101. To date there is no clear sign of special properties arising from the nanometer
scale of the inorganic filler except the effect of rubber modulus and an increase in degradation
temperature for acrylic polymers [111.

Based on current knowledge of organic-inorganic hybrids and the preceding discussion
of bone, there are two obvious routes for achieving better nanoscale composites. Firstly the
reinforcing particles should have an elongated shape rather than being spherical. This needs to
be achieved without paying a penalty in packing density. Secondly weak planes should be built
into the structure to control failure; a similar mechanism is being tested by incorporating weak
interfaces in ceramics [121. The possibility of building into the matrix special structures with
high work of fracture should also be explored.

ELONGATED PRECIPITATES

We have previously shown that elongated inorganic oxide precipitates could be formed
in amorphous polymers by drawing the polymer during the precipitation process. The resulting
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elongated particles had aspect ratios comparable to the draw ratio of the polymer, which could
be controlled by changing the drawing temperature and rate [131.

Since this drawing process limits the composite to the form of fibers or films, we
investigated methods of impregnating polymers with metal alkoxides to form elongated
precipitates. Solid polymer sheets such as polyethylene terephthalate can he impregnated with
silicon alkoxides and then steam treated to form a harder, silica-reinforced, surface layer [141.
This process is very dependent of selecting an alkoxide with a good solubility parameter match
to the polymer, in order to get good swelling.

We ., iempted to use a similar swelling process with oriented polymer films to produce
elongated reinforcement. It appears that the more limited swellability of oriented films makes
this very difficult. However we were able to get good swelling of a two-phase mixture of
pol ym ,-,hylmethacrylate and polyvinylidene fluoride. These two polymers are miscible in the
melt but polyvinylidene fluoride crystallizes and so segregates from the amorphous
polymethylmethacrylate [151. When films are formed from solution, this segregation occurs on
a large scale (10 _. in), from the melt the separation is on a very fine scale (10-1X)nm). On
swelling with titanium alkoxides and hydrolysis, the acrylic polymer takes up alkoxide and is
converted to a titania-reinforced composite {161.

When drawn, swollen with alkoxide and then hydrolysed, solvent-cast films sho w
elongated aggregates of titania in the polymer (figure 2).

Another approach to the formation of elongated particles is to precipitate an inorganic
S i.J wi:h a -I. -ga- d crystal habit. This is essentially what occurs in bone. For

an o tide, or other true ceramic, reinforcement it will be necessary to prevent formation of
amorphous gel particles prior to crystallization. It is not yet clear how this can be achieved
rapidly but recent experiments with concentrated surfactant systems point toward this [171.

CRYSTALLINE MATRIX POLYMERS

A further approach to control the particle morphology is to use a crystalline polymer
matrix rather than an amorphous polymer. The lamellar morphology of crystalline polymers
should redistribute the alkoxide to the interlamellar amorphous regions during crystallization.
Subsequent hydrolysis should lead to titania particles in layers between the polymer crystals. In
addition the toughness of crystalline polymers is related to the ability of chains to pull out of the
lamellae during yielding and this toughness may be carried over into the composites.

To investigate a system of this type polypropylene was melt blended with titanium
butoxide and extruded. After extrusion the film was treated with boiling water for 24 hours to
precipitate the titania. In the melt the alkoxide is compatible with the polymer. Visual
observation of the extrusion shows two transitions. At around 100°C the polymer appears to
crystallize to become opalescent. At around 40"C the film becomes much more opaque; we
believe that this is due to phase separation of the alkoxide, possibly induced by secondary
crystallization of the polypropylene [181.

Initial samples were very weak and brittle. The spherulite size was much increased in the
presence of the alkoxide. A coupling agent (triisostearyltitanium alkoxide. Kenrich Corp.) and
a nucleating agent (potassium benzoate) were added. This reduced the spherulite size and
increased the toughness.

Dynamic mechanical measurements showed an increases in tensile modulus from 1.3 GPa
to 2.2 GPa with 9% titania. There was a large decrease in the loss modulus. The tensile yield
strength showed an initial small increase from that of pure polypropylene (14 MPa) and then a
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Temperature. 'C

Figure 1: Storage Modulus of PMMA-(22 vol%) Silica hybrid composite and pure PMMA

Figure 2: Titania Particles formed by alkoxide swelling and hydrolysis of a PVF2-PMMA
polymer blend (PVF2-PMMA)
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drop to 9 MPa at 9% titania. Scanning electron microscopy of fracture surfaces in samples
containing high levels of titania showed that there was a titania-rich region at the spherulite
boundaries that tended to embrittle the polymer. Small angle x-ray scattering showed only
nanonteter-sized titania particles.

This first attempt to combine in situ reinforcement with the lamellar morphology of a
crystalline polymer has shown that such systems can be formed by normal polymer melt
processing methods. The elastic properties follow those that could be expected for a composite.
The fracture properties seem to be dominated by morphology at the whole spherulitc scale rathe
than at the lamellar scale and this needs to be controlled if the intrinsic behavior of this type of
structure is to be studied.

Polypropylene is probably not the ideal polymer for this type of reinforcement but it does
have the merits of a low melting point and absence of any reaction with the titanium alkoxide.
to which most esters would be vulnerable.

CON(.USIONS

There is reason to believe that stiff, tough materials can be made by in situ reinforcemenfit.
but they have not been made yet. It is probable that locally aligned, elongated reinforcing
panicles will he necessary. it may also be necessary it) add toughening structures on the scale
of a few microns.
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ABSTRACT

Intrigued bh the deceprive simplicity and beauty of macromolecular sell-as embly. our
laboratory began studying models of se f-asembly using solids, glasses. and colloidal
substrates. These studies have defined a tun(Lmental new colloidal material for supporting
members I a biochemically reactive pair.

The technology, a molecular transportation assembly, is based on prelo' med carbon ceramic
nanoparticles and self assembled calcium-phosphate dihydrate particles to which glassy
carbohydrates are then applied as a nanometer thick surface coating. This carbohydrate coated
Core functions as a dehydroprotectant and stabilizes surface immobilized members of az
hiochemically reactive pair. The final product, therefore, consists of three layers. The core is
c ompnsed of the ceramic, the second layer i% the dehydroprotectant carbohydrate adhescitvv.
and the surface laver is the biochemically reactive molecule for which delivery is desired.

We hase characterized many of the physical properties of this system and have evaluated the
utility of this delivery technology in vitro and in animal models. Physical characterization has
included standard and high resolution transmission electron microscopy, electron anti x-ray
diffraction and r potential analysis. Functional assays of the ability of the system to act as a
nanoscale dehydroprotecting delivery vehicle have been performed on viral antigens.
hemoglobin, and insulin. By all measures at present, the favorable physical properties and
biological behavior of the molecular transportation assembly point to all exciting new
interdiciplinary area of technology development in materials science, chemistry and biology

INTRODUCTION

Self-assembly, broadly defined as the spontaneous fabrication of multi-component molecular
structures, is the elegant mechanism by which most complex biological molecules achieve their
ultimate form. Self-assembly, at the biological level, is the inevitable cozisequence of
fundamentally weak electron interactions between complex macromolecules. Toe deceptive
simplicity and beauty of macromolecular self-assembly, as exists in nature, has pronwped many
commercial concerns and research laboratories to experiment with "biomimetic process. "

At the commercial level, industry has experienced financial success with applications of self-
assembly principles in polymerase chain reaction. In the biomedical arena, several
pharmaceutically oriented biotechnological applications of self-assembly including liposomes
and virus-like particles are in development and some are already in clinical trials. On the
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~pi' I I iina] lel. I B\estigators hate suc-cesstul Iv prod ducelt I vaniet I) ose-asef l io iI)h t 1
,mih as rcrolithoiraphed hio-patterns. triple helical DNA, DNA cubecs, tanroruhules and caiee

ti11POUind .k Neural riet irks and hio-, ptiCo -CICLectonic de vices are amo ng the ens isti in'd

Challenged by problems oft molecular conformation at interlaces, our laboratory has studied
models of self-assemnbly using solids. classes, and colloidal Nuhstrates for the past six y'ears,
IUhese studies have defined a fundamentail enabling~ platfornm for the sale transportation ot
mishenicalk, acte moleculesi2 Amntg the applications 01. this sale molocular transportation
assciibli are: vaccines. artificial blood, drug delivery and gene therapy

Div article reviews\ the principles ofi self -assembtly. nanobiology. -and the chalfecs I
ni ntaining the activity ot hi. I gtcallv reactt se patrs. The ci nveri-zence (it these principle, Int

J Ni1ne-lC deliveryv CelItcjC ssrh at (aito biolocical applications I's described.

PRINC:IPLES OF SE~LF-ASSENtBLY

SyntLhettec products arc self asser~rhliroE' if the constituent parts assumec sponitneoUl
prescribe-d structural orientations in two,- or three dimntsional space. The studN of stiji
pri cesses has traditionally been called ittprutnidiecular chemistrs., mtomidecu/ar Liii, iOU i
Phe.nmena or nanofe./inu'og\. and the products have beett called smart rmiterih/i. [it
aiqueous biological environments, the assenmbly of macromolecules i.s governed basicallN h\
three physicocheinical processes: the Interactions of charged groups, dehydrfation etfects ind
intrinsic structural stabtlitv.

Mierat Inn,,,kiween AtrW ;rqu ts

Mist bt logical and syvnthetic surfaces are charged due to constituent chemtcal aroups or
adsorbed tons from the biological milieu. The interactions oft charged groups sutch as amitno-,
carboXyl-. sulfate-, and phosphate-groups, facilitat( the sing range approach tif self asseiiLtt
subutnits. *The long raiec interaction oft constituent sutbunits, hecinning at around 15 ttn), and
thetr gradual attraction to an energy minimum that exists at a distance of approxirnateiv I am),
is the necessary first phase of self -assembly.

Natural self assembling structures that are favored by the existence of strong interactions it

charged groups include crystal lattice formation and bone tmineralization. Charged groups also
play a role in stabilizing tertiary strtctures of folded proteins.4 Biotcchnological applicatton.,,
it .se!f-atssernbly based oin charged group interactioins include the analytically useful technique

of forming cadmium arachidate bilayers to study the dielectric constants of protetn layers.
frictional slippage bectween bilayers. and other parameters of biological membranes.

I Y-dro A rInc -And-&yration deffects.

Hydrogen bonds arguably constitute the most important molecular interaction in self
as'sembling structures. Molecules that form hydrogen bonds are hydrophilic, and these
molecules confer a signiftcant degree of organizattion to thec suffs...i,;ing water molecules.'
Hydrocarbotns and other molecules that are hydrophobic are incapable of forming hydrogen
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bonds with the surrounding water. Nevertheless, their repulsion of water also imparts a great
deal of organization to the surrounding environment. The organized water decreases the
overall level of entropy of the surrounding medium. Because organized water is
thermodynamically unfavorable, molecules tend to "welcome" the opportunity to shed the
surrounding water, or dehydrate, in favor ot assembling with one another. 6 This step is the
primary driving force of sclf-axssmbly in the typically aqueous biological milieu, and accounts
tr interactions among surfaces and macromolecules that may intuitively appear to be unlikely.
While charge effects begin long range at 15 nm. dehydration effects soon take over.
Dehydration etfects and the associated entropic drive continue to favor surface adsorption to
approximatel.\ he 3 nm intemolecular distance where steric, double layer and electrostatic
repulsion forces begin i, reverse the process.7

In nature. hydrogen bonds are largely responsible for base pair matching in double stranded
nucleic acids. codon-anticodon matching in transfer RNA. stabilizaton of RNA cloverleaf
structure via base pair matching, and stabilization of secondary protein stn,,:tures such as rx-
helices and n-sheets. The premier biotechnological application to date has been exploitation oi
the polymer;,.se chain reaction process.

Intrinsic-sructural stabili

The structural stability of proteins in the biological environment is determined by two
competing groups of forces. There are denaturing forces created by the interactions between
charged groups and hydrogen bonds largely external to the molecule and there are
conformationally stabili/ing van der Waals forces largely internal to the molecule. The van der
Waals forces, most often experienced by the relatively hydrophobic molecular regions that are
shielded trom water, play a subtle but critical role in maintaining molecular conformation
during self-a.em hly.

Molecules that are "hard" and relatively stable are less likely to be delormed during sell-
assembly. The associated minimal change of the Gibbs i-ee energy, a consequence of
molecular denaturation to an energetically more favorable statt enables the interaction to be
relatively reversible. "Softer" molecules, however, are particularly vulnerable to the
biophysical forces of self-assembly. and the energy minima assumed upon conformational
denaturation tend to preclude reversal.

NANOSCALE BIOLOGY

Although we live in a three dimensional world, most of our sensory experiences with matter
involve perceptions of only the very few surface layers of molecules. Our two-dimensional
cognition of a three dimensional environment is a primary consequence of the fact that most
chemical and biophysical interactions between materials and the biological environment, of
which we are an integral part, occur at surfaces. While colloidal materials and nanoscale
processes have not generally considered to be in the realm of the biological sciences, even a
cursory view of the biological world yields a vision resplendent with things nano.

In our world, surfaces rule. Surfaces are physically unique environments with mechanical.
chemical and electrical properties derived from the electron clouds of the atoms comprising
them. Three dimensional matter that is comprised primarily of surfaces, better known as a

111



colloid, is the chief operator. Introduced by Thomas Graham in 1861, a colloid is any particle,
droplet, molecule, or otherwise designated form of matter whose linear dimension is
somewhere between I nm and I lm. Indeed, Man* himself is a complex animated colloid
representing the interfacial activities of the four forms of matter: gas, liquid, glass and solid.
Self assembled from Leibnitzian monads' of almost unimaginable variety, man is a testimony to
the awesome inherent properties of colloids and nanoparticles.

BIOCHEMICALLY REACTIVE PAIRS

Biochemical phenomena consist of binary interactions between pairs of molecules.
Common names for such biochemically reactive pairs include but are not limited to
immunological pairs, ligand-receptor pairs, enzyme-substrate pairs, drug-receptor pairs,
catalyst-reactant pairs, catalyst-substrate pairs, absorbate-absorbent pairs, adsorbate-adsorN- nt
pairs. and toxin-ligand pairs. On a molecular level, nearly all biochemical phenomena between
such pairs involve the spatial recognition of one molecule by another, and such recognition
serves as the means by which energy and information are transmitted, products are generated,
responses are initiated and complex biological structures are built.

The process of spatial recognition implies both regioselective and stereoselective
interactions among biochemically reactive pairs. One member of a biochemically reactive pair,
constrained by fundamental biophysical laws, may interact with the other member of a
biochemically reactive pair if and only if both members are physically conformed within some
bounded set of possible spatial arrangements and if both members have their respect interactive
regions unencumbered. The environment within which biochemically reactive pairs interact
affect greatly the process of spatial recognition. Environments that constrain spatial mobility
or encumber molecular regions may. depending on the degree of constraint and the resulting
spatial conformation, either promote or inhibit biochemically reactive pair interactions.

An example of the former is surface activation of synthetic chemical reactions in a process
known as "solid phase synthesis." Solid phases, either as solid glassy polymers, crystalline
materials, or complex macromolecular polymers have been features of synthetic biochemistry

since the early 1960's . Their use was advanced largely by Merrifield for facilitating peptide

synthesis and for which he received the Nobel Prize for Chemistry in 1984. They became
widely popular because the solid-phase method offered simplicity, speed, avoidance of
intermediate isolation, and automation. The principal limitation in the widespread use of solid

phases has been the empirical observation that only a few surfaces were effective biochemically
reactive pair interaction promoters.

It is impractical to list the many examples of environmental constraints that affect
biocemically reactive pair interactlons, but it is reasonable to acknowledge that such

The term "Man" is used here in the generic sense as a more linguistically palatable form
of H. Sapiens.
Metaphysical theory of matter developed in the late 17th century and stimulated, in
part. by organic microscopic entities that had been discovered recently following
Lceuwenhoek's (1632-1723) invention of the microscope. Although the theory argues
for the non-interaction of substances, it nevertheless entails rudimentary allusions to the
conservation of energy and to the principle of least action - elements that are used
today to describe colloidal and macromolecular phenomena.

112



constraining conditions include but are not limited to temperature, salinity, surface chemistry,
solution dielectric constant, osmolarity, concentration of competitive species, gas partial
pressures, electric fields, and magnetic fields.

CHALLENGES OF MOLECULAR DELIVERY

Molecular delivery is the Holy Grail of the biomedical sciences. Delivery, to the extent that
molecules would be stabilized for greater activity and targeted for greater specificity, offers the
promise of greatly improving such fields as vaccines, drugs therapy and even gene therapy. A
host of chemical reactions that tend to destroy polypeptides and other labile biochemically
active molecules might be prevented with adequate surface immobilization (Table 1).9

Consequently, vaccines might not have to be boosted because they would lasted longer, and
their immunoprotective properties might be enhanced. Drugs might be more effective with
fewer side effects if they were targeted. And most significantly, gene therapy might be possible
on a practical level without the need for surgery.

TABLE I Stability Problems in Bulk Potential Advantages of
Solutions* Surface Immobilization

Rationale for using deliverY * Hydrolysis 0 Stability (protection
vehicles in the biomedical 9 Oxidation against the processes
(omwunirv. . Deamidation described to the left)

9 Pbosphorylation * Cellular or Organ
0 03-limination Targeting
0 Racemization
* Glycation

Unfortunately, the marriage of biological sciences with materials science has been rocky.
Nanoscaled members of a biologically reactive pair, when immobilized onto a surface that
alters dramatically aspects of their environmentally constrained conformation, tend to assume
novel conformations that may render the members either biochemically inactive or antigenically
irrelevant. Since the primary driving force in non-covalent interactions between aqueous
dispersions of macromolecules and surfaces is dehydration, the possibility that
dehydroprotectants might solve the challenge of surface-facilitated molecular delivery was
assessed.

Previous work published in the agricultural and microbiological literature identified
carbohydrates, specifically disaccharides, as potentially effective dehydroprotectants. In the
early 1940's, Lewisto showed that a 40% sucrose solution exhibited a substantial stabilizing
effect on the viability of ergot producing Claviceps purpurea when inoculated on host rye.
This empirical observation acquired biophysical mechanistic support from Crowe et al."
Briefly, thy suggested that certain sugars may replace the water around polar residues in
membrane phospholipids and proteins thereby maintaining their integrity in the absence of
water. It is a phenomenon that has been utilized by nature to protect anhydrobiotic organisms
such as fungal spores, yeast cells, and cysts of brine shrimp against desiccation. It appears that

t Adapted from F. Franks. Bio/technology, 12, 253 (1994).
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sugars are capable of preserving the structure and function of both membrane bound and
soluble proteins in the absence of water.

The family of sugars that exhibit dehydroprotectant properties are largely mono-, di-, and
oligosaccharides, and their ability to do so correlates with their ability to form glasses)
Working with the model disaccharide trehalose, Green and Angell concluded that the
trehalose/water system passes into the glassy state and thereby arrests all long-range molecular
motion." Denaturation is thus impeded. The glass transition temperatures of the most
common natural dehydroprotectants, trehalose and sucrose, are 79'C and 70'C respectively.

The empirical observations of Lewis coupled with the explanations offered by Crowe
suggest that disaccharides and related poly-OH oligomers with comparable glass transition
temperatures may function as dehydroprotectants for surface immobilized members of a
biochemically reactive pair. Studies of the secondary structure of dehydrated molecules
immobilized on disaccharide films4 and the results obtained in various biomedical applications
tend to confirm these principles.

APPLICATIONS

Macromolecules representing a variety of classes of biochemically reactive pairs have been
studied in our laboratory following immobilization on surface modified nanocrystalline
materials Examples of applications include vaccines, synthetic blood, and drug delivery
vehicles. The basic self-assembling synthetic units are rather similar among the applications.
yet the consistent observation is that the conformation and or biological activity of the
immobilized molecule is preserved.

Materials and Methods

The delivery vehicles, as self-assembled through non-covalent interactions, consist of three
layers: a solid phase core to provide a nidus for surface immobilization, a surface modifying
layer of the glassy disaccharide cellobiose, and an outer layer consisting of a member of a
biochemically reactive pair (Table 2). For the solid phase, ceramic materials were used
because ceramics are the most structurally regular materials in existence. Being crystalline, the
high degree of order in ceramics ensures that any surface modification will have only a limited
effect on the nature of the atoms deep to the surface and thus the bulk properties of the
ceramic will be preserved. Also, the high degree of order of ceramics ensures that the surfaces
will exhibit high levels of surface energy which will favor the binding of the disaccharide
surface film

The two most commonly used ceramic cores have been carbon (diamond) and calcium-
phosphate dihydrate (brushite). The diamond has been used primarily for vaccine applications,
while the degradable brushite has been used for applications where substantial quantities of
biochemically active material would be expected to be administered.

A typical process for producing clean diamond cores and coating them with cellobiose
begins with I gram quantifies of diamond powder [General Electric, Worthington, OH] which
are cleaned by 40) Watt sonication at 4°C IBranson, Danbury, CTI in 12 N HCI for 16 hours

The glass transition temperature of the disaccharide used by us, cellobiose, is 77C.
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and washed with ultrafiltered water until the pH is near 7. The resultant opaque dispersions
are layered over glass plates and baked in a vacuum oven for 2 days at 185 C. Dried diamond
is then rehydrated once more and acid washed as previously described. Activated diamond

TABLE 2 STRUCTURAL CHEMISTRY FORM OF
POSITION MATTER

Composition of the Core Ceramic formed Solid (crystal)
three layer molecular from metal oxides
transportation or carbon
assemblv (diamond)

Surface Coating Disaccharide Glass
(stabilizer- (sugar)
dehydroprotectant)
Outer Variable Colloid
Biochemically
Active Molecule

dispersions in ultrafiltered deionized water are adjusted to 1.0 mg/ml and then introduced to
250mM cellobiose ISigma, St. Louis, MO] and lyophilized for 24 hours. Unadsorbed
cellobiose is removed by ultrafiltration dialyses against sterile water in a 100 kd nominal
molecular weight cutoff stir cell IFiltron, Northborough, MA] at room temperature.

The addition of the third layer, consisting of a biochemically reactive pair member, is
tailored to the solubility properties of the molecule of interest.

Expermental Resu1 "

To date, we have immobilized antigens to produce viral decoys (Figure 1) as vaccinating
agents.'5 hemoglobin to produce red blood cell surrogates,' 6 and insulin to test the drug
delivery concepts.' 7 The diamond based viral decoys, comprised of immobilized viral outer
envelope proteins, most recently from HIV, tend to range in size from 30 to 100 nm and
exhibit a broad range of properties that indicate preserved conformation of the adsorbed viral
proteins. They exhibit the same c-potential as whole virus, react with monoclonal antibodies
directed at whole virus, and evoke both antibody and cellular immunity in test animals
comparable to the reactions evoked by whole virus. Specifically, the decoys exhibit the same
size, same surface charge, are recognized by conformationally specific and non-specific
monoclonal antibodies, are recognized by HIV positive human serum, evoke antibody
responses with the same magnitude and western-blot profile as HIV, and evoke cellular
immunity.

The red cell surrogates, comprised of degradable calcium phosphate cores, exhibit
comparable molecular oxygen binding cooperatively relative to whole blood, and can be
dispersed in solutions that have an effective hemoglobin concentration of l0g/dl. Specifically,
the red cell surrogates exhibit the Bohr effect, have a solution pH 7.4, 80nm size, 10 g/dl
hemoglobin solution concentration, p50 26-32 tort, Hill coefficient 2.2, Osm 230 mOsm and
viscosity .0352 Poise.
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The drug delivery applications, again using the degradable ceramic cores with immobilized
insulin, show in vivo biological activity that is as intense and slightly prolonged relative to
insulin without the benefit of being immobilized.

FIGURE I

c,- I / The molecular transportation assembly
,( ,.> consists of three distinct layers. The

core is a ceramic solid that provides a
crystalline high surface energy nidus
for the subsequent self-assembly of a

-.fljglassy layer of carbohydrates that then
act as molecular stabilizers for the

\' ',.. adsorbed biochemically active layer.
Shown in the example is the
composition of an HIV decoy
(vaccine) fabricated from a ceramic
diamond core, cellobiose, and HIV
envelope antigenic proteins.

CONCLUSION AND SUMMARY

Self-assembly is a natural process that serves as the basis for most forms of life. In natural
self-assembly systems, small changes in molecular conformation are necessary. as exemplified
by the changes observed during successful antibody-antigen interactions.' More substantial
conformational alterations induced by surface immobilization in synthetic systems can be
controlled by applying another natural principle -- disaccharide induced molecular stabilization.

One biotechnological application of the above consists of surface modified nanocrystalline
ceramics as an enabling platform for the safe delivery of a wide range of biochemically active
molecules. The interdisciplinary approach we have taken, combining materials science, surface
chemistry, and biology, has yielded a promising technology that may define principles useful in
a broad range of human endeavors.
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ABSTRACT

An attractive and challenging approach to the construction of robust, thin film materials

with large second-order optical nonlinearities is the covalent self-assembly of aligned arrays of
high-3 molecular chromophores into mulilayer superlattices. In this paper. we describe the

dispersion of second harmonic generation (SHG) in a self-assembled (SA) monolayer
containing a stilbazolium chromophore. The frequency-dependent measurements were

performed on 25 A thick monolayers on glass using a tunable (0.4-2 pm) light source based on

optical parametric amplification (OPA). The SHG spectrum contains a clear two-photon

resonance at ho -- 1.3eV. The maximum in the second-order susceptibility coincides with a

low energy chromophore-centered charge-transfer excitation at 490 nm. The experimental SHG

dispersion values compare favorably with theoretical results computed using a sum-over-states

(SOS) formalism. However, the measured values exhibit a somewhat broader band response

than the theoretical curve, and the origin of this behavior is discussed.

INTRODUCTION

A new approach to the construction of second-order nonlinear optical (NLO) materials was

recently reported from our laboratory (Scheme I).t This method involves the covalent self-

assembly of intrinsically acentric multilayers of high-ri chromophores on inorganic oxide

substrates, Such robust thin film superlattices exhibit high second harmonic generation (SHG)

efficiencies with X ,2' values for 25 A thick monolayers of 5-7 x 10-
7 esu at hcw = 1.17 eV.

This level of response is higher than in conventional inorganic oxides such as LiNbOi and is

comparable to the most efficient poled polymers and acentric Langmuir-Blodgett films,.2. In

addition, the self-assembled thin films4 are thermodynamically equilibrated systems which do

nkit require an external aligning electric field to establish an acentric environment. This

represents a major advance over poled NLO polymers where inducing and completely

stabilizing net chromophore alignment remains a daunting challenge. 2 3 In this contribution, we

provide detailed information on the frequency-dependent second-order optical nonlinearity of a

stilbazolium monolayer, focusing on the origin of the broader experimental width of the

nonlinear spectra as compared with the theoretical prediction.
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Scheme I
HO HO OH

,L-N "N N

0l ci C1

0 0

Construction oif Self-Assembled Thin Films.
The procedure for the present molecular self-assembly process (Scheme 1) has been

reported in detail elsewhere.1 In summary. clean glass substrates are immersed in a toluene
solution of l-chloromethyl-4-(2-trichlorosilylethyl)benzene (coupling agent) at room

temperature for 36 h. and the resulting monolayers are air-cured at 115 'C for 3(0 minutes.

Chromophore deposition is carried out by immersion of these functionalized substrates in

toluene at (OC for 72 hours. Evolution of the surface struLtures i., monitored by contact angle

measurements which repeat in the sequence: original glass surface, 15 : coupling agent

monolayer. 74 chromophoric monolayer, 46'; and are in accord with expected surface

wetabilities by XPS - the original signal at 205 eV for Cl2p (benzylic chlorine) of the coupling

agent shifts to 203 eV (chloride) and a signal at 4(W eV for N1 , appears upon quaternization: by

UV-Vis spectroscopy which reveals large shifts in Xmax upon quaternization (from 390 to 490

nm). by polarized second harmonic generation (vide infra), and also by grazing angle X-ray
reflectivity. These films are insoluble in common organic solvents and most acids, and can only

be removed by etching with HF solution or by diamond polishing.

RESULTS AND DISCUSSION

Sample preparation

Stilhazolium-based self-assembled monolayers were assembled on both sides of a fused

silica slide, and the film was subsequently removed from one side with a 20% HF solution to

avoid intefcrene effects in the dispersion measurement. Figure 1 shows the angular-dependent
SHG signal for the sample before and after removal of the monolayer from one side. The X ,2'
value at 1064 nm of 5 x 10-7 esu remains unchanged after the etching treatment, as evident from
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the 4 fold decrease of the SHG. The chromophore tilt angle from the surface normal wa.s
determined by fitting the angular dependent SHG signal envelope to eq (1)5. As expected. the

2cot tV1)

tilt angle V = 42 ± 2 remains unchanged before and after removing the film from one side of
the substrate. The chromophore number density, Ns. on the surface is computed h, (he u.v of
eq (2)0a where P,,, is the calculated magnitude (9.4 x 10-2 esu) of the hyperpolaria':..:,

component along the chromophore long axis (which is comparable to the estinated
experimental value3 8.3 x 10 29 esu) yielding N, = 3 x 1014 molecules/cm 2 .

2.0-

0.9 
t

0.4--•
0 0

0.0

0 10 20 30 40 50 60 70 80
Incident Angle (Degrees)

FIGURE I. SHG intensity (12' ) as a function of fundamental beam incident angle of a
p-p

glass slide having a self-assembled stilbazolium monolayer on either side
(full circles) and after etching one side with 20% HF solution (open circles).
The experimental data are fitted to eq. 2 (full lines). As a guide to the eye.
the data from the double sided sample are connected with a dotted line.

Frequency-denendent X"' measurements

An Optical Parametric Amplifier (OPA), the construction and operation of which is
described elsewhere,le was used to provide a tunable light source. SHG measurements on the

self-assembled films were performed over the fundamental range 800-1600 nm. In these films.
the ratio 2 /x"] was found to be 2.7, resulting in maximum SH intensities for incident angles
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near 60 Data were collected at this angle. X 2, for the self-assembled films was obtained b

using measured values for the linear absorption x, calculating quartz coherence lengths. 1, from
refracti e index data, and using the literature .

I (XX) -15

* (2) fe9001 X("
Linear Abs. n

S600

4(X) - 6
X

200 3

0

1.50 1.75 2.(0 2.25 2.50 2 75 300

SHG Photon Energy (eV)

FIGURE 2. SHG photon energy dependence of X(2 ) for a self-assembled film deried from
stilbazolium chromophore (SHG uncertainties <67 ) and the linear absorption
spectrum (Xmax = 480 nm).

As seen in Figure 2, the output signal of the second-order response (2(o) closely follows

the linear absorption spectrum, with the film Xm = 480 nm (2w = 2.6 eV) corresponding to the
resonant X12 rnax = 9 X 10.7 esu, an exceptionally large value for organic thin films2. The off-

resonance values ()10-7 esu) may also prove useful for device applications.

Theoretical considerations

The frequency-dependent second-order nonlinear susceptibility spectrum resembles the

linear absorption band. The deviation from an identical line shape is due to the different

dispersive nature of the real and imaginary part of the susceptibility, the presence of
nonresonant background, and multiphoton absorption bands. For SHG this can be expressed by

eq (3)6.7 where t)L is the laser fundamental frequency and o and rj are the center and the width

at half height of the j-th band. Aj contains induced dipole moment and oseillator strength terms.

X (2) (-2(o;to aw) .A, (3)
j (2o - o , + i r,)(oL - to, + i r,)
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In our investigation, the origin of the P dispersion was investigated using a reliable ,um-,cr-
states formalism for calculating the elements Af the chromophore hyperpolaii/ability tensor as a

function of fundamental frequency 8 - 10 to aid in interpretation, we can use the approximate tko,

le,,cl form: eq (4 . and relating the absolute values of P] to X1,2 by eq. (2).

e gef ge Age 24,o3 -2(o. co.o= (a) . 2 4,

2 - 2

The surn-o%,er- states expansion indicates that a single chromophore-centered charge-transie,

excitation (Scheme I11) along the dipole moment direction, froit the Stilha/olium highest
occupied molecular orbital tijOMO) to lowest unoccupied molecular orbital tLUMO, ;--- =

472 nm. dominates the response. The associated oscillator strength is substantial .= l.12)

Scheme 1I

N LUMO

HOMOI

with a pronounced dipole moment change (A g, = 17 D). The functional form of the curves can

be further investigated using the two-level model, 13 1 4 where the response is assumed to
originate from one excited state (e) in the perturbative expansion of 0. The nonresonant

background, X(2'NR. containing the contribution from all states far from resonance, is neglected

here. However, the resonant part, X,2 )R. will contribute a real and an imaginary part to V2 _ The

imaginary part will maximize at the resonance frequency, where the real part goes through a

sign change.
The response (l(-2o;tt)) is described by eq. (4), wherefgc is the oscillator strength.

hog, is the energy of the charge-transfe optical excitation between the ground state (g) and the

excited state (e), and the Ap, is the difference in dipole moment between the two states. This

formula predicts a pair of resonances for each input frequency w; one at the fundamental

frequency (ho) and the other at twice the incident frequency (2h o). The two-photon resonance

is the origin of the 1.3 eV (960 nm) feature in Figure 3. The relationship also predicts anti-
resonant behavior at o and 2o; however, in this experiment the sign (phase) of X(2 1 is not

measured.
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FIGURE 3. Experimental and theoretical fundamental photon energy dependence of

S-) for a sell-assembled film derived from stilhazolium chromophore
(SHG uncertainties <613 ).

Agreement between the experimental X12 1 profile and the computed response is quite

n od. However. the experimental results exhibit a somewhat broader Xi response with a

shoulder at 1.06 eV, compared with a narrower bandwidth and an infinite maximum for the

thet,retical response. This mismatch is partly due to the neglect of the complex nature of [ near

rcsonance. Here the damping term (iFeg) in the imaginary part (weg + iF,') is necessarily

r.eg!icctcd because of the complexity in predicting its value theoretically.

CONCLUSIONS

An OPA and accompanying instrumentation for the highly expedient measurement of

the frequency-dependence of X12 , in thin film materials has been demonstrated. This technique

has been applied to chromophoric self-assembled stilbazolium-chromophore films and the

results indicate that X(2 ) resonance enhancement is operative in these structures. However, the

high off-resonance values of X(2) are encouraging for exploring the use of these materials in

waveguide applications. The two-level model predicts the observed trends in the dispersion. A

further improvement of the model by introducing the parameters to account for the width of the

dispersion curve is underway. Experiments involving device applications are also in progress,
as well as extension of the OPA instrumentation to include broader frequency ranges and SHG

phase information.
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ABSTRACT

We studied the optical properties of silicon nanocrystals incorporated into colloidal and sol-
gel matrices. The silicon nanocrystals are produced by ultrasonic dispersion of porous silicon
layers. We report results on the dependence of the photoluminescence (PL) spectra with excitation
intensity. The PL shows a blue peak (at - 415-460 nm) and a red peak (at - 680 nm). This PL
spectrum shows a remarkable dependence on the excitation intensity. As the intensity is increased,
the blue peak grows at the expense of the red. A model is suggested for this behavior. We also
report on the excitation intensity dependence and the emission wavelength dependence of the PL
decay at low (1 kHz) and high (82 MHz) repetition rates of optical excitation. When low repetition
rate excitation is used, the PL decay times are all exponential, short (ns), and appear to vary little
with emission wavelength. This sharply contrasts with what is observed in porous silicon. With
high repetition rate excitation, both red and blue peaks show long (100's ns) and short (ps-ns)
lifetime components. We contrast the different optical properties of these silicon nanocrystals with
that observed in porous silicon.

INTRODUCTION

The discovery by Canham in 1990 that porous silicon (PS) efficiently emits visible light (1]
has initiated intense worldwide research into the mechanism for the light emission. Numerous
models for the luminescence mechanism has been proposed and has been described in various
review articles [2]. Many of these models have been refuted in some form or another. Though a
complete understanding of the mechanism for efficient light emission from PS is still lacking, the
consensus has leaned strongly toward quantum confinement as being at least partly responsible.
The important role of surface states as recombination centers in the luminescence process has also
been proposed [3]. To investigate the mechanism and to understand how quantum confinement,
surface states, etc. may affect the luminescence of PS, we studied monodispersed and aggregated
Si nanocrystals incorporated into colloidal and sol-gel matrices as simpler systems that are easier to
characterize. These Si nanocrystals also offer an interesting light emitting system for study and
provide new and different options for Si-based optoelectronics and photonics.

We performed various optical studies on the dynamics and spectroscopy of these
nanocrystalline Si systems, which include: the dependence on emission wavelength and excitation
intensity of the time-resolved PL decay, and the dependence on excitation intensity of the PL
spectra. Many of our results differ from that observed in poro,; Si and in other nanocrystalline Si
systems. We also observe for the first time, an interesting dependence of the PL spectra with
excitation intensity. Our results are discussed in terms of the insights they offer into the light
emitting process. Finally, we point out the usefulness of using different excitation repetition rates
in studying systems such as these where there is a broad distribution of lifetimes.
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EXPERIMENTAL

These nanocrystals were made from PS and the synthetic procedure is described in detail
elsewhere [41. The nanocrystals were incorporated into various organic solvents as colloidal
suspensions and into TEOS sol-gel matrices. The procedure for this incorporation is also
described in detail elsewhere [4,5]. Optical excitation was provided by several sources: (1) the
-100 fs, 82 MHz output from a self-modelocked Ti:sapphire laser was frequency-doubled with an
appropriate KDP crystal to give output varying from 355-400 nim, (2) the -150 fs, 1 kHz output
from a Ti:sapphire regenerative amplifier was frequency-doubled to give 400 nm output, and (3) a
Xe arc lamp. A photomultiplier tube (1.5 ns resolution) and a synchroscan streak camera (5 ps
resolution) were used to detect the PL decay. The spectra were recorded with a 0.25 m or 0.5
monochromator and an intensified optical multichannel analyzer. All spectra were calibrated and
corrected with NIST-traceable spectral calibration lamps.

RESULTS AND DISCUSSIONS

Except for where noted, the results we obtained in colloidal and sol-gel matrices were
qualitatively similar. Therefore, we will discuss the results in general terms and address particular
matrices only where appropriate. The fact that we see similar optical properties in these different
matrices indicates that their physics depend on the inherent properties of the Si nanocrystals. The
nanocrystals do not interact strongly with these hosts.

We began by studying the optical properties of the PS from which the Si nanocrystals were
made. We found the PL lifetimes, variation of lifetimes with emission wavelength, and emission
spectra of the starting porous silicon samples to be consistent with what is generally observed for
porous silicon. In particular, the decays are nonexponential in the microsecond regime, the red
luminescence dominates the blue (if any), and the lifetime decreases monotonically with higher
emission energy.

Detailed discussions of the synthesis and physical characterization of the Si nanocrystals
are given elsewhere in this volume [4]. We briefly discuss a few pertinent results. High
Resolution Transmission Electron Microscopy (HRTEM) in Ref. [4] shows both aggregates of and
monodispersed crystalline particles. Cluster sizes range from 7 to 40 am. Individual nanocrystals
range in size from 2-10 nm. It is difficult to determine whether these nanocrystals exist as
aggregates in the solvent or whether they aggregate when prepared for TEM analysis. It is likely
that they exist both in monodispersed and aggregated form in the matrix. HRTEM also show a
thin amorphous shell surrounding the nanocrystals. In addition, the IR spectra show peaks
corresponding to various Si-O bond vibrations and an absence of Si-H vibrations. This indicates
that the hydrogen passivation has been replaced by oxygen passivation. It has been shown that
oxygen passivation can lead to efficient light emission as well as with hydroger. The observation
of C-H stretches in the IR spectra points to the presence alkyl groups. This is discussed in greater
detail in Ref [4]. Thus, the picture that emerges of the nanocrystals is one where there is an inner
silicon crystalline core covered with a layer of SiOr, and possibly alkyl groups attached to the outer
oxide layer.

Typical photoluminescence spectra of Si nanocrystals in a colloidal and in a sol-gel matrix
taken with low excitation intensity are shown in figure 1. Our spectra differs from that observed in
PS and other Si colloids [6] in that our PL spectra show predominantly a strong and broad blue
emission peaked near 415-460 rn, along with a weaker red luminescence peak near 680 mn, The
red peak is similar to that observed in PS. The large Stokes shift for the red peak suggests that the
emission originates from highly relaxed carriers. On the other hand, the blue emission may result
from nonthermal carriers or from bandedge recombination. We will later present evidence that the
blue and red peaks arise from different processes and species.

The blue peak in figure 1 resembles the blue peak observed at early times in time-resolved
PL studies on as-prepared PS and PS oxidized to varying degrees[7]. In those studies, the as-
prepared PS emission spectrum shows a blue peak at 460 nm at early times (-10 ns), which
evolves to a red peak at 680 nm at longer times (-100 ns). If the oxidation level of the PS is
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increased, the red peak diminishes, until, at high oxidation levels, only the blue peak is observed.
The weaker red peak in our studies also resembles the red peak observed in these studies. With
intermediate levels of oxidation, Ref. [7] observes both blue and red peaks coexisting at long
times. This is similar to our spectra taken at low excitation intensities and suggests that our Si
nanocrystals have a similar level of oxidation. This may be the result of limited ambient exposure
of our samples and perhaps extensive ultrasonication treatment.

Figure 2 shows the dependence of the photoluminescence decay on the emission
wavelength for the case of an acetonitrile colloid. Low repetition rate excitation (1 kHz, inter-pulse
period = 1 ma) with 400 nm, -150 fs laser pulses was used. Similar results are obtained in the
sol-gel. The PL decays are exponential and nearly identical for all emission wavelengths. The
decay times vary from 4.2-5.1 ns after deconvolution. This result is contrary to what is observed
in PS and in other nanocrystalline Si systems. There, nonexponential PL decays are observed and
the lifetimes of the red emission are microseconds and increases at longer wavelengths. We also
varied the excitation intensity by a factor of 63 to study the effect on the emission decay and to
assess the contribution from nonlinear processes such as bi-molecular kinetics or Auger-type
processes. We found that the excitation intensity has little effect on the functional form of the
decay at long times where the influence of the impulse response function of the photomultiplier is
absent. This suggests that carrier density does not affect the PL decay. It is difficult, however, to
draw conclusions near t = 0 due to the width of the impulse response function of the detection
system (-1.5 ns).
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Figure 1. Photoluminescence spectra of Si Figure 2. Dependence of photoluminescence
nanocrystals in an acetonitrile colloid and in decay on emission wavelength of Si
TEOS sol-gel matrix. The sharp peak at 710 nanocrystals in acetonitrile colloid . Low
am is due to laser light, repetition rate excitation (1 kHz) was used.

If we repeat the experiment at a higher repetition rate (82 Mlz, inter-pulse period - 12 ns),
different results are observed. The data is shown in figure 3 and was taken with a synchroscan
streak camera (resolution -5 ps). We point out that excitations with lifetimes greater than the inter-
pulse period are manifested as non-zero baselines, which are observable at t < 0. The longer the
lifetime, the higher the baseline. Processes with lifetimes shorter than the inter-pulse period will
appear essentially unaltered. By varying the inter-pulse period, different dynamics within the
distribution of lifetimes can be studied. This is useful in studying systems where a broad
distribution of relaxation times exist. Figure 3 clearly shows nonzero baselines indicating long-
lived contributions to the ns PL decays observed in figure 2. The long-lived component may not
be observable in figure 2 because of its small contribution and the lower repetition rate used. The
long-lived component comprises only a small fraction of the decay and can be seen in figure 3
because of the accumulation effect possible with higher repetition rates. The long-lived
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components behave the same within two spectral regions ranging from 450-550 nm and from 600-
700 nm. These two regions coincide with the spectral regions for the blue and red PL peaks in
figure 1. For the blue emission peak, the baselines are small and identical, indicating the same
long-lived component. In contrast, the decays for the red emission peak have substantial baselines
that increase with longer emission wavelengths. This indicates the contribution of very long-lived
components with lifetimes that increase with longer emission wavelengths. It is conceivable that
this corresponds to the microsecond-decaying red component observed in PS and other Si
nanocrystalline systems.
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Figure 3. Dependence of the photoluminescence decay on emission wavelength for an acetonitile
colloid. High repetition rate excitation (82 MHz) was used.

Analysis of the data in figure 3 shows that the fast component of the decays can be fit to a
variety of functional forms including exponential, bi-exponential, and stretched exponential. The
ambiguity arises because of the short time scan and the signal-to-noise ratio. If bi-exponential
decays are assumed, the fast components have time constants ranging from 120-290 ps and 1-2 ns,
except for the decay at 450 nm. There, a bi-exponential fit gives 730 ps and 1.1 ns.

The data in figure 3 suggest that the blue and red emission originate from different
processes. Our data show that the lifetimes within the blue peak change little with emission
wavelength. This result would argue against quantum confinement being directly responsible for
the blue emission. It has been suggested that this behavior is what would be expected from
molecular species or extremely small inclusions of Si in an oxide matrix [7]. In contrast, the long
lifetime component of the red emission increases as the emission wavelength increases. This can
be interpreted within a variety of models such as quantum confinement, dispersive radiative
tunneling between distributions of localized states, or recombination limited by carrier transport.

It is evident that our PL decay data is different than what is typically observed in PS and
other nanocrystalline Si systems. Our data show that the predominance of the PL decay is
exponential, occurs in ns, and is similar for all visible wavelengths. Long-lifetime components are
present, but their contribution is small and discernible only with high repetition rates. It has been
suggested that the microsecond lifetimes observed in PS and its increase with emission wavelength
arise from nonradiative processes [8]. This involves the tunneling of carriers from confined zones
toward more extended and less passivated regions where nomadiative recombination can occur.
This model correctly predicts the PL lifetime variation with emission wavelength in PS. Though
we observe long lifetime components that have similar wavelength dependencies, their contribution
is small. This may be the result of the limited spatial extent of our nanocrystalline system, which
fundamentally differentiates it from PS. As suggested by the HRTEM, the Si nanocrystals are
either monodispersed or aggregated into small clusters of nanocrystals. As a result, tunneling into
more extended and less passivated regions is limited. Most of the recombination occurs within a
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single nanocrystal. Our observation of similar ns PL decays throughout the visible suggests that
the recombination within the nanocrystal core may be via localized states in which transport of
carriers is the limiting process.

Figure 4 shows the dependence of the PL spectra with the excitation intensity, where we
have normalized the spectra to the height of the blue peak. The excitation consisted of 400 nm
-150 fs pulses. The range of excitation intensities extends from <1 mW/cm 2 continuous wave to
-319 MW/cm 2 peak intensity. A definite change in the spectra is seen. Increasing the excitation
intensity increases the proportion of the blue peak at the expense of the red peak. This effect is not
permanent and is reversible. There is no discernible shift in peak positions, as would be expected
from a radiative tunneling mechanism between localized states. The spectral changes only involve
the red and blue peaks. There is no smooth spectral transition that would involve, for example, a
green peak. The red peak coincides with what is widely reported for the luminescence from PS.
Figure 4 demonstrates that the states responsible for the blue and red emission can be accessed
from each other.
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Figure 4. Dependence of PL spectra on the excitation intensity. The spectra have been
offset to allow comparison.

We suggest the following model for the intensity-dependent PL spectra, Our data show
that the blue transition has a faster emission rate than the red transition. Furthermore, carrier
excitations can transfer between the states involved in the blue and red emissions. As a result, the
states involved in the blue emission will behave as "sinks" for carrier excitations. This is because a
higher percentage of excitations reaching the states involved in the blue emission will radiatively
relax than in the red emission due to the faster blue emission rate. Since the red emission has
slower rates, and since interchange between states involved in each transition can occur, this
provides a method to "sink" excitation from the red to the blue emission. Therefore, at high
excitation intensifies, the states involved in the red emission will effectively saturate because of the
lower emission rate. Consequently, as the excitation intensity increase, more and more emission
will originate from the states involved in the blue emission. Within this model, the fast PL decay
observed in figure 3 may possibly be interpreted as the transfer time from states responsible for red
emission and states responsible for blue emission. This model is similar to the observation in
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donor-acceptor pair recombination processes in which the peak of the emission shifts to higher
energies as the excitation intensity increase [9].

As discussed above, it has been suggested that the blue luminescence originates from
molecular Si species since the PL decays are exponential and the luminescence lifetimes are short
and show little dependence on emission wavelength. It is also possible that the blue emission
arises from extremely small Si crystallites imbedded in an oxide host. Small crystallites are
required to account for the ns lifetime. This could occur during oxidation just before the Si is
totally consumed and transformed into SiOj. This possibility has also been raised by others
[7,10]. In support of this, it has been observed that only the blue peak will persist at high levels of
oxidation [7. This possibility is problematic to verify because of the difficulty in detecting small
numbers of Si atoms in whatever structural form.

In summary, we observe red and blue PL peaks in Si nanocrystals in colloidal and so)-gel
matrices similar to that observed in PS although with a greater proportion of the blue peak. Our
results suggest that these peaks originate from different processes within different species, and that
carrier excitations can interchange between the states responsible for the two emissions. Previous
work showed that the peaks can dynamically evolve from one into another. We show that
evolution of the peaks can occur by varying the excitation intensity. Our results also show that the
predominance of the ns PL decay is exponential at all emission wavelengths, though there is a
small contribution from long-lived components. The decay of the blue emission does not depend
on the PL wavelength, tc:ough a small and wavelength-independent long-lived component is
present. The decay of the red emission has a contribution from a wavelength-dependent long-lived
component and a contribution from a fast-decaying component. It is suggested that the blue
emission originates from Si molecules, or extremely small Si crystallites imbedded in an oxide
host. Quantum confinement cannot directly account for the blue emission. Our results also
suggest that recombination occurs predominantly within the nanocrystal core via localized states in
which transport of carriers is the limiting process. Finally, there is no evidence for intensity-
dependent decays, indicating that the PL dynamics are not carrier density dependent.
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ABSTRACT
This paper describes the processing of rare-earthlorganic dye composites fabricated N ia three

different sot-gel routes. In the first approach, low hydroxyl ormosil matrices were fabricated via
reaction of a methyl-modified silicon halide with tertiary alcohol and subsequently doped with
erbium iodide and a near-infrared dye. In the second approach, gels were made from
tetramethoxysilane and doped with erbium complexes and dyes. In the third approach, a hybrid
siloxane method was used. No Er3* luminescence at 1.55 mm was observed in any of the three
cases, mainly due to the strong absorption of the matrices centered around 1.4 mm. Fluorescence
of Er3 + in the visible was observed in the fust matrice, but no dye luminescence was detected. Dye
luminescence was observed in the second type matrix, along with some reabsorption of the dye
luminescence by Er 3+. In the third approach, neodymium exhibited optical activity in the near
infrared, as well as the dye.

INTRODUCTION

Within the last few years, it has become apparent that the low processing temperature of sol-gel
is an important advantage of the technique. Innovatve hybrid organic-inorganic materials may now
be processed, combining species within a solid matrix that would not have coexisted with
conventional processing techniques. The prospects for synthesis of innovative materials with
unique properties are indeed very exciting. For example, gels have been extensively investigated as
matrices for a variety of organic moieties such as organic laser dyes, saturable absorbers,
complexing agents, enzymes, proteins, photochromes, molecules with large optical non-linearities,
polymeric chains, etc.[I],

Gels have also been explored as possible hosts for optically active inorganic species such as
lanthanides[2]. Therefore, it seemed interesting to study the combination of both optically active
organic and inorganic species within the same matrix, a combination which only the sol-gel process
allows. Such a material could have interesting properties, for example in terms of energy transfer
between both species. The strong absorption of organic dyes over a wide spectrum range could
have technological advantages as sensitizer of Er3 +, which has a small absorption cross-section at
near-infrared wavelengths. An increase in Th luminescence due to co-doped Coumarin was
observed by Genet et at in thorium phosphate gels [3].

In this work, we investigate three matrices for rare-earths and organic dyes in terms of
luminescence quenching and dye stability. Three approaches were selected for matrix processing:
non-hydrolytic ormosils, rare-earth complex doped gels, and mixed siloxanes gels.

GEL PREPARATIONS

Non hydrolytic gels

Non-hydrolytic ormosils were processed in a Schlenk line under nitrogen according to a
technique described elsewhere [41. Methyltrichlorosilane was reacted with tertiary butanol (Aldrich
Chemicals). The solution was doped with anhydrous erbium iodide (99.99%, Aldrich Chemicals)
prior to gelation, as well as with IR 125 and HITC in dimethyl sulfoxide (DMSO, Aldrich
Chemicals). Gels were cast in glass vials and dried at room temperature under nitrogen.
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Erbium(fod) was obtained from Aldrich. The matrix material was processed by mixing
tetramethoxysilane( I mole) with methanol (4). Dimethyl aminopyridine (0.01 mole) dissolved in
water (4 moles) was added dropwise. The solutions were doped with Er complex and the infrared
dye dissolved in ethanol. The gels were cast in glass vials were dried at room vmperature

Mixed sloxane

A modification of a method described by Koslova et al 171 was used. Methyldiethoxysilane
(MDES, Petrarch Chemicals, I mole) was mixed with water (I mole). Rare earth (Nd,Er)
methoxyethoxides in methoxyethanol were purchased from Gelest. The methoxyethoxides were
refluxed with Zr-n-propoxide ( Fluka, I to 9 molar ratio) before being added to the prehydrolyzed
MDES solution. The dyes in ethanol were added after the evolution of H2 gas subsided. The
solution was coated onto a glass substrate several times in order to obtain films of about 100
micrometers thickness.

HITC, DTfC and IR 125 infrared dyes were obtained from Exciton.

RESULTS AND DISCUSSION

Low hydroxyl Ormosils

The reaction of tertiary alcohols with silicon halides has been previously described 15 1. Whereas
the reaction of silicon halides with primary o- secondary alcohols leads to the formation of silicon
alkoxides, the case of tertiary alcohols is somewhat different. The formation of a Si-O-Si network
follows the overall reaction

2 (CH3)SiC] 3 +(CH 3)3COH---> (CH 3)SiCI 2OSiCI2(CH 3)+HCI + (CH3)3 CCI

through cleavage of an O-R bond rather than the Si-O bond. This effect stems from a strong
donor effect stabilizing a carbocation in t-butanol. Our preliminary research has indicated that the
reaction proceeds even if one chlorine is substituted by a methyl. Non-reactive CH 3 groups
decrease the possibility of OH bond formation through reaction with the atmosphere, increase the
hydrophobicity of the matrix, and allow the processing of materials with tailorable mechanical
properties. The properties of the matrix are described in greater detail elsewhere (4]. The IR spectra
in the region of OH vibration shows a drastically reduced OH concentration compared to
conventional materials (Fig.l).

Er 3 ' luminescence was observed in a low-hydroxyl CH 3SiOI1 s around 550 nm when pumped at
488 nm (Fig.2), However, no infrared luminescence was observed with 800 nm pumping.

Luminescence of the infrared dye could not be observed in these materials. This was ascribed to
the acidity of the matrix which damaged the dye. Attempts to backfill the dried gel with the dyes in
an ethanol solution failed because of the hydrophobicity and pore size of the matrix.

Low-hydroxyl
ormosil

I Convention a

U ormosil

E Figure 1- FTIR spectra of conventional
(Vinyltriethoxysilane) and non-hydrolytic
Ormosils

4000 J400 290M 2400
Wavenumber(m- 2)
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Figure 2. Luzinecence of Er3 in a low hydroxyl
CH3 SiO 1 5
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Energy (eV)

Rare-earth complexes-doged gels

Europium complexes have been
reported to exhibit luminescence in the visible
in sol-gel matrices 161. This behavior is
linked to the shielding effect of the large 0 CFnnC"

!igands surrounding the trivalent rare-earth 01 /
which rcuer the 4f !-ctrons less sensitive to 'C
surrounding OH (Figure 3). It appeared C/ \
interesting to investigate the optical properties 0 C\ o c,.

of Er complexes in gels. Because acidity is 0cU

detrimental to dye stability, the gels were o
catalyzed with dimethylaminopyridine. The -cOU)3-c I

solutions gelled in 12 minutes. Owing to the 'C
presence of DMAP, the infrared dyes
remained stable in the matrix for several cnc
weeks.

Figure 3- Er (fod) complex

Figure 4 shows the emission spectrum of DTTC with a dip at 800 nm 4. cribed to reabsorption of
the dye luminescence by the rare-earth.

Dye -. Dye/Er

< .<

780 800 820 840 780 800 820 840
Wavelength (nm) Wavelength (nm)

Figure 4- Reabsorption of dye luminescence by Er3+ at 800 nm.
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Nd Hyb.' id siloxanes have been shown to be promising\ I d materials for rare-earth luminescence, in part
9 because the matrix may he tailored to be

hydrophobic and expel luminescence-quenching
< water molecules [7]. They also have the advantage&of not requiring acid catalysis, to which near-JR

---M- dyes are greatly sensitive. In zirconia-catalyzed
50 6& 7M MO siloxanes, the color of IR dyes remains unchanged,w,,,th (M ) blue-green, indicating a greater stability in these

Nd I HITC Figure 5 shows the absorption spectrum of Nd 3* -

doped ormosil for a Nd 3* concentration of ca. 1021
Nd 3 +/cc. Th absorption lines are broad, which is

Scharacteristic of a disordered material. When the
Nd 3 +/HITC dye composite gel was excited at 800

<nm Nd 3 + luminescence was observed with the
broad band luminescence from HITC (Fig.6).

4 However, the luminescence from HITC decreased
w., . 0t) during the measurement due to the

photodegradation of the dye molecule.

Figure 5- Absorption of Nd3 -doped and
HITC/Nd 3' doped siloxanes

I I , 0I I0 1 1

900 950 10001050 1100 115012(X

Wavelength (nm)

Figure 6. Luminescence spectrum of Nd3  co-doped with HITC. The broad luminescence is
from HITC.

The relatively weak luminescence of Nd3 + indicates a decrease in lifetime of the 4F3t2 state due to
concentration quenching.
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It is noteworthy that under pumping at 800 nm,
uminescence of Er3* doped materials was not

observed at 1.55 micrometers. During our
investigation on the causes of this behavior, we
measured the near IR absorption characteristics of
the gels, and noticed two absorption peaks
centered at 1.19 and 1.4 mm due to matrix
absorption, in addition to Er3 peaks at 980 nm
and 1550 nm (Fig.7). Similar peaks were

< observed for Nd3* doped materials but they are
sufficiently away from 1.06 microns to not affect
Nd3  luminescence. It is particularly interesting to
note that these peaks wee also observed in the case

I of the non-hydrolytic gels and Er-complex doped
600 B0 10o t200 1400 1600 gels with even stronger absorption, which s,es to

Wavelength (nm) indicate that they could be related to overtones of

CH3 vibrations.
Figure 7 -Absorption of the E3 -doped

mixed siloxane matrix in the near IR,

CONCLUSIONS

Three different routes were explored for the fabrication of rare earth-organic dye composites as
the host matrices to investigate optical activities of rare-earth and organic dye composite system in
the near infrared region. No Er 3 , luminescence was observed in all three cases mainly due to the
strong absorption of the matrices centered around 1.4 pm.. In low hydroxyl CH 3SiO.5 Ormosils,
the low OH concentration allowed fluorescence of the dye in the visible but the acidity of the matrix
was detrimental to the stability of the dye. In erbium complex/ IR dye composites, reabsorption of
dye luminescence by the rare-earth was observed. In hybrid siloxanes, both Nd3* and dye showed
luminescence in the near IR. The hybrid siloxane was shown to be a promising system to
investigate the properties of NJ" and dye in the near IR.
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NANOSIZED METAL PARTICLES BY CONTROL OF THE METAL DISPERSION
DURING SOL-GEL PROCESSING
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ABSTRACT

The previously developed method to prepare highly dispersed metals in SiO 2 by sol-gel
processing of metal complexes containing alkoxysilyl-substituted ligands was extended to the
preparation (i) of bimetallic particles in Si0 2 and (ii) of highly dispersed metals in Ti02

INTRODUCTION

Contrary to conventional methods for the preparation of highly dispersed metals IlI on
oxidic sipports (impregnation, precipitation), the sol-gel process 121 allows the preparation of
nanosized metal paiticles with narrow particle size distributions and adjustable metal loadings.
The inherent advantages of this process can additionally be exploited, such as the tailoring of
the microstructure of the oxide matrix, or the preparation of sols with a defined rheology
suitable for coatings.

The key to control the metal particle size is the maximum dispersion of the metal precur-
sor during the sol-gel step. Anchoring of the metal precursor to the support via Si-O-M links

(M = transition metal) was very successful in several cases 13,4]. We developed a more gene-
ral method of anchoring metal complexes to gels, by using the readily available compounds
(RO) 3 Si-X-A. Instead of linking the metal atom to the silicate network by an oxo bridge.
organic groups are used. The group A is an organic function capable of coordinating to metal
atoms. X is a chemically inert spacer, for instance a (CH2)n chain. The link M-A-X-Si is
easily chemically adjusted to the requirements of a particular metal or to particular reaction
conditions.

The dispersed metals were prepared by a three-step procedure, as previously reported 15.61
(Scheme 1). In the first step a solution of a metal salt, a silane of ?he type A(CH 2 )3 Si(OR) 3

(A = NH 2 , NHCH 2 CH 2 NH 2 , CN, ICH 3 (O)CI2 CH. etc.) and Si(OR) 4 was processed by the
sol-gel method. The functional organic groups of the starting silane coordinate to the metal
ions, and the resulting metal complexes are anchored to the silicate matrix during sol-gel
processing. Aggregation of the metal ions is thus prevented. By the M:Si ratio of the starting

+ New address: Institut fur Anorganische Chemie der Technischen UniversitAt Wien,

Getreidemarkt 9, A-1060 Wien, Austria
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compounds the later composition of the composite is determined. In the second step the n: "'J
complex-containing gels are dried and then heated in air to oxidize all organc M,'iet,-S l)oe
to the high dispersion of the metal ions in the first step, small metal oxide particles arc
formed, which are then reduced to netal particles having diameters of a few nm.

MYm + n A-(CH2 )3Si(OR)3 X X Si(QR;4

+NH3 /H2 0 - ROH

EYmM[A - (CH 2 ) 3 Si'03/21 n Si- ]

02 / 450-550'C !h

MO " (xIf)

142 /T

M - xn) SiO2

Scheme I Preparation of highly dispersed metals in SiO, via organo(alkoxyisilanes (A functional
group to bind the metal ion; X = spacer; Y = counterton).

The metal particle size mainly depends on the kind of metal, the reaction conditions, the
nature of the organic anchoring group, and for some metals also on the metal loading [51. The
obtained metal particles are highly dispersed and homogeneously distributed throughout the
SiO 2 matrix. They are not agglomerated, and their diameters are very small and uniform, even
in the materials with high metal loadings. The particle size distributions are very narrow.

Bimetallic particles 171 on inorganic supports are conventionally prepared by the same
methods as monometallic particles. However, we do not know about any attempts to prepare
bimetallic particles by the sol-gel method. Several investigations showed that the kind of metal
precursors and the reaction conditions have a pronounced influence on the composition of
bimetallic particles. A close contact between the different metals during all stages of the
preparation process generally favours the formation of truly bimetallic particles.

We report two extensions of this method: the preparation of bimetallic particles in SiO 2

and of highly dispersed metals in ceramic matrices other than SiO2.

RESULTS AND DISCUSSION

Bimetallic particles

We applied the (RO) 3 Si-X-A method (Scheme 1) to mixtures of two different metal ions.
The composites CuRu , 30 SiO 2 and PdzNi(l-z) - 15 SiO 2 (for different N ' Pd ratios) were

142



prepared from the corresponding metal acetates or acetylacetonates, (EtO) 3 Si(CH 2) 3 -
NHCI2CH2NI-12 and Si(OEt)4 by the same procedure as the monometallic composites. Very
small metal particles with narrow size distributions were again obtained: the mean particle
diamter (determined by TEM) was 1.6 nm for CuRu - 30 SiO2 . A bimodal particle
distribution was found for PdzNi(l.z)r 15 SiO 2 (mean diameters 5 nm and 17 rnm) (81 as for
monometallic Ni -y SiO 2 composites in an interinediate range of y (2 - 5.5).

Ni and Pd form solid solutions for any Ni/Pd ratio. Therefore, the particle composition can
be determined from the t.c.c. lattice constants, obtained by electron diffraction (the cICLJ,'i
probe being focused on individual particles). Since the presence of Ni allows theimomagnetic
investications. the metal particle composition (from the Curie temperatures) and the metal
particle diameter (from the experimental FMR intensity) were independently determrLied. Both
methods gave a sufficiently good agreement for both size and compositio,- of the alloy
particles 18)

The smaller particles had about the nominal composition while the larger particles Aere
richer in Pd. By simulation of the FMR powder spectra a third. Pd-rich, composition was
identified (for PdzNi(l-z) with z _ 0.3) [81. To balance the starting composition, there has to
he additional nickel in the bulk of the material. Since these nickel species were neither seen by
electron diffraction nor by FMR spectroscopy, they must be nickel silicate species. Incomplete
reduction of the less noble metal is not unusual for bimetallic metal particles on solid supports.

CuNi composites having the overall composition Cu0 .6 Ni 0 .4 - (x+n) SiO 2 were prepared
as the PdNi alloy particles, starting from the metal acetates. 5 molar equivalents
(EtO) 3 Si(CIt2) 3 -NHCH 2 CH 2 NH 2 (n in Scheme 1) and 0 to 10 molar equivalents of Si(OEt)4
(x in Scheme 1) Ni and Cu also form solid solutions for any ratio. The appearance of
shoulders on the X-ray diffraction peaks of the composites indicate an inhomogeneous alloy
formation and the presence of at least two alloy compositions. Satisfactory fits were obtained
by using two analytical Pearson VII functions combined with a least squares optimization
algorithm [0!. The average alloy compositions were then calculated from the obtained lattice
constants. One phase was richer in Ni than the nominal composition, but the fraction of Ni
ci.iged with the metal loading. The composition was Cu 0 .4 5 Ni 0 .5 5 for x = 0. and
C 'u) 1 5 Ni 0 .8 5 for x = 10. Intermediate compositions were found for intermediate x. A second
phase was Cu-rich. but the fraction of Ni also increased with increasing x (Cuo. 9 Ni 0 .1 for x
= 0, and Cu0 6 Ni 0 .4 for x = 10). In order to balance the starting composition, there has to
be additional copper. Since Cu is more easily reduced than Ni, we suppose that there were
additional Cu particles (or Cu-rich alloy particles) which were too small to be detected by
XRD.

Only triclinic CuO (tenorite) and cubic NiO (bunsenite) were found as crystalline com-
ponents after the oxidation step by XRD. This is not surprising owing to the low mutual

micibility of the oxides. The crystallite diameters of the oxide particles (between 15 and 30
nm) were calculated with Scherer's formula from the half-widths of the X-ray reflections.

To find out how the alloy particles develop, we performed in situ reduction experiments in
a high-temperature diffractometer. The metal oxide-containing composite was uniformly
distributed on a Pt foil, and heated fr, mn 100 to 250'C in 100 steps under an atmosphere of 10
volV i2 and 91 vol'7,, N2 . Diffractogramstwere taken in certain intervals (Figure 1).

The reflections at 35 60 and 38.80 are assigned to CuO. the reflections at 37.30 and
43 30 to NiO A reflection of metallic Cu coincides with the 43.30 reflection of NiO. CuNi
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alloy particles cause reflections between 43.3' (100% Cu) and 44.60 (100% Ni), depending
on their composition.

800 CuO Ni CuO Pt Cu alloy
NiO

5 5

C 400

C:

200

350 375 400 425 450

ar,.ge 20 r0 j

Figure 1. Reduction of (Cuo.6Ni0 .4 )O - 6 SiO2 by H2 / N2 (1:9) in a HT-XRD experiment. Trace 1:
120'C. 10 min. Trace 2: 150°C. 10 min. Trace 3: 150'C. 120 mn. Trace 4: 200'C, 10 min. Trace 5:

500'C, 120 mim, pure H2 .

CuO was first reduced upon treatment with H2 , as seen by the weakening of the CuO
reflections and an increase in intensity of the 43.30 peak starting at 150'C (trace 2). NiO was
only reduced above 200'C (trace 4). While the reflection at 37.30 disappeared, a shoulder at
43.9' developed. Since no reflection of pure Ni was observed, the reduced nickel is imme-

diately alloyed. Similar results were also found for CuNi particles on silica, prepared by
impregnation or coprecipitation methods [101. Relatively homogeneous alloy particles (average
diameter 16 ± 5 nm) were only obtained if the composite was held at 500°C for 2h in a pure
H2 atmosphere (trace 5).

The low miscibility and the different reducibilities of the two metal oxides act against a
homogeneous alloying of the two metals. When the metal loading is low, the Cu particles
(which are formed first) are more segregated from each other and from the NiO or Ni
particles. The longer diffusion pathways obviously impede the effective formation of an alloy.
This results in the formation of Ni-rich alloy particles along with (undetected) highly dispersed
Cu (or Cu-rich alloy). At higher temperatures alloying is of course more effective.

The results obtained so far with bimetallic particles in SiO, show that the intimate mixing
of the two metals during sol-gel processing is not sufficient to maintain a close contact during
the oxidation and reduction step. Therefore, future efforts have to be focussed on optimizing
the calcination step to obtain a better homogeneity in the oxide stage.
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Metal / TiO2 Composites

The general approach for the preparation of metal/Si02 composites shown in Scheme I is
also suitable for the preparation of highly dispersed metals in other oxide matrices, such as
A12 0 3 , TiO2 or ZrO2 . Since AI-C-, Ti-C- or Zr-C bonds are not hydrolytically stable, the
grouping M-A-X-E (E = Al, Ti, Zr etc.) must have another chemical composition as for E
Si.

When metal alkoxides are reacted with carboxylic acids or B-diketones, part of the

alkoxide groups is substituted by carboxylate or B-diketonate groups. Upon addition of water
the remaining alkoxy groups are preferentially hydrolyzed, while coordination of the
carboxylate or B-diketonate group is retained. We have previously shown that functional
carboxylic acids or 13-diketones can also be used [11]. Diamino acids turned out to be particu-
larly suitable for the preparation of metal/ceramic composites.

M(OAc) 2 
+ 

n N- 2 (CH 2 ) 4C H (NH2 )CO O H - x TI (OR) 4

+ H20 -ROH

AcO) 2 {M[NH2 (CH 2 ) 4 CH(NH2 )COO]TiO3/ 21n} - (x-n) TiO2

12 /450'C M = CU) 02 /4500C (M = Co, Ni)

CuO x Ti MTi03  - tX-i) TiO2
t

H2 /500oC

N x TiO2 I

Scheme 2. Preparation of highly dispersed metals in TiO-2 from metal acetates by using lysine to
coordinate the metal ions and to bind the obtained metal complexes to the TiO2 gel.

One oxygen atom of the carboxylate unit and the a-amino group chelate the hydrolyzable
metal alkoxide moiety (E(OR)p) 1121, while the terminal amino group coordinates to the metal
ions. With lysine. H2 N(CH 2 )4 CH(NH 2 )COOH, well-defined aminocarboxylate complexes of
the type H2 N(CH2 )4 CH(NH 2 )COOE(OR) p were obtained upon reaction with Ti(OR)4 (R =
Et, Pr. Bu). Zr(OPr) 4 or AI(OBu)3 . The amino end of these modified alkoxides reacted with
metal salts as primary amines to give the ammine 'implexes {M[NH 2 (CH 2 )4 CH(NH 2 )-
COOE(OR)pln} m + . These complexes are employed as precursors for sol-gel processing,
similar to the silicon compounds {MINR 2 (CH 2 )3 Si(OR)3 1}m+. The preparation of the
metal/ceramic composites (Scheme 2 for metal/TiO2) is basically the same as for metal/Si0 2

(Scheme 1).
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When calcination in air is carried out at 450°C, the organic groups are completely
removed, and an anatase matrix is formed. Oxidation temperatures higher than 550°C result in
the appearance of rutile. With copper as the transition metal, CuO particles are formed, as in
tw! silicate system. Contrary to this, the titanates MTiO3 are formed starting from cobalt or
nickel acetate. Reduction with H2 at 500°C results in highly dispersed metals, independent of
the composition in the oxide stage (Scheme 2). From the line broadening in the XRD spectra,
average particle diameters of 12 nm were calculated for Co- 6 TiO 2 , 9 rm for Ni. 6 TiO 2 , and
21 nm for Cu.4 TiO2 .

CONCLUSIONS

Our method for the preparation of highly dispersed metals on oxidic supports by using
organic ligands for coordination of metal ions and for anchoring the metal complexes during
sol-gel processing. which was previously developed for monometallic particles on SiO 2 ,
appears to be very general. It can also be applied to control the metal particle size distribution
in bimetallic particles. By proper modification of the organic spacer group the metal dispersion
on ceramic materials other than Si0 2 can be controlled as well.
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ABSTRACT

Sponge type deposits composed of nanometer sized Si whiskers
-v're formed on Davisil (porous S;"2) gel substratc. 3v chemical vapor
deposition (CVD) using methy!trichlorosilane (MTS) as a precursor and

H 2 as carrier gas. The diameters of the fine whiskers are estimated to be

100 nm or smaller from SEMI observations. XRD analyses revealed that
the coatings formed at 8(10 and 900'C contained tnicrocrystalline Si and

the Auger analysis indicated the existence of free carbon. The surface
area of the coated Davisil was approximately 189 + 5 m2 /g, as obtained
front BET measurements. The coatings were also applied on several

other substrates, such as AIN and low surface area (< 224 m2/g) silica

gel. with the same coating conditions. On these substrates, highly porous
Si has also been observed on AIN substrates, and nonporous, half sphere

shaped coatings ,vere observed on low surface area silica gel substrates-

INTRODUCTION

In recent years the syntheses and properties of submicrometer

(100 nm<diameter< I mm) and nanoscale ( 1 nm<diameter< I 00nm)
particles have aroused tremendous interest. 1- 6 Both submicrometer and
nanoscale particles find wide applications in differe'nt areas, such as

catalysis. ceramics. electronics, optical devices. Nanophase titania (TiO2)

is a better catalyst than conventional forms of titania in removing

*To whom all correspondance should be addressed.
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sulfur 7 . Nanophase ceramics can be mire ductile than traditional
ceramics at low temperature t , and nanophase metals can be much
harder than large grained metals. Polymer composite consisting of
nanosize iron oxide particles have unusual optical and magnetic

properties. 7  It is also possible to make quantum dots and quantum
wells by manipulation of nanoscale materials which can control the
movement of single electrons which can result in new developments in
the electronics industry. 8  Various synthetic methods have been

developed to make ultrafine particles including physical vapor
deposition (PVD), 9 - 10 solution methods (sol-gel process, solvated metal
atom dispersion), I 1 - 13 mechanical milling of solid phases, and self-
assembling methods. 14

!'n thi s;tvdy, chemical vapor deposition methods were employed

to deposit ultrafine porous silicon on different substrates. It has recentINk
been discovered that porous silicon can emit visible light.t 5 - 17 This is a

very important discovery since it demonstrates that silicon has the
potential to he used as photoelectronic material. anostructured
materials usuallN have very large sorface areas, thus porous nanoscale
silicon also has the potential applications in photocatalysis.

EXPERIMENTAL

I. Chemical vapor deposition of Si (or StC):

The deposition of Si was conducted at atmospheric pressure at

temperatures between 800'C and I 100'C. Methyltrichlorosilane (MTS)
was used as the precursor with H2 as the carrier gas. The flow rate of 112
was varied from 21 mL/min to 72 mL/min and the deposition time used
varied from 40 min to I hour. The substrates used in this study are
Davisil porous silica gel (grade 6461, 35-60 mesh, pore sizes are 15 nm,
Aldrich Chemical). AIN (lab made) and low surface area silica gel (28-

200 mesh. Fisher Scientific).

2. Characterization:

Scanning electron microscopy (AMRAY, 1810D) was employed to
investigate the morphologies of the coatings and to estimate the sizes of
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the particles or whiskers. The structure and the crystallinity of the

coatings as well as the substrates were studied by X-ray diffraction

using a Scintag PDS 2000 diffractometer with a monochromatic X-ray
beam and scintillator. Cu Koa radiation was used at a current of 40 mA

and a voltage of 45 kV. X-ray photoelectron spectroscopy (XPS) and

Auger electron spectroscopy (AES) were used to study the chemical

compositions of the coatings. The surface areas of the coated materials
were measured by the BET method using N2 as the adsorbant.

RESULTS AND DISCUSSION

I. Deposits on Davisil (porous SiOz. ggs.

XRD studies indicate that as-received Davisil (SiO 2 ) gel is

amorphous, and remains amorphous even after being heat treated at

900'C in air for 40 min. Several experiments were designed to explore

the optimum experimental conditions to form nanometer sized Si
whiskers on Davisil substrates. In atmospheric pressure CVD reactors,

the major variables are; deposition temperature, flow rates of reactants

and the deposition time.

It was found that the reaction temperature was critical for the

formation of Si whiskers. A H2 flow rate of 19-80 mL/min and a

deposition time of 5-60 min were used and the deposition temperature

was varied from 700'C to 1050'C. No deposition was formed at 700'C

while at 800'C and 900'C, Si whiskers were formed on the surface of

Davisil gels with few particles (Fig. la & lb). The diameters of whiskers

formed at 800'C were estimated to be less than 100 nm by the SEM

observation. The diameters of whiskers formed at 900 0 C, however.

ranged from 100 nm or less to about 500 nm.

At higher temperatures, 1000 and 1050'C, almost no Si whiskers
were formed as can be seen in the scanning electron micrographs (Fig.

Ic).

The XRD data indicate that the deposits formed at 800'C and 900'C

on Da ,isil contained crystalline silicon (Fig. 2a & 2b). The deposits

formed at 1000'C and 1050'C, however, were amorphous as revealed by

the XRD data (Fig. 2c & 2d). The X-ray line broadening calculation
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Fig. 1. Scanning electron micrographs of Si deposits on Davisil at
(a) 8000C, (b) 9000C, (c) 10000C and (d) 1050*C.
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Fig. 2. X-ray diffraction of (a) Si deposits on Davisil at 8000C; (b) Si
on Davisil at 900"C; (c) Deposits on Davisil at 1000*C and (d)
deposits on Davisil at 1050 0 C.
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Fig. 3. X-ray diffraction of (a) SiC deposits on AIN at 1050 0C and (b)
amorphous 9i deposits o'- AW! at 8001C.
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Fig. 4. XPS detailed scan of Si 2p peak from Si coated AIN at 800°C
showing the existence of elemental Si.
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indicates that (he Si whiskei-s formed at 800 and 900°C has particle sizes
ranged around 120 A.

The flow rate of H2 with MTS and the deposition time also have a

direct impact on the formation of Si whiskers. It was found that at high

flow rates and long deposition times, amorphous particulate form of

deposits are produced.

The surface area of as-received Davisil is 224 m 2 /g, and it
decreased to 185 m2/g after being heated in flowing N2 at 900'C for 40

rin. The surface area of whisker Si coated Davisil was 189 m2 /g which

is evidently close to that of heated Davisil. All the surface area

measurements were conducted on the same BET apparatus.

2. Deposits on other substrates.

In order to study the effect of substrates on the formation of Si
whiskers, several different materials such as AIN and low surface area
SiO 2 gels were used as substrates. The coating conditions werc kept the

sate as that fc, coatings on Davisil.
The deposits formed at 1050'C on AIN substrate contained

microcrystallini_ P-SiC (Fig. 3a) which is evidence by the split of peaks.
However, the deposits formed at 800'C on AIN substrates were
amorphous (Fig. 3b) since all the peaks correspond to AIN with no
noticeable peak splitting. XPS studies showed the existence of Si on the
surface of coated AIN (Fig. 4). The deposits formed on AIN at 800 and

1050CC both appeared to be porous, even though they may not he in a
whisker form (Fig. 5a & 5b) but in a particulate form.

On low surface area silica gel, which has much higher density than
Davisil, half spherical Si particles (with approximately 3 4m radius) were

formed on the surface as shown in Fig. 6. The deposits were amorphous.

On these silica gels, evidence of whisker or porous deposits was not

observed.

XRD and XPS studies suggested that at lower ;ernperatures (800

-900 0C) amorphous or nanosized crystalline Si were formed. However, at
high temperatures (>1000°C) amorphous or crystalline fl-SiC were

formed. This is in accord with the phase diagram reported by Veltri et
al,18 which showed that at atmospheric pressure, Si is formed at

temperatures below 1000'C while SiC is formed at higher temperatures.
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Fig. 5. Scanning electron micrographs of (a) Si coated AIN at 1050-C

and (b) SiC coated AIN at 8000C.
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Fig. 6. Deposits on low surface area SiO2 gels showing the solid i.,f-
spherical deposits. no porous deposits were found.

The XRD data also indicated that it is more difficult to fori 3 SiC on

)aviil than on AIN xuhtrates.

CONCLUSIONS

Sponge type Si. which is composed of nanometer and submicron

size whiskers, was formed on Davisil (porous SiO2 gels) at 8(1 to 900 C

by CVD using methyltrichlorosilane (MTS) as a precursor. SEXt data
suggest diameters < I fim and XRD data suggest an average diameter of

123 .A for Si whiskers on Davisil. The coated Davisil has a surface area of

189 m2 /g. which is very close to its original surface area (224 m 2/g).

The same deposition conditions resulted in solid half-sphere filled types

of coatings on low surface area SiO 2 gels. At temperatures above IO0°C.

solid particles were formed on Davisil. However, porous but crystalline

O-SiC was formed on AIN substrates with a deposition temperature of

1050'C, Whisker formation may result from kinetic and steric

constraints due to the porous nature of Davisil.
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MATERIALS AND METHODS

The Al tri- i'c-butoxide (Aldrich, Milwaukee) is diluted with Lc-butanol to an aluminum
molar concentration of 0 43M The hydrolysis is induced at two stages. namely before (pre-
hydrolysis) and after (post-hvdolvsis) an aging period of three days at 80'C. unaer continuous
stirring The pre-hydrolysis consists in a rapid water addition to reached r 0 7 The sol was then
aged Different gels were obtained depending on the post-hydrolysis ratio and subsequent
treatments In fact the post-hydrolysis is a base-catalysed process Either 0 7. 1 4, 2 8n-' of
aqueIouis amimonium hvdroxide solution (28-30%,' NH 3 in weight) diluted in l00mL of sci -butanol
is added to 100ml of pre-hydrolysed sol and stirred vigouroslv for S minutes The "nal
h droly sis ratio r is either 1 65, 260 or 4 50 Then the gel are ptocessed into different %Va,.;,
either the solvent is evaporated to dr y ness in an oven at 70'C (gel processing Il) or the gel is
centrifuged, washed three tinies with fresh sec-butanol ,then freezed-dried overnight and fi, ally
dried at 8C'C for 24 hours( gel processing 1) In one variant, the pre- and post- hydrolysis are
combined into a one step hydrolysis followed by gel processing of type I Finally, one set of
samiple was prepared starting with Al ethoxide (Janssens, Bruxelles, B!ulin ethanolic
solution The pie-liwdtolvsis and fm:t! r atio are 0 7 and 2 90 respectivel-.

TFie gels w ere Sulbsequentlv calcined at 550, 600, 650. 750"C for twtc'rs 'iours The os en
temlperature %kas increased fronm room tenmperature to the final temperature at ,ate ot ISO C per
hour The samiples, will be named according to the e~perimiental procedure (Table 1) For instatnce,
,,el A- calcined at s50 C will lie called A5Soi

CIIARACTI5RIZATJON TECHNIQUES

File- Al NIAS NNIR spectra of the gel (before calcination) and alutnitta (after calcination)
w ere recorded at 130 3 Mlhz and a spinning rate ca 12-I 4Khz Single pulse excitation using
0 usec (V I ) pulses and a delay time of 50 maec was used

Thle oniplete nitrogeti adsorption-desorption isotnermis were recorded after outgassirig at
,00 C for at least 2 htours uLsig the Omaiisorb IC0 (Coulter Co ) in -latic roode The pore size

di~tribution is obtained from ne desorption isotherms. using the Barret et Al [31 algorithm and
tSutttzc\Itidrical pore shape

Carbon atud nitrogen analysis wkere carried out and X-ray (Cu Kiw dtffractogranis were
recorded ott ornte samples

RESlL'IS AND DISCUSSION

Ihle miain0 info rimation concertintrg the gel processing the theirtal treatmenit a-.2c the
phssico-cheinical characterization are summarized in table I As it was demonstrated befor I1],
the Al content is a \aluable parameter to probe the sample thernmal evolution and wi' Ix_-
correlated to reaction nmechanism and physical properties Thus it wi.ll play a major role in the
discutssiotn
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Table 1. Summary of the experimental procedure and of the sample characteristics

G,' ID Final , Process Firing Surface Area Total Pore % Pore Vol %AI / %Al"

Icmp CC I (m:/gr) Vol (rL,'11 0 < f mm

A 26o I' 550 339 0 376 938 42 ) 39 3
65(1 286 0258 91 1 377 188
75o 142 0221 922 29)

'  
20

B 2 t,(' 1 550 380 ( 345 85 7 299 29 6
700 200 () 298 91 6 j5 A 5 9

C 4 50 I 5,0 344 0 712 55 9 32 7 27 4
950 251 Q 534 54 5 27 S 2 5
75o 193 ) 424 5 1

D I f95 II S5 t, 104 o 627 45 ) IF l 28 7
750 .67 0 522 25 A

" 2660 II 5,'1 324 (,882 2 1 42 17
6(10 367 0903 33 2
750 185 0 73{1 174

F 2 6(, X 550 305 '8'S8 28 2 26 1 V)

(II AIOR , A l ehfxilde
(2, Sce tCxt
(1) (n,- step ,, nthess

B A550,0

----------------A 50

AG$

5 to 25 20 i

l~ - PsD4meA ASto

0.2 ... DMLO

Fig.l "Al MAS NMR spectra of selected samples FIg.2 Pore size distribution of samples A-E calcined
calcined at 55OC. Bottom: simulation of 85O at 550°C (Al. Comparison of Samples A and E
spectrum; dotted lines am the individual calcined between 550°C and 750C IB).
contributions, the solid line is the sum, the solid
squarts conespond to the esperimental data.
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Our goal was to produce Al' rich aluminas and to simplify the former procedure First of all, the
reaction yield has been improved considerably. 85 to 1 0 0 % of the aluminum alkoxide is
hydrolysed and is ultimately transformed to aluminas whereas the yield was as low as 30% in
the procedure reported earlier. Accordingly the gels contain less carbon this is about 10% in
weight compared to more than 30% before

The 2
'AI MAS NMR spectra of a typical transition aluminas show two resonance at 65 and

8 ppm corresponding to aluminum in tetrahedral (Al") and octahedral (Al") position respectively
The ratio of the two peak is I to 2 as expected in a spinel-like structure For the aluminas
produced by this sol-gel , there is in addition a contibution at 35 ppm (Fig 1) assigned to
pentacoordirated aluminum

The Al' concentration increases with increasing calcination temperatures and reaches a
maximum around 450-550°C Then it decceases and almost disappears upon calcination at or
above 750'C It is worth mentioning that the few Al' remaining after calcination at high
temperature are concentrated at the surface. The intimate modifications encoutered by the sample
during thermal treatments are depicted when deconvoluting the 2 'AI MAS NMR spectra Without
going into the details of the deconvolutions procedure[41, the following facts are observed The
gel is a relatively homogenous and well-organized (at the local scale) material The resonances
are narrow and can be simulated with low quadrupolar coupling constant IQCC). narro"
distribution of quadrupolar parameters and reduced overall broadening Calcination at 550C
maximizes the disorder and increases the line widths This can be accounted for bv increasing
the width of the QCC distribution as well as the overall broadening At 750'C. the material starts
to reorganize, as it is evidenced by the decrease in line width and the appearance of some X-
ray diffraction lines (vide infra). If one compares the samples at 550'C, a consistent trend is
observed, as the Al' content increases the width of each individual line (Al' '. AlI".A ) increases
also Thus the Al' appears in highly disordered structures

It is also evident that the Al' concentration'is controlled by the experimental procedure Large
pre-hydrolysis ratios inhibit the Al" foi ation [1.5], so that r must be kept around 0 7 during
the aging period to obtain high yield of pentagonal species The post-hydrolrsIs ratio is also a
critical parameter Using the gel processing I. r can be increased up to about 3 without altering
the gel properties, only the reaction yield is improved Over a final hydrolysis ratio of 3 . the Al'
content starts decreasing (compare sample A550 and C550) The two gel processing I and I)

give some interesting insight into the sol chemistry. In fact method I corresponds to a rapid
hydrolysis The ammonium hydroxide solution is added and reacts for 5 minutes Then most of
the unreacted water is washed away and finally the traces of water left are frozen during the
freeze-drying step Thus the hydrolysis proceeds for a short period of time and the freeze drying
procedure prevent the gel to agglomerate and/or condense further On the opposite, method I1
allows for an extended condensation and removal of the alkoxide residues It is worthwhile to
remember that the hydrolysis rate constant is 4 to 5 order of magnitude larger than the
condensation rate constant in the Si(OR)4 and Ti(OR)4 systems [6.7] It is likely that procedure
I isolates the hydrolysed products with limited condensation, whereas condensation between
partially hydrolysed oligomers is expected for procedure If. We also conducted an acid-catalysed
reaction where the ammonium hydroxide was replaced by HCI 6N The product shows large
amount of Al' but the surface area was rather low (200 versus 300m2/gr) Theses observations
confirm the fact that base-catalysed condensation leads to highly branched polymeric species. For
the one step hydrolysis (sample F), the pre- and post-hydrolysis are combined and followed by
the gel processing of type I AIv is almost absent showing the importance of the pre-hydrolysis

and of the aging period It is possible that the first reaction produces a well-dispersed sol that acts
as "seed" for the second hydrolysis

All the results dtscusssed up to now where obtained starting with the A) tri-vec-butoxide This
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alkoxide already contains Al" [81 thus a legitimate question can be raised Is the Al observed
for the calcined powder related to the nature of the alkoxide9 Is the alkoxide the chemical
precursor' To answer this question , we produced a gel equivalent to sample A but using the Al
ethoxide. The precursor is solid and contains less than 5% of Al' and All" As it can be seen
(Fig 1, Table 1), the Al ethoxide lead also to Alv rich alumina, Without overlooking the influence
of the alkoxide nature and of the solvent on the hydrolysis and condensation reaction, one can
conclude that Alv is produced eventhough it is not present in the alkoxide Al' depend on the
degree of condensation of the structural (tetrahedral and octahedral) elements Misfits in the
condensation would produce Al v.

The pore size distributions of each sample calcined at 550'C and of sample A and E activated
between 550 and 750C are displayed in figure 2A and 2B respectively The total pore volume
and the surface area are summarized in table I. At a constant calcination temperature the different
samples have similar specific surface area, whereas the porosity is deeply affected by the
hydrolysis ratio and the gel processing, as also observed for the Al' yield Thus it is not
surprising to find a relationship between porosity and aluminum coordination As the Al' content
decreases, the pore volume increases (Fig, 2A and table 1) and because the surface area is more
or less constant larger pores are developped. If samples A550 and B550 are compared, its seems
that a low r ratio (26) tends to produce a structure with a very narrow pore distribution centered
at 4nm Increasing r to 4 50 (sample C550) generates a solid with a poorly defined porosity
centered around 6nm Long condensation periods (procedure II, sample D550 and E550) or too
short a reaction time (sample F550 ) produces large but badly defined pore volume The pore size
distribution in gels calcined at increasing temperature shows (fig2 B) an interesting feature
Eventhough the specific area drops by as much as 50%. a sample with narrow pores tend to
preserve its pore structure When the pore are larger at the origin .they become still b:gger at
higher calcination temperature (sample E) The pore size distribution is a good probe to follow
the thermal evolution of the powder and evidence a textural memory up to at least 7S0YC

The influence of the Al' concentration in the gels calcined at S50'C on their thermal
evolution is shown in figure 3. The surface stability is the surface area left at 750"C expressed
in % of the surface measured at 550'C The crystallinity is the ratio of the width at half
maximum intensity to the maximum intensity of the X-ray reflection at 20=46' In fact. y-alumina
X-ray pattern is observed It is clear that sintering and recrystallization are favored by a higher
contents in Al' as true for any surface defect [9]

Finally, it would have been interesting to compare the structural and textural information
reported above to small angle X-ray scattering data. Only one sample ( sample IlI A in ref I ,
fresh and calcined at 550'C) similar to sample A was studied Both the fresh and calcined
powders exhibit an extended Porod region, l=const*Q " with a Porod slope ct=4 Such a behavior
would indicate that the gel and the corresponding alumina are non-fractal [6), e g the mass fractal
dimension is 3 and the surface is Euclidien The scattering function shows a nice corelation peak
near r= 0 006 nmn and a coorelation lenght ca I0nm High resolution transmission electron
micgrography of the sample calcined at 550'C reveals aggregates of small pseudo-spherical
particles 2 nm diameter looking like quasi-linear strings of beads separated by voids with
average width of 3 nm These voids are forming slit-shaped pores, the a'erage distance between
their centers being on the order of 8nm.
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ABSTRACT

Composites of amine terminated butadieneacrylonitrile (ATBN) and montmorillonite
(MMT) were prepared by ion exchange between the onium salt of the polymer and the
interlamellar cation of the mineral following two different preparation approaches. The first
carried out the ion exchange in situ and user! dioxane, a better solvent for the polymer, and the
second administered the onium sal, to MMT using dimethylsulfoxide (DMSO). Elemental
analysis and IR spectroscopy indicated that all the ionic sites of the mineral have been occupied
by polymer end groups. The d (001) spacing and the span between the internal lamellar surface
were only expanded to about 14 A and 5 A, respectively, suggesting horizontal packing of the
polymer molecules. TEM of microtome sections prepared from compression molded composites
revealed that the lamellae, laminated with polymers assembled into multiplets of about 5 nm for
both preparations. The multiplets clustered into mineral rich domains whose average size was
250 nin for the DMSO preparation. Finer clustcrs (70 nm) were obtained by the first method.
This three fold decrease in the average domain size was attributed to the strong solvation power
of dioxane in the binary solvent and to the locale of ion exchange.

INTRODUCTION

Interest in the properties of corn excs c- organic molecules with layered silicate minerals
III has been driven by a remarkable lev&, d .therent activity. The crystalline structure of this
class comprises two dimensional crystalline regularity (layers or lamellae) superposed without
any regularity except for a constant separation and held together by relatively weak forces. Even
though activity of various cationic species have been studied [2], the bulk of the literature is
focused on Na and Ca montmorillonites [31, perhaps due to their natural abundance. Several
technologies have been developed on basis of organophilic montmorillonites prepared by ion
exchange or adsorption of small organic molecules into the interlamellar spacing [4-91. The
swelling characteristics of montmorillonites have been recently exploited to effect shrinkage
control of concrete/polymer mixtures [10], nylon 66 [111 and epoxy compounds [121. The
structural and morphological characteristics of montmorillonites have been used to prepare
polymer/clay nanocomposites including nylon 6 [13-171 and polystyrene [18,19]. A recent U.S.
patent [201 describes fifteen examples of composite materials based on the intercalation of vinyl
monomers, prepolymers or functional polymers with smectic clay minerals. In all, but few
reports [15,17,18,21,22] nanostructure was concluded from WAXD measurements of the
interlamellar d (001) spacing, neglecting the fact that interlamellar expansion is possible without
disaggregation of the mineral [11,121. More recently, Usuki and coworkers reported a TEM
micrograph denoting the nanostructure dispersed into a rubber compound [21,22]. In view of
the fact that the properties of structured materials arise from their morphological organization,
this paper pursues the morphological hierarchy of ATBN-g-MMT and examines the effect of the
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ion exchange method on the evolution of the nanostructure in an attempt to elucidate the "rules*
by which this evolution occurs. A companion publication [23] continues to clarify yet another
issue in the preparation of montmorillonite/polymer hybrids. That is the significance of
chemical and physical bonding in these materials.

EXPERIMENTAL PROCEDURE

The clay mineral used in this study was Na-montmorillonite (colloid ir') from Southern
Clay Products, Inc. (Gonzales, Texas) with cation exchange capacity (CEC) of 114.8 m.eq/100
g. The polymer, amine-terminated butadiene acrylonitrile (Hycar ATBN, 1300x16) with
Brookfield viscosity of 2x105 mPa.s at 27"C and a glass transition temperature of -510 C was
obtained from BF Goodrich, Specialty Polymers & Chemicals Division (Cleveland, OH). Using
GPC with polystyrene as a reference, the number average molecular weight was found to be
1.09x10 3 and the weight average was 7.34x103 which gives rise to a polydispersity of 6.75.

The general idea underlying the preparation of MMT chemical intercalates folows the
simple rules of ion exchange [4]. In our case, the amine end groups of the polymer chains were
converted into the corresponding onium salt which was then caused to exchange with the
interlayer cation of the mineral. The exchange process was achieved step-wise or
simultaneously. The Toyota's approach uses 1:1 ratio of dimethylsulfoxide and water, aided by
intensive mechanical stirring, to swell the polymer and transform its end groups to the onium
salt by adding HCI. This s-lt suspension is added to montmorillonite dispersion in water [22].
Realizing the limitation of this approach, another was devised according to which dioxane, a
better solvent for ATBN, was used to dissolve the polymer and as a co-swelling agent for MMT.
In the latter method, the salt transformation took place in the vicinity of the dispersed mineral
layers. The products obtained from the two procedures are then compared at the various levels
of phase organization.

The analytical strategy was devised to examine the nature of bonding between MMT and

ATBN in the reaction product and to investigate the evolving morphology of the composite.
This task was achieved by a battery of tests including elemental analysis, wide angle X-ray
diffraction (WAXD), fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).

RESULTS

To probe the nature of the interaction between the ATBN polymer and montmorillonite
our results are presented on three levels. At the ionic level, elemental analysis and FTIR
established that the polymer has accessed all the interlayer charge sites and that the
functionalized chain ends have been ionically bonded to the layers. Diffraction measurements
gauged the polymer packing between mineral layers. Finally, microscopic evidence was used
to construct the morphological hierarchy of the composite. Where appropriate, comparison will
be made between the products obtained from the two preparations.

Intercalation Reaction

Quantitative analysis of C, H, N and Na in the reaction product provides evidence of the
efficiency of ion exchange and the MMT content in the composite. The Na content (<0.08%)
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is equivalent to that arising from Na 2O implying that all ionic sites in MMT were exchanged
with the onium salt of the polymer. A polymer-to-clay ratio of about 1.5 (by weight) was
calculated from the C and N content. Additional evidence for the intercalation of ATBN with
MMT was obtained from FTIR spectroscopy. The terminal amine of the polymer used in this
investigation (ATBNX16) is N-aminoethylpiperazine. The halide salt of this secondary amine
shows four characteristic IR bands in the region from 2700 cm -' to 2400 cm -', specifically at
2655 cm', 2550 cm t , 2495 cm' and 2440 cm' as shown in Fig. I (a).

tc)

Figure 1. FTIR of: (b)
(a) ATBN salt,
(b) composite of the dioxane preparation and
(c) composite of the DMS0 preparation. (a

WAVENU*

These observed bands are similar to those reported in earlier literature 1241. Secondary amine
salts show bathochromic shift in the order hydrochloride, hydrobromide, hydroiodide [25]. The
shift in our case (spectra b and c) is higher than that which was reported for hydrochloride [251
implies that the onium salt of ATBN must be intercalated with a more electronegative moiety,
i.e., metal oxide. The broadening of the characteristic bands of the two intercalates (b and c)
is apparently related to intermolecular interaction.

Interlamellar Structure

It has been shown above that the polymer chains must have accessed the inter-lamellar
spacing of the mineral giving rise to a polymer/mineral intercalate by ion exchange. The amount
of polymer residing within the interlayer spacing can be estimated by WAXD. Figure 2 shows
typical WAXD traces of MMT and ATBN-MMT (compression molded samples) obtained from
both preparations. The interlamellar spacing is 9.6 A for MMT and 14.1 A for both
preparations. Realizing that the Na ion (ca. 0.3 A [91) has been replaced by ATBN and
subtracting the thickness of the silicate layer (two halves = 0.93 nm) from the observed d (001)
spacing (l.41nm) produce the thickness of the polymer layer within [26]. The corresponding
value is 0.49 nm for both preparations. This value is slightly less than a bimolecular layer
(2x2.8 A) and might be considered to represent the mean thickness of a buckled and folded
macromolecular chain, in which approximately half of the segments of each chain is in contact
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with the surface. The interlamellar packing deduce-d here is similar to that observed in grafted
styrenic monomer [18] and is lower than that observe ;n MMT-g-PS 1181 MMT-g-epoxy (121
and nylon 6-g-MMT [15-17].

25-"

, 520 DMSO

z U),

Figure 2. WAXD of MMT W Dio
and composites from dioxane Z r , 'a,
and DMSO preparations. u 10-

- "l MMT

5,0r
T.e 1 1.5 2 2.5 3 3.5 4 4.5

d-Spacing, nm

Morphological Evolution

The WAXD evidence presented above indicates that the aluminosilicate lamellae, 9.6 A
each, are laminated by a polymer layer of about 5 A. The method of preparation does not
appear to play a major role at the lamellar level. The elementary building block of the
composite, in both preparations, is probably a pair of mineral lamellae and the enclosed polymer
layer which add up to about 2.5 nm. This elementary building block may erect an agglomerate
of a micro scale [12] or a nanostructure [18]. Detailed TEM analysis of suspension cast film
and microtome sections prepared from molded specimens are reported in another publication
[27]. In this section, we present a few illustrations for the morphological hierarchy.

mm u - .. 2000na

Figure 3. (A) Dispersive X-ray mapping for Si, and (B) TEM micrograph
of microtome section prepared from compression molded sample.
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The uniformity observed in an image of Si mapping (Fig. 3A) indicates that the mineral
domains are submicron in size and are homogeneously dispersed (on this scale) in the polymer
matrix. Figure 3B displays a TEM image exhibiting mineral-rich clusters. The clusters appear
ellipsoidal (70 nm x 300 nm). That the super assembly of MMT occurs through lamellar planes
draw the attention to examine morphological evolution of the thickness. The histograms of Fig.
4 provide a clear distinction between the morphology obtained from our preparation method
(dioxane) and that of Toyota (DMSO). Our approach yields a narrower domain size distribution
(average 70 nrm) as compared to the Toyota approach (average 250 nm). Higher magnification
of the clusters (Fig. 5) shows that they are assemblies of layered materials (lamellar multiplets),
and are not a continuous dispersion of MMT lamellae as promoted by Toyota publications
[15,17).

3 iDioxane DMSO
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Figure 4. Histograms of cluster size distribution

2000 A"

Figure 5. TEM micrograph showing the assembly of mineral multiplets within the cluster.
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DISCUSSION

Montmorillonite-polymer nanocomposites, like other structured materials, derive their
properties from their morphology. Because these are multiphase materials, chemical continuity
between the phases, i.e., the nature of bonding between thr polymer and MMT, plays a
significant role in forging their durability. Chemical continuity of the interphase has been
established from elemental analysis, FTIR spectroscopy and TGA analysis [27]. The succeeding
discussion considers relevant characteristics of MMT, attempts to construct a hierarchical model
for ATBN-g-MMT and examines the validity of the idea that increased d(001) alone is a
sufficient evidence to demonstrate that a polymer-MMT intercalate is a nanocomposite.

The various levels of organization in montmorillonite include: Primary particles (ca. 10
nm) consisting of stacks of parallel elementary sheets (lamellae) with an average of about 10
sheets per particle, micro-aggregees (ca. few hundreds nm) formed by the association of several
primary particles which are nearly parallel and joined together laterally and aggregates (0. 1 to
10 Aim) comprising a large number of primary particles and micro-aggregates. Early evidence
suggests that the swelling and plasticizing of MMT are due to increasing interparticle spaces
rather than to expansion of individual primary particles [3]. Thus, MMT appears to undergo
two interdependent processes during intercalation; swelling of the interlamellar spacing and
disaggregatioa. Lastly, it should be kept in mind that most intercalation reactions with polymers
are brought about in a binary aqueous mixture. Montmorillonite literature [28] indicates that
certain binary liquid mixtures exert more effective intercalation than others. Thus, the role of
the intercalating medium should not be overlooked.

Examination of the basics presented above in association with the findings introduced
in the results section would aid in elucidating the organizational behavior of MMT as it becomes
intercalated with the polymer. A summary of the measurements made on various scales by
WAXD and image analysis of TEM results [27] is tabulated below.

Table 1, Average Domain Size (nm)

Domains Dioxane DMSO

Cluster 71.0 245.0

Multiples 5.2 4,3

Multiplet spacing 11.0 11.4

d (001) spacing 1.4 1.4

One notes that lamellar multiplets (few lamellae) appear to represent the elementary constituents
of the mineral rich domains in the composites, regardless of the method of preparation. The
significant reduction in the cluster size and distribution (Fig. 4) is most likely related to the dual
effect of the better solubilization of the dioxane and the local ion exchange in the dioxane
method. An observation of significance is that the average spacing between the multiplets falls
in the range of 11 nm. The assembly of the mineral layers into multiplets and the ability of the
multiplets to diffract X-rays offers an alternate interpretation to the notion of "disappearance"
of the interlayer spacing from WAXD measurements [15,17,20].
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It is widely believed that a nanocomposite status could be conferred on MMT-polymer
intercalates if the d (001) spacing is sufficiently increased. For example, in their patent [201,

Toyota's researchers disclose that the X-ray diffractometry of ATBN-g-MMT indicates that the
(001) plane of MMT has disappeared and the layers of MM'T are uniformly dispersed in the
liquid butadiene (i.e., ATrBN). The patent further narrates that the MMT in the complex has

a silicate interlayer distance greater than 80 A. In another publication [22), a TEM micrograph
related to that of Fig. 4 was erroneously used to conclude that the silicate layers are dispersed
on the molecular level. In addition, earlier report [15,17) used TEM micrographs comparable
to those of Fig. 5 to assume that the MMT is dispersed as single layers in the polymer matrix
leading the authors to conclude "unlimited swelling". However, recent WAXD measurements
[291 shows that interlamellar spacing remains in the range of 13.7 A after intercalative
polymerization of e-caprolactone from which the authors sketch a schematic diagram bearing the
basic idea of our model [271. That is, the reactively small interlamellar spacing does not
represent the whole picture of the composite which should better be understood in terms of a
morphological hierarchy.

CONCLUSIONS

Within the scope of the preceding analysis of the two ATBN-g-MMT preparations, the
following conclusions are reached:

(1) Ion exchange between the interlayer cations v; MMT and dic crum Sdt u" A IBN
gives rise to a chemically intercalated composite.

(2) The polymer intercalation produces an interlamellar expansion of about 5 A which
suggests polymer packing either as a bimolecular layer or as a buckled and folded chain.

(3) A morphological hierarchy based on WAXD and quantitative analysis of TEM
observations suggests that multiplets of laminated mineral lamellae are assembled to form
mineral-rich clusters.

(4) An intercalating medium containing dioxane, a good solvent for the polymer, is
found to produce smaller cluster domains in comparison with those obtained in a weaker solvent.
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SELF-ASSENIBLY OF COBALT/13PYRIDENE MIJLTILAYLRS
NIODELF . -,F'TER 1110FNIANN CLATHRATE COMPOUND)S
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CATHERINE: J. PAGF*
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ABSTRACT

Proe-ress ha-,s been moade to~k arus the dev elop ment of inorgank -organic

multi avercd fil[ins modleled atter I lolmnann e lathrate coflipotitds. C obalt- hips ridl ic

mulrilayers xere gro~n laser by laver on ,. silicon substrate. The resulting films wiere
cohtracterized using ellipsom.m gr. razing angle XVra diffraction, Augervict ron
spectroscopv and F2PNIA EFlectron Probe Mile- talsi Results ;ndi.fic thait

nmoderately ,% ell ordered [avers hive 'beeii ssnthcsii'cd. hut cross-litiking st Aii ('N )-I

%I = NI. Pd, or Pt, to smmnuliie the im el structure does not sienif iv ntls or iur.

INTRODUCT ION

Self-assetobled multilavers have attracted considerable interest recently bccaase
of' the potential for controlling orientation, individual [aver composition and properti -,

anid the ovcrall stipramlolecitlar arch itec ht tre iif' iered assemblies onl sut aceN. Nlanr

poitntial appitations have been considered for such niarerials. Incltudinig use as active
ntpon101ers InI nonlintear i[Ipcaldc iCces. 1,2 stable charege-separated aemls-'andi as

tiateri al A with select i~e response, lo n tir appi*ctiotns.4. l ircomni i b isphosphonate
seltfassenibled mtililavers~' a)re tirreity tinder intense inwetitini for all of Itese
applicatlins.,2.3 'Tivs systemn prov ides, Aell -ordered mai tillas er fi loi mnade of orea nic
and Inorigatnic [avers tht are rohu. sr and relIattve Is easy ito prepare.

Other svstetms are desired itt order to itncrease the numiber of potetntial applications
anld ito expand the types of chemnistry avrailable for building mnultilav..er structures. [rhe
I lofittann ti-spe c I ahrate miode I struc tunre (ig ure I )is. a mnembier if %xell character-ized
class of bulk materials sAliich alsi onsist if alternatimuc oretnic,ie ioreattic Livers.
I ah inuircanic [is r I, ad iitl i asuuirv net if altertiatitikg (Italicdral arid quia~e plant
inetal cenItr crissiiiikcd bN bridutig11- s anidc tioecules. [he stire plantar metal site is
generally; occupied hs a d' ffietal ;m? Ni>. I'd'I, tir III'* for exinplei -(hordntcd to
the carb~on ertd tof four bridging camids The ot: tiheiral site cati be ocetipied by a
variety tof' transitioti tmetal t i,), (N> iniit' presett cas), ari this tmetal center is
ci r rdhi tt~i to the ititrogen end of ftour cart ides and i,. two dtatn ines. The iam ines
comprise the organic lasers arid serve ito contiet the tnorrgantc layers, The qluare planar
tie ttl cyanide comoplex ai tott crinss linik the material %% ithitn the i norgatnic layer,.
proviing order 'rid stabiliy It this systemr Couild he adapted it) alltuw self-assemblsN
,if a thitn liin haset otn this structure, ;IwAotid pros ide art attractive .lternattse to (the

/iir. i tu in hi sph isphtt e svstcmni Sotme ss.irk itt this ti irection %& tth a ruitbeitturtt-
hips rilitie- nickel cv~inite Ns steim its, l'eii IC.eiitls reportedi'
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Figure 1: A~n example of the H1ofmann-type clathrate structure.

The strategy for self-assemhbly of systems modeled after llofrnann-type clathrate
materials adopted here involves the following steps- A flat silicon substrate is
functionalized with an anchor molecule bearing a trimethoxysilyl group on one end
(which will presumably form a covalent Si-0-Si- linkage with the silicon substrate), and
an amine functionality at the othtcr. Divalent metal ions (C02+) are then bound to the
amine- terminated surface. Mimickitrg the model compound, this step is followed by
incorporation of the square planar cotmplex ion M(CN)t 2 - into the C02+ layer. The final
step to complete the layer involves binding a diamnine (bipyridine) monolayer to the
rematning coordination sires of the Col, ions. 4,4-Rinyridine was chosen because its
rigid, bulky structure may help to impart order to the material. The process can be
repeated by cycling through each of the above steps to produce multilayers. Results
pertaining -o tht synthesis and characterization of the thin films prepared by this general
,equence are presented below. Specific systems reported here include those using Co 2 ',
bipyridine. and each of the square planar complexes: Ni(CN)42-, Pd(CN) 4

2 -and
Pt(CN)42-. A control system which was preparcd using only Co2 + and bipyridine
( without a square planar complex) is also reported.

EXPERIMENTAL

Materjil. Pota' slum tetracv aroplatinate~ll) trihydrate and 4.4-bi,-,ridine were
purchased from Aldrich and used as recieved in 10mM aqueous soluttons. CoC2- 61-120
was purchased trri Blaker and uised in a 10mnM solution in acetone. Potassium

rerracyanopallrdatc( II, arid potassiurm tetracvanonickelatel) were preparedt(I.t from the
respective dichloride salts and potasSIumT1 cyanide arid used in 10mM aqueous solutions,

Polished prire g'rade t IM) silicon wafers used as the substrate were purchased
frorti Silicon Quest The anchor molecule, I-armoiopropyltriethoxysilanc (APS,. was
purchased from Aldrich. Wafers were clened prior to use as substrates by rinsing
successively in tnchloroethylene for 10 Minutes. isopropanol for 15 minutes arid under
flowinmg ultrapure %water tor 20 minutes.
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Substrate functionalization. Wafers were functionalized using a modified procedure
similar to that used by Goss et a112 and Katz et a113.Clean wafers were submerged in a
refluxing 1% (v/v) APS /ethanol (200 proof) solution for ten minutes, rinsed with ethanol,
Jrved with flowing N2 , and placed in a 1050C oven for eight minutes. The wafers were
returned to the refluxing solution and the cycle was repeated three times.

Preparation of Multilayers. All reactions were carried out in solution under ambient
pressure and temperature. Samples were placed in the cobalt, K2M(CN) 4, and bipyridine
solutions for 20, 20, and 40 minutes respectively and rinsed for ten minutes under
flowing water purified to a resistivity of 17-18 MQ-cm with a Barnstead E-pure system
after each step in the preparation.

Ellipsometry was done using a Rudolf Thin Film Ellipsometer 43702-200E with a
tungsten-halogen light source and a 632 tm filter. Th'cknesses were calculated using
DaflBM (version 2.1) provided by Rudolph, assuming an index of refraction of 3.858-
0.01( i for the silicon substrates. Grazing angle X-ray diffraction was measured using a
Scintag XDS-2000 0- powder diffractometer.

Auger Electron Spectroscopy (AES) was performed with a 2.8 keV electron beam
in a ULIV chamber at 10-7 to 10-8 tort.

RESULTS AND DISCUSSION

Samples prepared as described above were analyzed using a number of techniques
to determine the resulting composition and structure. No single technique yet exists
allowing one to completely characterize nanoscale thin films. but several techniques can
be used in combination to obtain a fairly good picture of the resulting materials.

Ellipsometry is an optical technique commonly used to determine film
thicknesses. 14 Changes in the amplitude and phase of elliptically polarized light reflected
from a surface or thin film are measured. If the refractive index of the film is known,
then the film thickness can be calculated.

< 000

0
o

0 0 n Pd, t N

A 0.

Figure 2: Laver thicknes s nurinbcr of laver, or Co/bipyridine multilayers
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Fllipsometry data for multilayer growth of Co 2+-Ni(CN)4] 2--bipyrdine (Co-Ni-
bpy). Co 2+-[Pd(CN) 4 12--bipyridine (Co-Pd-bpy), Co2+-[Pt(CN)412 -bipyridine (Co-Pt-
bpy) and a control Co-bpy system are shown in Figure 2. The film thicknesses were
calculated assuming a refractive index of 1.50 for all films. This value is chosen because
hafnium- and zirconium-bisphosphonate films have indices in this range, and it is an
appropriate -hoice given that the index for these materials is not known. Different values
of the index in the range 1.45-1.60 give similar thicknesses.

Figure 2 shows that in each case film growth is occurring in the early stages, but
except for the case of the Co-Ni-bpy sample, layer growth becomes very irregular after
the first few layers. The consistency of layer growth is best for the Co-Ni-bpy system.
but becomes noticeably worse for the Co-Pd-bpy system, and the Co-Pt-bpy system
shows no advantage over the control Co-bpy sample. In the case of the Co-Ni-hpy
system, uniform layering appears to continue to -18 layers. Thus the square planar
Nl(CN) 4

2- complex apparently influences the degree of order in these films, and also the
ahilitv to continue layer growth beyond the first several layers.

Grazing angle X-ray diffraction (Figure 3) shows fringes due to interference
betsseen reflections of x-rays from the front and back of a film. 1 Film thickness is
determined using the Bragg Equation:

0.' = 2dsinO kl )

where If is the total thickness of the film, n is the order of reflecton (of interference. i. is

the x-ray wavelength and 0 is in degrees. '[he total layer thickness for the 19-ktser Co-
Pd-bpy sample is calculated to be 91.2 A. By dividing simply by the number of layers
the average layer thickness is 4.8 A/layer. This number is deceptive though, bc.ause our
studies show that layer thickness is larger for the first several layers and decreases

*2o

iguare 3: (iraig .tnelc s rao dittrdulon ot .1 15cvr Co-Id bpsN mItlilaer

1 74



ri ,i in

V ,

0 5 20, 250 300O 352 40n 400 522 I502

Figure 4: Auger Electron Spectroscopy data of Co/bipyridine multilayers prepared
without a cross-linking metal cyanide complex.

steadily with additional layering. This indicates that the overall disorder is increasing
with increasing numbers of layers.

Auger Electron Spectroscopy (AES) 16 was performed on 2-layer Co-bpy, Co-Ni-
bpy, Co-Pd-bpy, and Co-Pt-bpy samples. This technique was used to qualitatively
determine the elemental composition of each of the films. Each of the resulting spectra
were very similar. The silicon peak is a result of the substrate and the anchor molecule.
A carbon peak is expected, indicating the presence of the anchor molecule and/or
bipyridine. The oxygen peak could be due to the silicon oxide layer, hydroxide
coordinated to a metal center, or solvent (water or acetone) trapped in the film. It is
probably a combination of two or more of these factors. The nitrogen peak is small and
similar in each of the samples, including the control prepared without a cyanide complex.
This indicates that the metal cyanide complex is probably not present in the resulting
film. However, Auger electrons are easily absorbed below a surface, so x-ray
photoelectron spectroscopy (XPS) may be a more conclusive probe for nitrogen.

Electron probe microanalysis (EPMA) was used analyze Co-Ni-bpy and Co-Pd-
bpy samples for cobalt, nickel and palladium. Cobalt was found in each case, but nickel
and palladium were not detected in respective samples. This supports the conclusion that
Co is incorporated into the materials, but the nickel, palladium, or platinum cyanide
complexes are not permanently bound in the films, although they may participate
indirectly in film growth.

In summary, we have prepared novel organic-inorganic multilayered thin films
consisting of moderately well-ordered layers of cobalt and bipyridine grown from a
amine-functionalized silicon surface. Efforts to incorporate metal cyanide complexes
into the layer-d matrix have so far been unsuccessful, but the metal complex has been
shown to be a significant factor in the successful preparation of multilayer films.
Expenments are underway to investigate the effects of varying the bridging ligands and
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organic constituents of the system in order improve the structural properties of these
unique materials.
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ABSTRACT

Several new crystalline bimetallic alkoxide precursors for barium titanates processing
have been prepared: IlBa(Solv) 2 12lTi(OAr)612) (1) (Solv = coordinated solvent molecule, Ar
aryl group), [Ba(CH2OHCH2OH)4 (H2 0)I[Ti(OCH2CH20) 3 1 (2), Ba[Ti2(OR)9 12 (3) (R =
methyl, ethyl, and n-propyl), and [Ba(BzOH)Ti 2O(OBz)8 ]2 (4) (Bz = benzyl). These precursors
have been characterized by elemental analysis, IR, NMR, and single-crystal X-ray diffraction
techniques. Compound 1 is well-suited for sol-gel processing of BaTiO3 powders and thin films
under a variety of conditions. The facile preparation of 2 using relatively inexpensive starting
materials makes it a viable alternative for the synthesis of BaTiO3 fine powders. Both
compounds 3 and 4 are fairly moisture-sensitive; hydrolysis of these precursors under acidic
conditions affords the formation of gels instead of precipitates. The reactivity of 3 toward
hydrolysis can be tailored by varying the alkyl group.

INTRODUCTION

Barium titanates are important electronic ceramic materials. For example, barium titanate
(BaTiO 3) is a widely used dielectric material in the manufacture of multilayer capacitors I 1I, and
BaTi4 Og, Ba 2Ti9O2 0 , and BaTisOtt have found applications in microwave communication due
to their high dielectric constants and low dielectric loss 121. Recent investigations have focused
on the preparation and processing of high quality materials through wet chemical routes such as
coprecipitation and sol-gel processing [3]. In order to obtain materials with improved properties,
an understanding of the chemistry involved in these processes is desirable. As a first step in this
direction, we and others [4) have sought to prepare fully characterized, single-source precursors
for different barium titanate materials. In this paper, we report the synthesis, characterization,
and properties of several new barium titanium alkoxides suitable for this purpose.

{IBa(Solv) 2jlTi(OAr) 61)

Solvated barium titanium alkoxides Il IBa(Solv)2BjTi(OAr) 6 1)(!) can be prepared from
barium metal, titanium isopropoxide, and phenol in appropriate solvents at ambient temperature
according to the following equation:

ether donor solvent

Ba + Ti(OPri)4 + ArOH -- - - !IBa(Solv) 21[Ti(OAr) 6 1)
25 "C

177
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All operations are carried out under an inert atmosphere using Schenk and dry box techniques.
As an example, reaction of barium metal with one equivalent of Ti(OPr1) 4 (Pri = isopropyl) and
excess phenol in ether at room temperature yields a yellow powder. After recrystallization of the
powder from a DMF/ether solution, a yellow complex, ( Ba(DMF) 2]2 [Ti(OC6 H5 )6 )2}, is
obtained in analytically pure form; the overall yield is 73% based on barium.

The solid-state structure of I [Ba(DMF)2]2FTi(OC6f15)612) has been determined using
single crystal X-ray crystallography, and its metal-oxygen core suucture is shown in Figure I. It
is a molecular dimer in which two [Ti(OC6ks) 61

2- groups are linked by two [Ba(DMF)2 12 + units
through doubly and triply bridging OC6H5 ligands. Each DMF ligand is coordinated to barium
through its carbonyl oxygen atom. The metal-oxygen core structure approximates D2h
symmetry: the two Ba atoms, two Ti atoms, and four doubly-bridging OC6 H5 oxygen atoms are
virtually cop!anar.

Several derivatives have also been prepared under similar conditions using different Ar
groups and solvents. These compounds have been characterized by elemental analysis as well as
IR and NMR spectroscopy. All of these compounds are fairly moisture-sensitive. By varying
the solvent molecule (Solv) and the alkoxy group (OAr), it is possible to tailor the properties of
the precursor to specific needs. For example, letting Ar = C6 H4 CH3 instead of C6H 5 or Solv
iPrOH instead of DMF renders the molecule highly soluble in hydrocarbon solvents.

The I[Ba(Solv) 2l[Ti(OAr)6 1) molecules are well-suited for sol-gel processing of BaTiOl
under a variety of conditions. Nanocrystalline barium titanate powders and thin films have been
prepared using these precursors.

Figure 1. The metal-oxygen core of I[Ba(DMF)2 ]2[Ti(OC6 H5 )612 structure. Titanium atoms

are represented by small filled circles, barium atoms by heavily shaded circles, and oxygen atoms
by large open circles. Carbon, hydrogen, and nitrogen atoms are not shown.
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IBa(CHzOHCH2OH) 4 (HzO)llTi(OCH2 CH2 0)3

Technical grade BaO fine powder reacts exothermically with ethylene glycol to form a
slightly cloudy suspension. Rapidly addition of one equivalent of Ti(OPri)4 to the suspension
accompanied by vigorous stirring yields analytically pure [Ba(CH 2OHCH2OH) 4(H 20)
[Ti(OCH2 CH20)3] (barium titanium glycolate or BTG) as a white crystalline precipitate in 95 %

BaO + 7 CHtOHCH 2OH + Ti(OPr) 4

[Ba(CH2O-ICH 2OH) 4(H20)]ITi(OCH 2 CH2 O) 3) + 4 'PrOlI
(BTG)

yield. This compound exhibits moderate moisture-sensitivity. Upon exposing BTG to the air for
a few hours, absorption of water has been observed. Nevertheless, preparation and manipulation
of BTG can be quickly carried out in the air with little difficulty. BTG is only poorly soluble in
ethylene glycol at room temperature and is virtually insoluble in the commonly-used organic
solvents we have tested. It has been characterized by elemental analysis, IR spectr!!ocopY, and
single crystal X-ray crystallography.

The solid-state structure of BTG consists of discrete [Ba(CH2OHCH 2Ott)4(H20)12+

cation and [Ti(OCH 2 CH 20) 31
2 - anion (Figure 2). Three bidentate (OCH2 CH20] 2- ligands are

octahedrally coordinated to the Ti4+ center in the anion. In the cation, a water molecule and four
ethylene glycol molecules are coordinated to a nine-coordinate Ba2+ cation.

(a) (b)

Figure 2. The structures of (a) the 1Ba(CH 2OHCH2OH)4(H20)I 2+ cation and (b) the
[Ti(OCH2CH20) 312 anion in crystalline [Ba(CH 2OHCH2 OH)4 (H20)l[Ti(OCH2 CH 20) 31. The
titanium atom is represented by a small filled circle, the barium atom by a heavily shaded circle,
oxygen atoms by large open circles, and carbon atoms by lightly shaded circles. Hydrogen
atoms are not shown.
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The poor solubility of compound 2 in commonly-used solvents precludes study of its
hydrolysis behavior and application for sol-gel thin film deposition. Nevertheless, its facile
preparation using relatively inexpensive starting materials makes it a viable alternative for the
manufacture of BaTiO 3 fine powders.

BalTi2(OR)) 2

The synthesis of Ba[Ti2(OR)912 (3) (R = methyl, ethyl, and n-propyl) is carried out by
reacting BaH2 with the appropriate alcohol followed by addition of the corresponding titanium
alkoxide according to the following equations:

BaH2 + 2 RO - Ba(OR)2 + H2

Ba(OR) 2 + 4Ti(OR) 4  - BaITi2 (OR) 9 12

Compounds 3 were isolated as ciystalline precipitates which are highly soluble in hydrocarbon
solvents. The structure of the n-propoxide Ba[Ti2(OPrn)912 has been determined and is shown in
Figure 3. In this structure, two [Ti2(OR)91- are linked by a Ba2 + cation through doubly and triply
bridging alkoxy ligands to form a molecular complex. The same structure has recently been
reported by Turevskaya, et al. for the Ba[Ti2 (OEt)9]2 molecule 14e). The reactivity of 3 toward
hydrolysis can be tailored by varying the alkyl group. Replacing R = ethyl by n-propyl, for
example, dramatically decreases reactivity of 3 toward hydrolysis. Hydrolysis of 3 (R = ethyl)
with excess amounts of water affords the formation of a white precipitate: in the presence of a
catalytic amount of strong acid, however, a transparent gel is obtained.

K

Figure 3. The metal -oxygen core of Ba[Ti2(OPrn)912 structure. Titanium atoms are represented
by small filled circles, the barium atom by a heavily shaded circle, and oxygen atoms by large
open circles. Carbon and hydrogen atoms are not shown.
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(Ba(BzOH)TizO(OBz)sz

[BaT20(OBz) 8 (BzOH)] 2 (Bz = benzyl) (4) is prepared by first reacting BaH2 with
exca-ss BzOH and then adding a solution of Ti2(OBz)g(BzOH)2 in benzene. Compound 4 is

BaH2 + BzOl-i 'I12(OBz)8 (BzOH) 2  - (Ba(BzOH)Ti2O(OBz)s&,

isolated as aaalytically pure white crystals and has been characterized by NMR and IR
spectroscopy. The solid-state structure of 4 is shown in Figure 4, in which two [Ti2O(OBz)912

units are linked by two [Ba(BzOH)I 2+ groups. This complex is also fairly moisture-sensitie
Hydrolysis of 4 yields a precipitate immediately, whereas a transparent gel is formed in the
presence of a strong acid.

a

Figure 4. The metal-oxygen core of JBa(BzOH)Ti 2O(OBz)8] 2 structure. [itanium atoms are
represented by small filled circles, barium atoms by heavily shaded circles, and oxygen atoms by
large open circles. The alcohol oxygen atoms are labeled as Oa, oxide oxygen atoms as Oh, and
the alkoxide oxygen atoms remain unlabeled. Carbon and hydrogen atoms are not shown.

To summarize, various alkoxide ligands have been employed to prepare barium titanium
alkoxides with Ba:Ti ratios of 1:1, 1:2, and 1:4. These precursors exhibit physical and chemical
properties that are well-suited for processing barium titanates under various conditions. We are
currently investigating and optimizing these conditions.
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NANOSTRUCTURAL INVESTIGATION OF SILICA AEROGELS

JUF WANG, JUN SIIN, WEIDONG WU AND BIN ZHOU
Tongji University, l'ohl Institute of Solid State Physics, Shanghai, (0

ABSTRACT

Silica aerogels are sol-gel derived nanostructured materials with high porosities up
to 99.8%. The nanostructures of silica aerogels are investigated by BET, SEM, SAXS
techniques. A typical fracta. structure is found especially for base-catalyzed aerogels.
That is the aerogels are made of particles of size a, these particles form the branching
and interconnecting network up to an average cluster size r , At length scales above r,
the material is an homogeneoum assembly of such clusters; between a and , the structure
is fractal. Meanwhile, the effects of catalysis and aging on the structures are investigated
and discussed. The reasons why SCD tw rhnique should be used are also deeply discussed.

INTRODUCTION

Silica aerogels are sol-gel derived solid materials with porosities from about so) to
99.8%11 The high porosity is achieved via supercitical drying(SC)) technique. It differs
markedly in structure and appearance from other low desity materials such as feather,
cotton, sponge or insulating foams. The nanuporosity, i.e., the porosity in the nanometer
region, which is typical of aerogels endows them with numerous special properties such
as low index of refraction, small Young's modulus, low acoustic impedance, low thermal
conductivity, excellent accessibility of inner surface and so on. Interest in aerogels is
growing progressively, more arid more applications have been realized'2'. There is als
an upsurge in basic research on aerogels,3,41 . Scientists started to make and investigalc
aerogels with fractal structure, to derive the density of states of aerogels or !,, ineasure
their low temperature thermal conductivity or heat capacity. Almost all of ,tw special
properties are due to their nanoporosity, therefore, the investigation of nanostructure of
aerogels is a hot spot of material science as well as condensed matter physics.

PREPARATION

Sol-gel process

The silica aerogels are prepared through sol-gel process from TEOS. The sol-gel pro-
cess, i.e., the hydrolysis and polycondensation of organosilicon precursors denotes the
transition of a systetn of colloidal particles in a solution into a disordered, branched,
continuous network interpenetrated by a liquid of water, alcohol etc. It can be des( ribed
by two reaction steps, hydrolysis of TEOS by addition of water and a catalyst:

Si(0C2tf5)4  41120 --- Si(OH 4  IC 2 11501 (1)

and the silicic acid condenses by expelling water:

2Si(011) 4 - (011)Si - 0 - Si(OH)3 + HO (2)

The sol-gel process is quite different under different catalyst conditions because the re-
action rates of hydrolysis and condensation are quite different under different PH values.
Therefore, the nanostructure of aerogels derived is quite different[5]. Normally, under
acidic conditions hydrolysis is completed before condensation starts, the slow conden-
sation reaction o? the silicic acid tnonomers leads to the formation of polymer-like silica
chains resulting in a weakly cross-linked, low density network. While under basic condi-
tions, iiydrolysis is the limiting step, i.e. whenever a monomer is hydrolyzed, it condenses
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rapidly. This behavior !eads to the growth of comparatively dense, colloidal particles;
their final size depends on the temperature and oil the PH value of the solution. The
catalysts used are normally hydrochloric acid and ammonia solution, the main purpose
,1 to reguiate the PH1 Nalue.

Dry ing process

The gel, still embedded in the solvent, which consists mainly of alcohol with some
water and catalyst, is called an alcogel. The drying process consists in eliminating the
interstitial liquid phase, when an alcogel is dried under ambient condition, the following
sequence of events is observed: progressive shrinkage and hardening, stress -development
and fragmentation. This is due to the capillary forces. While a liquid evaporates from a
porous material the solid phase is subjected to forces due to capillary phenomena at the
solid-liquid-gas interface. The capillary pressure Ap of a cylindrical capil;ary of radius r
and a liquid having a wetting angle 8 is:

2"tcoJO
Ap -- p, I _ _ _.. (3)

r

where - is the surface tension. In a drying gel there are capillary poles and ga,,s of
different sizes and shapes. Fig.1 shows variations of Ap as a function of r for water with
-, 0.0729Nim and ethanol with -y 00224N/m (the wetting angle taken was 0 0).
Obviously, while the pore size is about several nanometer, the capillary force is e-termly
large.

. I *wat.'

_ N,

105 to0

Fig.1 The capillary pressure Ap of cylindrical capillary of radius r for wate, and
ethanol.

The size of pores of an alcogel is about Inm to 100nm. In the first stage of drying,
the volume shrinkage is equal to thf, volume of water lost by evaporation. This keeps the
fluid meniscus at the surface of tht gel body as shown is fig.2(a). This stage continues
till the solid skeleton attains certain strength. In this situation, the volume shrinkage
rate no longer maintains the fluid meniscus at the surface; the liquid tries to flow to the
surface of the gel to avoid the more energetic solid/vapour interface(fig.2(b)). This is
the first falling rate period. Usually crack occurs during this period. In the last stage of
drying, called the second falling rate period, the funicular distribution of water inside the
pores becomes pendular. Now the liquid transport is only by diffusion of vapour from the
interior(fig.2 (c)). Normally fragmentation occurs during this period because numerous
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menis( us are turned in much smaller pores now(fig.3) . The dried gels obtained here are
called xerogels.

In order te avoid shrinkage and cracking, i.e. to preserve the structure of the wet
state, the most efficient way is to removing the solvent supercritically[6] during which
the liquid-vapor phase transition is avoided. In this experiment, the supercritica drying
(SCD) is performed near ambient temperature using liquid carbon dioxide which has a

low critical temperature(T. -- 31.0
0

C, P, 73.9bar) for safety purpose. Therefore, the
pore liquid must be exchanged for liquid carbon dioxide before drying; this is carried out
in an autoclave. A complete solvent exchange may require a long time depending on the
sample size. Fig.. is the pressure in the autoclave vs. time during a normal SCD. It also
shows the whole SCD process. The dried gels derived through SCD are called aerogels.
The density of aerogels derived here varicr from 60kg/rM

3 
to 400kg/m

3 depending on the
preparation conditions.

gel skeleton

Ar
pore fluid

a b c

Fig.2 Three different stages of drying: (a)
constant rate period. (b) first falling rate
period and (c) second falling rate period. Fig.3 Capillary forces during drying of
alcogel.

'Ap(bar) raise temperature
s percritical point

solvent exchange /
alcogel [let out CO2

Sgleroge

0 30 32 35 38 t(h)

Fig.4 The pressure in the autoclave vs. time during SCD.

STRUCTURE INVESTIGATION

BET and XRD

BET-adsorption/desorption is a wide-spread technique for determining the specific
surface area of porous materials. The BET used here is a Micromeritics FlowSorb 11 2300.
The experimental results show that the specific surface of the aerogels derived here is very
high, it varies from 200m 2/g to 600m 2 /g. Normally, the lower the density, the higher the
specific surface. Therefore aerogels are materals with high porosity. Also, XRD spectra
show no character peaks for Si0 2 crystal, aerogels are composed of non-crystalline silica.
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SEM

SEM can yie!d a direct image of the structure. Morpholog Ical features such as par-
ticle shapes, particle arrangements, etc., can be recognized, Quantit.ative estimates for
pore or article sizes can be obtained, although the derivation of size distributions is
rather laborious. Fig.5 is SEM photographs of aerogels derived from different preparing
conditions; (a) is a typical arogel from acidic condition while (b) is typically from basic
Londition, the other conditions are same. Obviously, the size distribution of pores of (a)
is re:atively narrow (10-5Onm) while that of (b) is quite wide(1O-300nm). This is due
to the different sol-gel process as well as the syneresis during aging and SCD.

taj (h)
Fig.5 SEM photographs of aerogels devived from different conditions

After g lation the gel-body ages, sol particles and small clusters in the solut ion at-
tach to the spanning cluster and extend the gel network. Moreover, all the condensation
react ions(Eq.2) that caused gelation, continue; e'en continue during the SCD process.
The syneresis is usually caused by condensation between neighbouring silanol groups,7]
(fig.6). For base-catalyzed gels, most of the condensing groups are located on neigh-
bouring surfaces which causes tess shrinkage and expulsion of water (fig.6(a)). While for
acid-catalyzed gels which have a flexible polymerlike network, most of the condensing
groups are located on neighbouring branches or chaiiis (fig.6(b)), shrinkage is particularly
extensive and the pore size thus is limited considerablely.

(a) (b)

Fig.6 Condensation between neighbouring silanol groups

SAXS

Small angle X-ray scattering(SAXS) is known to be one of the most powerful non-
destructive techniques to explore the structure of ae ogels. SAXS experiments in areogels
offen give evidence of three regimes, corresponding to three different structural rangest81.
At small q values, the crossover between a nearly q-independent intensity and a power-
law behaviour I(q) cx q- reflects the existence of an homogeneous structure at large
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Table I Size distribution of pa'ticles derived front Fig.7

C) rat iorni ra dis(nrn') Diameternn) 1 'Rat it
VO7 - -- o.9 0' ~I

.3.14 11.215 0. 333
7.670 19.803 0084
9.916 25.602 0.046 1

15.876 40.993 0,021
22.211 _ 57.318 o!O

scales and of fract.,i geometry at smaller ones. Here, D is the fractal dimension,
Oiich describes the scaling of the mass in the porous structure of the acrogels. At the

smaller scales, the fractal domain is also limited by the granularity associated with dense
particles. Here, a second crossover in l(q) is observed. At larger q, the scattering is
dominated by the density fluctuations & ciated with particle surface; again a power
law decay of the intensity follows 1

(q) ac r '-- can be observed. D, is the surface fractal
dimension, which equals 2, in the case of a smooth surface, where a decay proportional to
q ' is observed known as Porod's lawO9. small-angle X-ray scattering measurements were

:'r-red at room temperature using an apparatus(D/max-RBH witrh a 0.5mm 0.tmmii
point focus CuK, incident beam. Fig.7 is the SAXS result of a base-catalyzed aerogel
with a density of 1.10 ky rn

5 
At small q, one obseves the power law characteristic

of fractal structure. From the slope, a D 2.1 is deduced. The crossover front a
q-independent intensity to this power law region at about q - 0.uo6,1 denotes the
correlation length c is about lO0nm. At about q - 0.03A- , a crossover to surface
scattering is observed too; the slope is about -4, therefore the surface of the colloidal
particles is quiet smooth, and their size a is about 20nm. Between c and a, the structure
is fractal with a fractal dimension of about 2.1.

a

005 01 02 05 .t .2

Wave-vecto -

Fig.7 SAXS result of a base-catalyzed aerogel

Furthermore, with the fitness of a computer, the SAXS can give the size distribution
of particles (Table 1), This is quiet consists with the TEM results.

The SAXS experiments also show that the extent of the fractal range of the base-
catalyzed aerogels decreases with increasing density, and for acid-catalyzed aerogels it
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is, considerablely diminished. %Vithiri fractal range the structure looks the same at all
length., , -' L - a. This is called self-similarity or dilation symmetry. This character is
typlical for base-cat alyzed aerogels.

CONCLUSION

'Silica aerogels are prep ared through sol-gel process from TEOS. The reason why SCI)
technique should be used is~ discussed. The nanostructure of aerogels are investigated
via BE'T, SEMI and SAXS Techniques and a typical fractal structure is found espectially
for base-catalyzed aerogels. The effects of catalysis and aging on the structure are also
ilvestigated and discussed.
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ABSTRACT

Incoherent inelastic neutron scattering (IINS) measurements of hydrogen bound to Ir6
clusters in the naioscale pores of zeolite NaY and similar clusters in KL zeolite are reported.
On the basis of hydrogen uptake measurements and the observation of peaks in the IINS spectra,
we infer that hydrogen is bound to the metal nanoclusters in the zeolite pores. The IINS data
tor both zeo!ites are similar and consistent with the presence of lrH, species.

INTRODUCTION

Most catalytic materials used in commercial technology are complex, consisting of multiple
components and phases. Noble metals are common catalytic components, generally being
present in small amounts (typically, 1 wt%) as highly dispersed particles or clusters on the
surface of a porous ceramic material clled a support. Because supported metal clusters are
sometimes smaller than I nm in diameter and nonuniform in size and shape, it has been difficult
to understand their structures and thus the relationships between structure and performance.
Consequently, researchers have striven to prepare supported metal clusters that are nearly
uniform in size and structure, often by attempting to confine the metal clusters in the small cages
of molecular sieve zeolites. The research summarized here is an investigation of iridium clusters
in the cages of zeolites Y and L utilizing incoherent inelastic neutron scattering (IINS)
spectroscopy.

Some of the important unanswered questions about structure of supported metal catalysts
have to do with the nature of the hydrogen on kheir surfaces. Hydrogen is typically present as
protons in hydroxyl groups terminating the surfaces of ceramic supports. Furthermore, H,
adsorbs dissociatively on metal surfaces to give atomic hydrogen species. When the metal
particles are large, the maximum ratio of hydrogen to surface metal atoms is often !5 1.
However, when the metal is present in clusters as small as I nm in diameter, the maximum ratio
can become somewhat larger. For example, in the case of Ir, the H:Ir ratio can approach 3 and
probably depends on the nature of the support.'

Because of the nonuniformity of supported metal catalysts and the lack of sensitivity to
hydrogen of the commonly used spectroscopic characterization methods, it is difficult to
determine the chemical nature of hydrogen associated with highly dispersed metal clusters.
Characterization of such materials by extended X-ray adsorption fine structure (EXAFS)
spectroscopy2 showed that there are typically two metal-oxygen distances in such samples, one
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about 0.21 nm and one about 0.26 nm. It has been suggested that the relative amounts of the
structures characterized by these two distances are determined by how much hydrogen is present
on the metal and at the interface between the metal and the support.

Our goal was to use IINS mea:urements to characterize the hydrogen in highly dispersed
supported metals. The catalyst samples were iridium supp-ted in zeolites Y and L. lridium
was chosen because the H:Ir ratio is greater than that observed for other suppoi;d metals' and
because earlier work; indicated that extremely small fr clusters of nearly uniform size could be
prepared in the cages of zeolites.

IINS is well-suited to studies of the dynamics of hydrogen interacting4 with solid-state
materials such as supported metal catalysts, since the incoherent neutron scattering cross section
for hydrogen is ca. 10-30 times that of other nuclei. Thus [INS spectra will favor those
vibrational modes associate:' with displacement of the hydrogen nuclei. Furthermore, in contrast
to other photon or electron spectroscopies, there are no dipole, polarizability, surface, or
symmetry selection rules, so in principle all modes may be observed. Finally, neutron scattering
intensities are proportional to the number of scattering nuclei, allowing estimates of surface
coverage, and they are easily calculated, a valuable aid in making mode assignments.

EXPERIMENTAL

The synthesis of Ir clusters it NaY zeolite was performed by a method similar to that
described by Kawi et al.' The synthesis and sample transfers were carried out with exclusion
of air and moisture o, a double-manifold Schlenk vacuum line and in a N,-purged glove box.
CO (Matheson, UHP grade) was purified by passage through a trap containing particles of
activated -y-AlO, at a temperature > 523 K to remove traces of metal carbonyls and through a
trap containing activated zeolite to remove traces of moisture. [Ir(CO) 2(acac)] (Strem) was used
as received. Hexanes (Aldrich, Reagent Grade-) were degassed by purging with N, for 30 min
before use. NaY zeolite powder (LZY-52, Union Carbide,- unit cell size 2.47 nm, SiO,/AI,O0
ratio 4.74) was evacuated to 0.1 Pa at room temperature before use.

In a 250-mL Schlenk flask, 20 g of NaY zeolite was slurried with 0.16 g of [lr(CO),(acac)]
in hexanes. The white zeolite powder became dark brown, and the initially greenish-black
solution became clearer after stirring for several hours. The slurry was stirred for three days,
and the solution became colorless, indicating the uptake of the [lr(CO)2(acac) by the zeolite.
The solvent was removed by evacuation overnight. The zeolite contained 0.8 wt% Ir.

[lr,(CO),6 ] was formed in thl zeolite as follows: in the presence of flowing CO (15 mL/min)
at atmospheric pressure, the sample was heated to 403 K, held there for 15 h, then cooled back
down to room temperature. The infrared spectrum of the zeolite, in agreement with that of
Kawi et al.,' indicates the formation of [Ir 6(CO), 6] in the zeolite. The sample was light yellow.
Attempts to extract the [Ir6(CO) 6 from the zeolite by contacting the sample with solutions of
tetrahydrofuran or bis(triphenylphosphoranylidene) ammonium chloride in tetra-hydrofuran were
not successful, consistent with the entrapment of the clusters in the supercages of the zeolite.
Further treatments to decarbonylate the clusters were made with the zeolite contained in the IINS
sample cell. The sample is referred to in the text as Ir/NaY zeolite.

Ir clusters in KL zeolite were synthesized by an impregnation method similar to that used
for NaY zeolite. [lr(NH,),CI]CI 2 was prepared by refluxing K3[IrCI,] .3H 2O with (NH 4 )2CO3
and NHCI in water under an atmosphere of NH 3. The product was recrystallized and washed
with aqueous solutions of HCI and then ethanol. KL zeolite (Union Carbide,' K:AI atomic ratio
= 1.03) was washed with water until the pH of the wash solution was 9.5, then dried in air and
crushed into a fine powder. [Ir(NH) 5CI]CI2 was dissolved in 40 mL of water by heating to 343
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K and adding a few drops of HNO,. The pH of the solution was adju-ited to 7.0 by addition of
NH 4OH, and the solution was then added dropwise to the zeolite. The slurry stood for 3 h and
the resultant solid was dried overnight at 393 K. The zeolite contained 2 wt% Jr. Further
details of similar preparations and reductions are to be reported elsewhere.' Treatments to
reduce the Ir-containing KL zeolite were made with the zeolite contained in the IINS sample
cell. The sample is referred to as Ir/KI zeolite.

For the IINS studies, between 10-15 g of the Ir-containing zeolite powder was loaded, using
a helium filled glove box, into thin-walled aluminum or stainless-steel tubular cells,' in which
n-situ sampie treatmcnt*s under flowing gas, evacuation and hydrogen adsorption at elevated

temperatures could be performed. He (Air Products,5 )9.995%), H2 (Spectra Gases,' research
,rade) and D, (Matheson', 97%D) gases used for decarbonylation and hydrogen activation were
purified by passage through traps containing particles of Cu2O and of activated zeolite to remove
traces of 0, and moisture, respectively. [INS scattering data were obtained at the Neutron Beam
Solit-Core Reactor (NBSR) at the National Institute of Standards and Technology, Gaithersburg.
M), using the BT-4 spectrometer with a liquid-nitrogen-cooled Be filter analyzer. A Cu (220)
monochromator with 40" pre- and post-monochromator collimations was used to cover the
energy range 31-160 meV (I meV = 8.065 cm'). The energy resolution varied from - - 4
meV at 35 meV to 10 meV at 160 meV. JINS measurements were made with the sample cooled
to ca. 10 K. Data were corrected for fast neutron background contributions.

RFSULTS

Reduction or decarbonylation of the clusters in both the Ir/KL and Ir/NaY zeolites was done
with the samples contained in the IINS cells. After treatment with flowing H2, the zeolites were
either purged with He for 0.5 h or evacuated to remove gaseous It, from the cell, which may
contribute to the scattering signal. Data were collected at each stage of treatment, 2nd by
comparison of relative scattering intensities, a check could be made on the sample integrity.

The Ir clusters in KL zeolite were reduced by treatment in flowing H, at atmospheric
pressure by slowly raising the temperature to 573 K, holding there for 1 h, and cooling back
down to room temperature. After measurement of the vibrational spectra, the hydrogen-treated
clusters were evacuated at 573 K for 2 h, and another vibrational spectrum was taken. Figure
Ia shows the spectrum following this evacuation treatment, which was found to desorb H
associated with the Ir clusters. For the purpose of background data, the IINS spectrum of
dehydrated KL zeolite was measured after heating at 573 K for I h and cooling to room
temperature, both under flowing H2, a treatment identical to that used to reduce the Ir/KL
zeolite. The srectra obtained were identical to that obtained for the Ir/KL zeolite after
evacuation at 573 K, shown in figure Ia. As a result, the data in figure Ia were used as the
'blank' Ir/KL zeolite spectrum for subsequent data obtained following H2 adsorption.
Additionally, spectra obtained for the hydrogen-treated, dehydrated XL zeolite before and after
a He purge to remove gaseous H2 were indistinguishable, showing that residual H, gas in the
IINS cell was not contributing to the observed scattering signal.

The scattering features observed for the blank Ir/KL (fig. Ia) and dehydrated KL zeolite are
contributions from hydrogen riding on lattice vibrations and from hydroxyl groups present in the
zeolite. These hydroxyl groups are associated with the cations and termination sites at the edges
of zeolite crystallites. The vibrational features have previously been assigned to the wagging
modes of hydroxyl groups and with pore opening modes of the zeolite framework.'-'

The clusters in the blank Ir/KL zeolite were reexposed to H, in amounts equivalent to
coverages of I and 2 H's per Ir. These reexposures were followed by a temperature ramp
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Figure 1 (left). IINS spectra of lr/KL zeolite (a) afer evacuation of cluster-adsorbed hydrogen
at 598 K or 2 h. and after H2 readsorption yielding (b) IH/lr and (c) 1.7 H/lr.

Figure 2 (right). Difference spectrum obtained by subtraction of the blank lr/KL spectrum (1a)
from the spectrum of the sample with 1.7 H's per lr (Ic) revealing scattering contributions due
to the cluster-adsorbed hydrogen.

(5 Kimin) from room temperature to 473 K and back down to room temperature to ensure
eouilibrium. The resulting spectra are shown in figure 1 0b) and (c). For the higher exposure
of 2H's per Ir, a maximum of 1.7 H's per Ir were actually adsorbed, indicating that a portion
of the clusters were larger than Jr,6 or that not all of the Ir atoms were accessible for H
adsorption. The vibrational spectra after this ichydrogenation were essentially identical in both
intensity and lineshape to that following the original reduction in flowing H2. The integrity of
the samples was found not to diminish to any significant extent by repeated hydrogenation
/dehydrogenation cycles. A difference spectrum obtained by subtraction of the lr/KL blank
spectrum from the spectrum of the sample containing 1.7 H atoms per Jr is shown in figure 2.
The observed scattering features are due to hydrogen associated with the Jr clusters.

The Ir6 clusters in NaY zeolite were first decarbonylated by treatment with flowing He, and
subsequently treated with flowing H2, in a similar fashion to that used for Ir/KL zeolite. The
maximum hydrogen treatment temperature was 598 K (held for 2 h). in a separate experiment,
a wafer of the sample in an infrared cell was treated under similar conditions, and the complete
disappearance of the v*o bands indicated that the decarbonylation was complete. Details of the
decarbonylation are to be presented elsewhere.8 For Ir/NaY zeolite prepared in the way.
EXAFS3 indicates that about 85% of the Jr is in the form of 1r6 clusters. Again, spectra were
measured before and after hydrogenation. The sample was then evacuated at 598 K (fig. 3a),
followed by a volumetric adsorption of H2 (again similar to the treatment of Ir/KL), which
yielded a maximum H/Jr ratio of 2.9. One cannot be entirely certain that this large H/Jr ratio
reflects only hydrogen bound to the clusters. It is always possible that some spillover of
hydrogen onto the zeolite support is occurring. Nonetheless, the resulting hydrogen spectra
determined from data taken before and after this readsorption of hydrogen were essentially
identical to that derived from the first hydrogen treatment. Moreover, this hydrogen spectrum
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Figure 3. IINS spectra of (a) H,- and (b) D2-activated Ir/NaY zeolites. Data are normalized
and without offset, showing how D2 activation leads to a reduction in scattering from the zeolite
support.

Figure 4. Difference spectrum obtained by subtraction of the spectrum of the Dr-activated
lr,'NaY blank from that of the sample with 2.9 H's per Ir adsorbed on the clusters.

is in good agreement with that for the Ir/KL sample.
Repeating the hydrogen activation cycle at 598 K using D2 gas led to a reduction in the

scattering from the Ir/NaY zeolite, as shown in figure 3. The lower scattering intensity resulting
from the D2 treatment is due to the overall scattering contribution of D being - 12 times less
than that for H. Thus, residual scattering associated with protons on the catalyst support is
reduced by exchange with D, which although chemically similar, has very different neutron
scattering properties. Subsequently, hydrogen was volumetrically adsorbed onto the D2-activated
Ir/NaY zeolite. The spectrum resulting from the subtraction of the D2-activated Ir/NaY zeolite
from that with adsorbed hydrogen reveals the scattering intensity from the H associated with the
Ir clusters (fig. 4). The spectrum is very similar to that observed in the case of lr/KL zeolite
(fig. 2).

DISCUSSION

For both Jr/NaY and Jr!KL zeolites, scattering intensity due to hydrogen adsorbed on the
iridium clusters is observed between 60-90 meV. indicating that very similar hydrogen species
are present on the iridium clusters, independent of the type of zeolite. The scattering is broad,
consisting of a number of components, but the principal intensity is centered around 65 and 85
meV. At the present time, there is insufficient information to establish the precise nature of the
hydrogen. However, a number of comments may be made about possible assignments. First,
the possible existence of a molecular dihydrogen species can be discounted when a comparison
is made to existing data for dihydrogen complexes, including Ir complexes,91' for which an
intense mode due to the H2 torsion is observed between 30-50 meV. Second, although there is
not conclusive evidence, the data are consistent with the bending modes for IrH and IrH2. In
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the 1r complexes with hydride ligands, hydrogen bending modes have been observed in the
region of 86-101 meV." ' There is also the possibility that the lower-energy scattering Is due to
a wagging or rocking mode of IrH.. Third, the complexity and broadness of the adsorbcd
hydrogen spectrum is consistent with the large H/Ir ratio attained for thest clusters thc
prospect of up to three hydrogens bound to each essentially corner like Ir aton of a three
dimensional Ir, cluster suggests the presence of multiple adsorption-site geometrie: as well as
significant H-H lateral interactions. Different site geometries lead to normal miode vibrations
ssith a set of distinct eigenenergies, while H-H interactions result in dispersion (i.e., broadening)
ot these individual normal mode vibrations. Both effects are potentially present in the measured
vibrational spectrum.

CONCLUSION

Hydrogen is bound to the Ir clusters in iridium-loaded NaY and KI. zeolites. This is kno, ii
tron our quantitative uptake measurements, and from the existence of extra scattering signal II
the IINS data after exposure to H,. The reproducibility of the IINS data after repeated
dehvdrogenation/rehvdrogenation cycles shows that the ir clusters in both the lr/KL and Ir NaY
zeohites are stable under the conditions used. The IINS spectra are consistent with the presence
of lrH or lrH, species. The loading of 0.8 wt% Ir in NaY zeolite translates into the oc-upation
of I in 90 x -cages with art Ir, cluster. A higher metal loading as in the case of Ir'KL zeolite
will increase the scattering signal and hence help in the interpretation of the data. Moreover.
it is hoped that future neutron diffraction experiments aided by the current EXAFS results can
provide further insight about the actual geometry of the hydrogenated Ir, cluslers within the
zeolite cages. Such information is needed to more completely characterize the hydrogen
dynamics.
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%BSTRAC I

We ha'.e investigated the local structural ad magnetic properties of Vc in
nanoStntCtttRed i-c'r-Mo V-C M50 type steel, Expernmental techniques which '-Ac tscd
include XAI-l .d NMR. NMR results on as-s~rnthesized \M50 type steel %hows that the
matcnal contains a smnall amount ot hc,: Fe plus sonic other highly disordered phaseks).
XAFS nteasuremenos indicate that the near neighbor coordinations around Fe are not
-.implk well ordered bee or fcc: Fe and that the sample doesn't hase long range crstalinc
.'rder. XAFS measurements on the consolidated sample show that Fe is predominantls in
the torm of bee Fe with good long range order.

INT RODU~CTION

Iron hased alloys art: technologically important materials and have been widely useCd
in modemn industry, Conventional M501 steel has good resistance to tempering, wear and
rolling contact fatigue. [fence it has been widely used in the aircraft industry in ntain-shaft
hearings in gas-turbine engines. Conventional M50l steel, which is micto structured, is
produced by mixing and melting of the respective metal powders. However, in recent
sears, much attention has been devoted to the reduction of grain sire from the micrometer
si/c to the nanometer regime. Nanostructured materials are anticipated to exhibit
technologically attractive propei-ties.We have utilized X-Ray Absorption Fine Structure
XAFS) and Nuclear Magnetic Resonrqnce (NMR), two complementary local probes, to

help in studies of the fabrication and processing of nanostructured M50 type steel.
XAFS involves the measurement of the absorption coefficient as a f unction of the

incident X-Ray energy. X-Ray Absorption Near Edge Structure (XANES) contains
information about near neighbor bonding geometry, bonding distances, valence states of
the absorbing atom and projected unoccupied density of states. The Extended X-Ray
Absorption Fine Structure (EXAFS) is determined by the type and number of near
neighbor atoms, near neighbor distances, and the degree of order around the absorber. A
detailed description of the XAFS techniqu,. an be found in Ref. (1). In NMR. nuclear
species that occur naturally in a material are used as probes to gain information concerning
the atomic struci~re, electronic structure, and other related interactions on a microscopic
scale. The type of NMR used in this study is NMR spectroscopy of magnetic materials. In
such an ex.periment the magnetic field at the nuclear sites arises from the internal hyperfine
field and the application of an external field is not required. This is known as 'Zero Field"
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VAR spvctro.Acopy !n this investigation naturally oeeuring -- nuclei in the samtple %werc
itiliced as the probe of stniciurc an I magnetism in the material

EXPERIMIENTAL DETAILS

Our samnpleS Were Prepared f-rm the thermal decomposition of organomeicllic:
pWrniors using .i chemical synthesis method- A portion of the as synthest/ed powder was
,enslidated into a hulk sample. Detailed description of the synthesis and characteriabon
using XRD, SEM, 'TEM. and HRTEM has been earlier reported by Gonsalves, et-al.2 'he

irIal, compoitLion obtained was 94.2% (Fe. t.3%Cr. l).4%Mo, 2.1%kV, and with the
balanice. Carbon XAFS measurements were carried out at the National Synchroront Light
Source on beamn line V- I I A using a Sil H 1) double crystal monoebromator. The harmonic
cintamnination was inimied by detuning the incident intensity by 20% Datajit the Fe k
edge, A~erc Laken using the standard transmission mode at 77K for the as- synthe~siied
samtple and using the glancing emergent angle (GEA) fluorescence methodi tso as to largeR.
e'mtnate fluorescexnce distortions) at room temperature for the consolidated sample.1 The
datj Acerc sub'\tuenily normaltied. background subtracted and Forier iratislormea rising
,iandard procedures. I Data analysis was perfooted using the 'Ln,%crsity of Wdshington
FNAFS Anals si s package. NMR experiments, Aere performed at 4.2 and i.1 K and ait
trequencies ranging trom 1(0 to 6(0 MI-z.

RESU LTS AND DISCUSSSION

Fig (I )showks the /ero field spin echo NMR spectrum of as-synthesi/ed M5 t pc
'teet taken at 4 2K The spctr-m is %ery broad and the Fe hyperfine fields are distributd
'5cr a .k ide range from 2401 to 170) K~kc with a broad peak at 3 14 Koc, 20K) k los~er than

000 Nb

50 
00

0. (a) M c~xnt~o
W (bbcc Fe

a 0z (c) fcNi

25.0 36.2 J75s 58.7 70.0 E-E0 (eV)
FRE-UNCY tMHz) Fig. (2) Fe kedge XAN-S or

Fig. 11) NUR spectrum of as-synthesized assnheie M-50 type steed
compared with the XA NFS of hoe FeM50) type steel taken at 4.2 K and fcc Ni
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N.c Fe. This wide distribution of the hyperfine field is probably due to the presence of a
large amount of disorder in the material. Furthermore, a small satellite can also be seen
artund 334 KOL (46.67 MH ) which is the characteristic frequency of bce Fe. This
indicates that a small amount of bce Fe is also present-

Particles in the superparamagnetic state will not contribute to the zero field NMR
signal due to thermal fluctuations in the direction of magnetization. However, the
application of an external field may align some of the moments giving rise to an NMR
signal. Hecie. if some of the particles are superparamagnetic, an increase in signal intensity
could occur with the application of an external field. In order to test for the presence of
superparamagnetic particles, an NMR measurement was performed at 1.3K in the presence
of an external magneuc field. As the strength of the magnetic field was increased the signal
intensity gradually decreased and totally disappeared at a field of 500 Oe. This suggests that
most particles are not stperparamagnetic in nature.

In Fig. (2). the Fe k edge XANES spectra of as-synthesized M50 type st-el is
shown in comparison with the XANES of pure bce Fe and fcc Ni. The energy origin ts set
at the first inflection point. The structure at the near edge of fcc Fe is similar to that of fcc
Ni.4 Therefore.for convenience, a fcc Ni spectra has been included to represent fcc Fe. It
can be seen that the XANES of the as-synthesized sample is different from that of both bce
Fe and fcc Fc indicating that the near neighbor environment around the central Fe atom in
as-synthesized M50 type steel is distinctly different from that of well ordered bce or fec Fe.

Fig. (3) represents the EXAFS spectrum (X function) of as-synthesized M50 type
steel, at the Fe k edge, taken at 77K. We note that the amplitude of the EXAFS wiggles are
rather small, when compared to bce Fe [Fig. (5)1. Further, the EXAFS oscillations die out
rapidly towards large k. Fig. (4) shows the Fourier Transform (FT) corresponding to data
in Fig. (3). It can be seen that there are no peaks beyond - 3 A in the FT, showing the
absence of long range crystalline order. The peak around 2 A is spilt into an unresolved
doublet indicating the presence of either two close-by shells or two or more phases
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containing Fe. [he peak near I A is probably spurious in nature and can be attributed to
poor signal to noise ratio. Detailed analysis of th's data to identify the near neighbors and
near neighbor distances is in progress.

Fig. 5) shows the Fe k edge X functions of Fe in consolidated M50 type steel, as
well as in pure bcc Fe. both taken at room temperature. The similarity in the X functions
indicates that the Fe in consolidated M50 type steel is predominantly in the form of bcc Fe.
However, the EXAFS amplitude is reduced throughout the entire k range. Fig. (6) shows
the Fls corresponding to the data shown in Fig. (5). It car be seen from the Frs. that the
peaks in the consolidated sample coincide with that of bce Fe, but are diminished in
amplitude. Microscopic techniques indicate that the particle sizes are in the order of several
nanometers. 2 Hence, such a large diminution in the EXAFS amplitude cannot be attributed
to particle size effects. Experiments by Haubold et. al, on nanocrystalline Cu and W have
shown a reduction in the EXAFS amplitudewhich has been attributed to the absence of
structural order in the grain boundaries (primarily due to a wide distribution of bond
lengths in the grain boundaries).5 ,6 More detailed data analysis and experiments to
understand the cause of the amplitude reduction in the EXAFS signal of our sample is in
progress.
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SONOCIIENIICAL SYNTHESIS AND CATALYTIC PROPERTIES OF
NANOSTRUCTURED MOLYBDENUM CARBIDE
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ANDRZEJ A. CICHOWLAS
School of Chemical Sciences and Materials Research Laboratory, University of Illinois at
Urbana-Champaign, 505 S. Mathews Ave., Urbana, IL 61801

ABSTRACT

Molybdenum hexacarbonyl in hexadecane was irradiated with high intensity
ultrasound under argon at 90'C to yield face centered cubic molybdenum carbide, Mo 2C.
After thermal treatment, oxygen and excess carbon were removed to give stoichiometric
Mo.C. SEM micrographs showed that the surface was extremely porous. TEM
micrographs showed that the solid was an aggregate of particles with diameters of 2
nm- This material has a very high surface area, 188 m2/g as determined by BET gas
adsorption. Catalytic studies have been conducted on the dehydrogenation of
cyclohexane and the hydrogenolysis of ethane. The sonochemically prepared Mo 2C
shows good catalytic activity for the dehydrogenation of cyclohexane with 100%
selectivity for formation of benzene without hydrogenolysis to methane. The material
revealed poor catalytic activity for the hydrogenolysis of ethane.

INTRODUCTION

The preparation of nanophase materials has been the focus of intense study in
materials science [1,2]. A variety of chemical and physical preparative methods have
been applied to produce materials with nanometer structure, including metal evaporation
[3], decomposition of organometallic compounds [4], and the reduction of metal salts
[5,6[. Sonochemical decomposition of transition metal carbonyl compounds has also
been proven to be a useful technique to generate nanophase transition metals [7,8].

Recently, molybdenum and tungsten carbides have been explored as
heterogeneous catalysts because of the similarity in activity that these carbides share with
Pt and Pd [9,10,111. For catalytic applications, high surface area materials are generally
needed. The preparation of interstitial carbides of molybdenum and tungsten with high
surface areas, however, is very difficult. Boudart and Volpe prepared carbides of
molybdenum and tungsten with high surface areas by the temperature programmed
carburization of the corresponding nitrides [12]. Here we present a simple sonochemical
synthesis of nanophase molybdenum carbide from the ultrasonic irradiation of
molybdenum hexacarbonyl in hexadecane at low temperature.
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EXPERIMENTAL PROCEDURES

All manipulations for the preparation of samples were performed using Schlenk
line and inert atmosphere box (Vacuum Atmospheres, < I ppm 0,) techniques. Pentane
was distilled over sodium-benzophenone and hexadecane was distilled over sodium.
Both solvents were degassed by three cycles of freeze-pump-thaw. Ultrasonic
irradiation was accomplished with a high intensity ultrasonic probe (Sonic and Materials,
model VC-600, 0.5 in Ti horn, 20 kHz, 100 Wcm 2).

X-ray powder diffraction data were collected on a Rigaku D-max diffractometer
using Cu K,, radiation ( X = 1.5418 A). Scanning electron micrographs were taken on a
litachi S800 electron microscope. Transmission electron micrographs were taken on a

Phillips CM-12 electron microscope.
Hydrogen (99.99%, Linde), methane (99.97%. Matheson) and ethane (99.0+%,,,

Linde) were further purified through 5 A molecular sieves and oxy-traps (Alltech),
Samples for elemental analysis were submitted in sealed vials without exposure to air. A
quartz cell was used for both adsorption and gas-solid catalytic studies. The catalysts
were transferred from an inert atmosphere box to the catalytic rig without exposure to
air. Surface areas were calculated by applying the BET equation to the N2 adsorption
isotherm measured at 77 K. The gas products obtained during the temperature-
programmed desorption (TPD) and temperature-programmed reaction (TPR)
experiments were measured by a quadruple mass spectrometer (Spectra Instruments).

Cyclohexane (99-*-%, Fischer) was dried over molecular sieves prior to use. A
MKS mass flow controller maintained the flow of hydrogen at 27.5 cm3 (STP)!min to
carry the cyclohexane vapor at a constant partial pressure of 0.09 atm through the
catalyst. The cyclohexane reaction products (benzene and aliphatic hydrocarbons) were
analyzed by gas chromatography (Hewlett-Packard 5730A) on a n-octane/Porasil C
column with flame ionization detection. The hydrogenolysis of ethane was also
examined at 573 K, 5:1 hydrogen to ethane. Products were analyzed by GC and MS.

RESULTS AND DISCUSSION

Sonochemistry

The chemical effects of ultrasound originate from hot spots formed during
acoustic cavitation (the formation, growth and collapse of bubbles in a liquid) [13,141.
The temperature reached during bubble collapse is approximately 5000 K with sub-
microsecond lifetime [151. Consequently, the acoustic cavitation produces extraordinary
cooling rates above 101" Ksec- 1 .

In order to achieve good sonochemical reaction yields, precursors should be
thermally stable and volatile since the primary sonochemical reaction site is the vapor
inside the cavitating bubbles [161. To achieve good sonochemical activity, the vapor
pressure of precursors should be roughly 5 torr during sonolysis. The vapor pressure ot
molybdenum hexacarbonyl is only 0.17 torr at 25°C. In order to increase this vapor
pressure of Mo(CO) 6, we need to choose a high boiling solvent, because excess solvent
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Figure I. X-ray powder diffraction patterns Figure 2. Scanning electron micrograph
of sonochemically produced MoC of sonochemically produced
(a) after synthesis, (b) after heat Mo 2C.
treatment under He, 450OC, 12 hrs.

vapor inside the bubble would reduce the cavitational temperature during bubble
collapse. Hexadecane was chosen because it has very lo\l vapor pressure at 9)0"C and is
relatively inert under sonochemical conditions.

Synthesis and characterization

A slurry of molybdenum hexacarbonyl in hexadecane was sonicated at 90'C for 3
hours under argon to yield a black powder. The powder was filtered inside a dry box,
washed several times with purified, degassed pentane, and heated at 100°C under
vacuum. X-ray powder diffraction (XRD) showed extremely broad peaks centered at a d
spacing of 2.4 A, 1.5 A, and 1.3 A (Figure l(a)), which do not match body centered
cubic (bce) lines of molybdenum metal [17]. FT-IR spectrum of the material indicated
that carbon monoxide was adsorbed on the surface of the powder. Temperature
programmed desorption (TPD) under helium showed the desorption of carbon monoxide
with maximum temperatures at 430 K and 800 K. TPD also revealed the evolution of
carbon dioxide with maximum temperatures at 450 K and 750K. After the heat treatment
at 750 K under helium flow for 12 hours, sharper peaks in the XRD were observed at d
spacing values of 2.39 A, 1.49 A, and 1.27 A which match very well with face centered
cubic (fcc) molybdenum carbide, MoC (Figure l(b)). Elemental analysis also confirmed
the stoichiometry of Mo2 C. The formation of molybdenum carbide can be explained by
the disproportionation of carbon monoxide on the active metal surface to form carbon
and carbon dioxide [18].

The SEM at 50,000 magnification showed that the surface is extremely porous
(Figure 2). The TEM at 430,000 magnification showed that the particles were aggregates
of 2 nm sized particles (Figure 3(a)). The particle size calculated from the line
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Figure 3. Transmission electron micrographs of sonochernically produced MoC
(a) after synthesis, (b) after thermal treatment under condition of 1: 1 CH 4
to H,, at 500'C for 48 hours.

broadening of X-ray powder diffraction was 1.6 nm. Surface area, determined by BET
gas adsorption isotherms was found to be 188 m2!g.

Catalytic studies

Even after heat treatment at 750 K under helium, about 4 weight percent of
oxygen was sill in the material. Since the presence of oxygen could poison the catalytic
activity [19], it was removed before catalytic studies. In order to remove oxygen, the
molybdenum carbide powder was heated in a flowing 1:1 CH 4,H2 mixture at 573 K for
I h, then at 673 K for I h, and finally at 773 K for 48 h. The flow rate of the CH 4/H2
mixture was 27.5 cm' (STP)/min. After the heat treatment, the elemental analysis results
showed the sample was pure MoC; oxygen, excess carbon, and hydrogen had been
removed. Electron micrographs showed that the materials was still porous and was
composed of particles of 3 nm in diameter (Figure 3(b)). The BET surface area
decreased slightly to 130 m

2
/g.

The catalytic activity of the sonochemically produced molybdenum carbide was
tested for dehydrogenation of cyclohexane. Figure 4 shows the catalytic activity (in
terms of turnover frequency of cyclohexane molecules converted per site per second) as a
function of temperature for the sample pretreated under CH 4/H, at 500'C for 48 hours
and for the sample pretreated under helium at 450°C for 12 hours.

Through all the reaction temperatures, benzene was the only product formed for
either sample. No hydrogenolysis products were detected. Compared to the sample heat
treated under CH 4/H 2, the sample heat treated under helium revealed the same selectivity

(benzene is the only product), but with somewhat lower activity. These results
demonstrate that the sonochemically prepared molybdenum carbide is an excellent
dehydrogenation catalyst and a rather poor hydrogenolysis catalyst. This is also
confirmed by the lack of activity for ethane hydrogenolysis: during 28 hour reaction at
573 K, no methane was detected by either GC or MS.
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Figure 4. Catalytic activity of sonochemically produced MoC
for dehydrogenation of cyclohexane, (a) sample heat
treated under helium at 450"C' for 12 hours and
(b) sample heat treated under CH 4/H, at 500'C for
48 hours.

The catalytic properties of MoC (fee) and MoC (hcp) have been studied
intensively in recent years [9,10,11,20,21,22j. Many reactions such as CO hydrogenation
[23]. olefin hydrogenation [24]. isomerization and hydrogenolysis of hydrocarbons have

been investigated. However. few reports mention MoC as an active dehyrogenation
catalyst. In fact. carburization of Mo is known to temper Mo metal for dehydrogenation
of hydrocarbons [25]. Bell et ai. show there is some catalytic activity for ethane
hydrogenolysis using Mo 2C(fcc) prepared by reduction and carburization of MoO, under
the similar conditions (573 K. H,,'CH, = 5) [9]. It seems the sonochemically prepared
Mo,C (fcc) has different and more selective catalytic behavior compared to the
molybdenum carbides generated by the other methods. Surface and catalytic studies to

explute the catalytic properties and mechanisms of our sonochemically prepared
materials are continuing.

CONCLUSIONS

Sonochcmical decomposition of molybdenum hexacarbonyl in hexadecane at
00'C gave nanometer-sized powder of face centered cubic molybdenum carbide. The
material was extremely porous with a high surface area and consisted of aggregates of

2 nm sized particles. The catalytic properties of the sonochemically prepared fcc MoC

have been studied on dehydrogenation and hydrogenolysis of cyclohexane and
hydrogenolysis of ethane. The catalytic results showed the molybdenum carbide
generated by ultrasound was a good dehydrogenation catalyst and a poor hydrogenolysis
catalyst.
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Abstract
The inert gas condensation (IGC) technique was employed to synthesize non-agglomerated

nanoparticles of ZrO2 and Y20 3 with different average particle sizes ranging from 4 to 14 run. The
sintering behaviors (in air and vacuum) of single phase n-ZrO2, (monoclinic crystal structure) and

Y20 3 -ZrO2 mixture (Y-TZP) were studied in terms of densification rate and final sintering
temperature. There was a strong correlation between densification characteristics and properties of the
starting powder compacts such as average particle size, particle and pore size distributions. n-ZrO 2
was sintered to full density in air at temperatures as low as 1125 oC (0.47 Tm) and in vacuum at 975
oC (0.42 Tm). Although the grain sizes in the fully sintered samples were well below 100 rim. the
grains had grown by a factor of 10 as compared to the initial particle size. Therefore. a pressure-
assisted sintering technique was employed to further reduce the densificaion temperature and finad
grain size. Threshold effects in this process are also discussed.

lnr~ocluionm

Increasing efforts are being directed towards synthesis of nanostructured metals and ceramics
11 - 31. Consolidation of loosely agglomerated nanoparticles (less than 10 nm) of ceramic materials is
expected to result in significant payoffs in temis of lowering of sintering temperatures. and hence
avoidance of the use of sintering aids, decomposition of constituent phases [4] and deleterious
interfacial interactions. Moreover, smaller grain sizes should result in improved mechanical properties
and superplastic behavior for net shape fomting [51.

Currently, a number of production techniques are available for the synthesis of nanoparticles
of ceranics. These include, spray pyrolysis [61, laser ablation [71. sol-gel processing, flame pyrolysis
and inert gas condensation (IGC). One of the principal concerns in all these techniques is the control
of aggloneration. An agglomerated mass of powder is of little benefit during densification as
coarsening prevails over sintering. A modified version of the originial IGC technique pioneered by
Gleiter [81 was employed to synthesize non-agglomerated powders of n-Y203 [9] and n-ZrO2 with
average particle sizes less than 15 rim. The process consists of evaporation of either the pure metal or
the monoxide in a low pressure atmosphere of helium followed by careful post-oxidation. The details
of this process are described elsewhere [10).

This paper describes sintering studies performed on single phase n-ZrO2 and n-ZrO2 doped
with n-Y203. Both the n-ZrO2 and n-Y203 powders were synthesized by the IGC technique. The
sintering behavior of nanostructured powders is expected to be significantly different as compared to
the commercial powders available today. Densification of pure n-ZrO 2 was carried out in air and in
vacuum. In both cases, fully dense samples with a monoclinic crystal structure were obtained. The
grain sizes in the fully sintered states were still in the nanoscale regime. Correlations have been drawn
between initial powder properties and sintering characteristics. Sinter-forging experiments, performed
on single phase n-Zf' are also described in this paper.
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The powder synthesis piocess consists of evaporation of zirconium monoxide in a helium
atnsphere of 100 to 1500 Pa followed by post-oxidation of the monoxide nanopanicles. As
mentioned betore, proper control of the latter step is critical to the formation of non-agglonierated
powder.

Compacts. 8 mm in diameter and 0.5 mm thick, were made by applying an uniaxial pressure.
in the range of 200 to 1000 MPa at room temperature. These pellets were sintered in air and in
vacuun (4 x 104 Pa) at several different temperatures for varying lengths of time. The samples
sintered in vacuum were subsequendy annealed in flowing oxygen below the sintering temperature to
establish stoichiometry. Additionally, sintering was studied in situ by dilatometry on cylindrical
samples. The heating rate was 10 OC/min. These samples, with a diameter of 3 mii and a height of 3
to 4 mam. were compacted at 400 MPa at room temperature. Sinter-forging was carried out in a creep
rig. Cylindrical pellets. 3 im in diameter and 2 nun in height were first cold isostatic pressed and then
presintered to render rigidity to the samples. Pore size distributions on as pressed samples were
measured using Coulter Omnisorb 360. Density of the pellets was measured using Archimedes'
principle and from geometry and weight of the specimen.

Y20 3-stabilized tetragonal zirconia was prepared in the following way: a colloidal suspension
containing n-ZrO, and 3 molel of n-Y-20 3 was formed in deionized water and treated ultrasonically
to obtain good miixing. The water was then dried out. After compaction at room temperature, the
samples were heated at 995 oC for40 min. to obtain interdiffusion of the oxides and sintering.

Results and Discussion
Fig. I shows a TEM image of as synthesized powder, Fig. 2 shows particle size distribution

for the sante powder. The average particle size depends on the He-gas pressure during evaporation: d
increases from 6 to 12 nm at 100 Pa to 1000 Pa He pressure, respectively. The as prepared powder
consists of a phase mixture of tetragonal and monoclinic crystals. The latter is the stable phase at
roon temperature while the fonrer can be formed by applying high pressures (of the order of several
GPa's) at elevated temperatures. The formation of these high pressure phases, which have higher
densities, has been explained on the basis of Gibbs-Thomson effect [i1, [10. However, on
compaction (even at small uniaxial pressures of the order of 10 MPa), all the tetragonal grains
transform to the monoclinic crystal structure.

30

0S 4 8 7 1 8 0tO -;0 20

- Fig. 2. Particle size distribution of as prepared
-.. A powder obtained from bright field imaging. The

Fig. 1. TEM image of as prepared n-ZrO2  average particle size is about 6 nm.

powder.
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Green tensities II trte range 36 to 5 1 % of thre theoretical density (PC) Of monIOCloIc Lircoflia
were obtained by Comopacting at different pressures. High pressures of the order of 400 NIPa or so
were needed to achieve green densities ot about 45% (Fig. 3). Thie reason is that there is a large
frictional resistance bctweeti the nanopanticles which must be overcome by compaction. The pore size
diSinbution is shon in Fig. 4. The pone size distribution is narrow and mimics the particle size
distribution. This microsructure of the green pellet is desirable for sintering and has been achieved by
controlled posti-oxidation avoiding exothermic heat release.

0 3n. 0.000

00 10 Ic

ArPI-e1 P,-oo-MNI Pom Dianxser (nmnI

Fig. 3. Green denwNg is a fivmiion of Fig. 4, Pore size distribuioen in the as conporrd

comnpai on pressure There is no breaok stress in stte The bulk densiies rakulatrdfrou th toalore
rhe angestuded. olwu and using Archinwedes principle niatc h pocusv
the ang stuiedclosely signifying thai all the pores can be accounied

for.
Fig. 5 shiows sinteritog curves of n-ZrO-, with an average particle size of 9 rim and a

conittervial Y-stahilized ZrOi ceramoic (Nippon. 2.6 Y-=Z) measured by dilatoooetry. Apparently.
sintering commnces at 600 6C, i. e. 0.3 Tm. for the nanopowder while there is no densification until
I10 IW C for the commoercial ceramic. Careful neutron scattering study [131 however revealed that the
apparent shrinkage during thc intennediate stages of sintering is a consequence of coarsening and
particle rearrangetment resulting in close packing. There was strong evidence for inter-particle
interference suggesting that the bulk consisted of a network of pores equally separated frum each
other. This is corroborated by the uniform grain size of these samples shown in the nmicrograph in Fig.
6. It is argued that such a homogeneous nmicrostructure in the intermediate stage is responsible for low
temoperature sitntering. Fig. 7 shows density as a function of time at several different temoperatures. Full
density can be achieved by sintering in air at 1125 O5C for 60 minutes.

r7Z~ 101

Fig. 5 .Sitrngrneso -. 0 n

commercial Y' -IZP powdler
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Fig 6. IRSEM image of a scratched surface Fig. 7. Relative density ("ihcoremi-o) 423 a
showing the uniformty in the grain size in the ftntcion of sinleriiig timel (it secirzl diffltui:
intermnediate stages of sintering temperatures. 7he sintring atnu sphwre .ias air

The sintering temperature could be fuirthter lowered by sintering in vacuum. Near theoretical
densities were achieved by sintering at 975 OC for 40 minutes. The reasons for the enhancement of
sintering in vacuum compared to air are presently not clear. Avoiding a negative sintering pressure due
to t presence of air in the pores and enhancement of diffusivity in non-stoichiomectric n-ZrO-
probably contribute to the observed changes in the densiftcation rates. Since the sintering temperature
is well below the nmonoclinic to tetrag-ial transformation, no microcracking occurs and thecoretical
densities are acbieved.

Fig. 8 shows grain size as a function of density. Grain growth during densifieation is
inevitable but it should be noted that there is no exaggerated grain growth in the final stages of
sintering. Thle grain sizes. determtined from X-ray line broadening agree well with those determiined
from HRSEM images (Fig. 9). Dense samtples sintered in vacuum had a grain size of 60 rn while
those sintered in air had an average grain size osf 90l nim

(0005

n-Y 203

n-Zr02

40 50 60 70 so 90 tO00 S

DENSITY (% TIIEOREM1ALI
Fig. 8. Grain si~e as a function of percentage
porosity for samples sintered tn vacuum. Fig. 9. 1-RSEM image ofa fractured surfre of an n-
Eraggerated groin gromush didi nor occur at sintering ZrO2 santplesinteredto 95% of theoretical density,.
temperatures of 975 0

C When full densityv could be
achieved.
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Stabile collotids; ot 11-7a(), and n- N'0 3 Ui detotuzed water were mixed to obtain 3 mtJn-

Y'203 in ii-7102. After dr~ ing and compacting. the samples were sintered in vacuum ait 995 'C lor 40i
totootes to achieve full iitst.X-ray diffraction showed that complete interdiffusion had occurred.
transfOmni ig a~i ni oonoclitic grains to the tetragonal structure.

The )()ssih'itN of turtter reducing the grain size without the addition of any grami growth
nlti1hitOr was studied by sititer-forging at temtperatures below IM)0 OC. Sinter-forging of cerantlcs is a

cocs~olidation techtnique where a partially sintered or a green samnple is subjected to an uniaxial load at
a certain tetttprature so that the specitten sittters and defiomts sinmultaneously. Therelore. this process
can be entploved to obtain lully sintered. net shape comnponetnts. Sinter-forging was carried out at 9501
0(' lr I htour at different applied pressures ranging frontt 10 to 300 MIPa. Details of these expetimntts
base been described cisewltere 1131. 'Mhe eavior of tvo types of powder was investigated: powder A
had an aserage particle site of t nit and a specific surface area of 136 nt 2/g; powder B Aas coarser
with an average particle size of 12 tutt and a specific surface area of 65 nt2/g. Density as a futtcti ofI
appliedl pressure is shown in Fig. 10. There is a break in both the Curves, Called the threshold stress
wisteb is lower for die coarser grantted sainple. This explains why such a break had never beetn
ob.sm ed itt forgittg experimntets frotit cottttercial grade powd(er.

Thiis uttique beha% ior of ultral'ine-grained cc ratnics wider actppie stress canl be iicrpretc:l
by cotvsiderntg the drivin forces for densification. The total driving force- is cottiposed of twoc
compotnents: -e dintrinlsic driitt force dlue to curvature and the extrinsic driving fotrce due ito applied
stress [ 141. [151. Fig. I I show s a schettatic of the total driving force as a function of grain size. At
smiall grain sizes. such as G1. te contribution of the applied stress to the total driving force is fi. less
significant as cottpared to that due to the curvature. Al a grain size G2. the two corntoonil. are
coitparable wshiile at G3, stress plays a dott1ijoant role. On the basis of this arguttment. otie can expect it)

base a break itt a curve of densification rate versus applied si,.._ S.ince the fintal denisity is a
cotvsequence of th. .hensificafion rate, the breaks in the curves for the different griit sized noticrals
occur at difternt stress lev els.

A pressure ()f 3W11 NPa had tc be applied at 950 oC to derisify pure n-ZrO-t. The graitn site
d~eemited front X-raiv line broadening was 45 niti.

-.-- ~-- i - - . -

_____g [9j;-

.- . 60 - I

Appie Pmssss (MP.)

Fig 10. Relaiie densitv as a Jltinctioni of applied
pre'ssure during stnter-ftrgtng for N e) pok ders. Fig. 1). Driving forcr (arbitrary' units) iis a funtion
pow der A has an average particle si:e o)f r0 trn aid of grain size. There are twvo cornp. 'ientt t) the
powder B is 12 nmn The thresholdl stiests. that is the driving force, namely. contrihution from the applhco
stress bey' ond which pressure assists it dteisification pressure and contribution from the curvature
ts different for the tivo powders
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6)Non-agglomnerated nanoparttcles of n-ZrOa) and n-y"03 in the range 4 to 14 nut in diatocter can he
synithestied by the inert gas condensation prncess.
to1 Th'le as prepared frvmder consists of both the stable monocliric phase and a high pressure

tetraigonal phase. On comipacion the latter transtomnis to the stable phase.
(mi) Sintering characteristics largely depend on the initial powder properties and a homogeneous
intennediate state is essential for full densifieation at temperatures below 0.5 Tm.
is) Full density can be obtained by sintering in air at 1135 OC for 60 min and the sarne can be

'cItesred by sintering in vacuum) at 975 OC for 40 tm. The grain sizes in both cases are well within
die nxioscalc regime.
ts Th-e pressures needed to densify line grained materials is higher as cotmpared to those applied to
sinter Conmercial ceramics. Unique pressure effects were observed in these fine-grained materials.
Pure n ZcO, waxs densitied by applying a pressure of 3MX MPa at 9501 tC for I hour. The grain size
sksas 4 5 nin
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CHEMICAL SYNTHESIS AND CHARACTERIZATION
OF NANOSTRUCTURED TITANIUM ALUMINIDE

S.T. SCHWAB, P.P. PAUL, Y-M. PAN
Southwest Research Institute, Materials Engineering and Technology Division,
6220 Culebra Road, P. 0. Drawer 28510, San Antonio, Texas 78228-0510

ABSTRACT

Although plagued by a lack of ductility, titanium aluminides are among the most
promising intermetallics under development. Significant improvements in ductility may be
obtained from nanostructured intermetallics. Nanosize particles of TiAl3 have been prepared
by heat-treatment of chemically synthesized precursor (compound 1). Nanosized TiAI5 has
been characterized by chemical analysis, XRD, EDS, NMR, and HREM.

INTRODUCTION

Considerable effort has been devoted to the development of intermetallic compounds,
such as titanium aluminides, for use in aerospace and automotive applications; however, their
acceptance has been hampered by their lack of ductility.' Three intermetallic compounds or
ordered alloys exist in the Ti-Al system: T 3AI, TiAI, and TiAi3.z3 Of the three, TiAl 3

exhibits the lowest density and the best oxidation resistance, but is the least ductile.Z3

Attempts to increase ductility through micro-' or macro-' alloying have yet to meet with

success. The availability of nanostructured materials may be essential to the development
of TiAl, with acceptable levels of ductility. 6

While a number of methods are available for the generation of nanosize particles,
researchers have traditionally relied on vapor phase or mechanical attrition techniques that
are not readily amenable to industrial scale production! Because of deficiencies in these
traditional methods, there is growing interest in chemical techniques of producing
nanostructured materials.' We report here the chemical synthesis and characterization of
nano-structured TiAI. Although nanosize TiA1 has been obtained through metal vapor
condensation,9 to the best of our knowledge, this is the first report of the chemical synthesis
of any titanium aluminide and the first report of nanostructured TiAI,.

Borohydride reduction has been shown to yield nanosize metals and alloys."

Although the tetrahydro-borate adduct of titanium is stable and has been shown to be a
useful precursor to titanium diboride, 2 the corresponding tetrahydroaluminate adduct appears

213

Mat. Res. Soc, Symp. Proc. Vol. 351. 01994 Materials Research Society

......I ..



to be unstable." Co-reduction of metal chlorides with lithium triethylborohydride

("superhydride") has been shown to produce nanosize particles of single phase alloys."

EXPERIMENTAL

Co-reduction of TiCI4 and AICI with superhydride yielded a very reactive solid that,

upon heat treatment at 1000*C under inert conditions, converted to microcrystalline Ti3 AI,

as observed by X-ray powder diffraction (XRD), with substantial impurities (primarily LiCI)

also present.

In an attempt to produce salt-free TiAly, a dilute hexane solution of Ti[N(SiMe3 )1 3'4

was combined with an excess of AIH 3
15 at room temperature, according to Equation 1. A

very fine, steel-gray powder precipitated from the dark solution after stirring for 16 hours.

This pyrophoric powder was washed with ether and dried under vacuum to produce

Compound 1 in 60-65% yield, based on Ti.

250C
Ti[N(SiMe)1 3 + AllI --* Powder (1)

Compound 1 was pressed into a cylindrical pellet and heated in a quartz crucible under

vacuum to 1000"C for 0.5 hour. Upon cooling to room temperature, the fragile pellet was

crushed to yield a fine black powder (2).

RESULTS AND DISCUSSION

The solid state 'H NMR (CRAMPS, 360 MHz) spectrum of 1 consists of resonances

at 0.3 ppm and 7.3 ppm, which can be assigned to -Si(CH 3). and -NH protons,

respectively.6 The solid state 2
7Al MAS NMR spectrum (156.4 MHz) of I presents

absorptions at 60 ppm, 25 ppm, 2 ppm and -492 ppm. While the absorptions seen at 2 ppm,

25 ppm, and 60 ppm are within the normal range of chemical shifts for "AI, the absorption

found at -492 ppm is highly unusual. 7 Not only is this chemical shift far outside the range

normally displayed by 'AL, it varies with applied field strength. We believe this unusual

behavior may arise from paramagnetic contact shifts.'" The room temperature X-band ESR

spectrum of 1 displays a resonance pattern that indicates the presence of one or more

unpaired electrons. While variable temperature ESR experiments to further characterize the

spin system are in progress, the presence of an unpaired electron or electrons would be
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consistent with the paramagnetic contact shift hypothesis. While the characterization of I

is not yet complete, we believe it to be a of loose cluster of titanium and aluminum atoms

that contains relatively few organic functions and a substantial number of "dangling bonds."

Comparison of the XRD pattern obtained from 2 (Figure 1) with that obtained from

a sample obtained commercially confirms its identity as TiAI3 . The XRD pattern also

reveals the presence of small amounts of TiO2 and Ti3AI. The Tio 2 is probably produced

through reaction with the atmosphere, and should be eliminated through strict maintenance

of anhydrous and anaerobic conditions. The appearance of Ti3AI is puzzling, but may be

controlled through optimization of the reaction conditions or heat treatment procedure.

Analysis of 2 by Energy Dispersive Spectroscopy (EDS) indicated a Ti:AI ratio of 1:3, while

chemical analysis of 2 indicated d Ti:AI ratio of 1:2.94. The solid state "Al MAS NMR

spectrum (156.4 MHz) if 2 presents a major absorption at 252 ppm and little indication of

the unusual resonance at -492 ppm that dominated the spectrum of 1. The absorption at 252

!ppm may be assigned to TiAI3; the solid state 7A] MAS NMR spectrum (156.4 MHz) of

the commercial pnwder consisted of a single resonance at 256 ppm.

I" S

. -U

2-Thf.

FIGURE 1. Powder X-Ray Diffraction Pattern of Nanosize TiAI3 (compound 2).

A smal; portion of 2 was dispersed on holey carbon-coated copper grids for High-

Resolution Electron Microscopy (HREM) analyses. Bright field micrograph reveals 2 to be

composed of agglomerates of nanosize particles with a size distribution of approximately

5-25 nm (Figure 2). HREM lattice imaging reveals two adjacent nanocrystalline grains
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having the same spacing of 0.212 nm, which are consistant with the lattice fringes expected

from (004) plane of TiAI3 (Figure 3). The crystals tend to be equiaxed; their interfaces

appear to be sharp at the grain boundaries. EDS microanalysis of 2 using a probe size of

about 1 nm further confirms its identity as TiAI3.

FIGURE 2. Transmission Electron Micrograph of Nanosize TiAI3 Powder (compound 2).

FIGURE 3. High-Resolution Electron Micrograph Lattice Fringes From (004) Plane of
Nanosize TiAI3 (compound 2).
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CONCLUSION

Solution chemistry has been used for the first time to produce titanium aluminide, and

nanostructured TiAI3 has been obtained for the first time. While the precursor powdler (1)

has yet to be fully characterized, it does yield salt-free TiAl, when heated. We have

demonstrated that chemical methods can be used to produce advanced intermetallics in the

nanosize regime. Bulk specimens of this chemically derived TiA 3 are being produced with

which to determine if the promise of novel or improved properties has been realized by this

nanostructured material.
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ABSTRACT

Spray Conversion Processing was used to synthesize high volume fractions (0.52 - 0.74 ) of
nanograined (Fe. Uo),C cairbide dispersions in iron, starting Io'om water soluble p, ecursors. The
essential features of the process are, ( /) preparation of a chemically homogeneous precursor powder,
and (2) thermochenical conversion of the precursor pOder to the desired nanostructured composite
powder through controlled gas-solid reactions. The thermodynamic and kinetic features .q the gas-solid
reactions, and the influence of various processing parameters on the structures developed, are discussed.
The powders were consolidated to near theoretical density by pressureless sintering and hot pressing. All
the consolidated samples had hicontinuous structures. Compared to M2 high speed tool steels. these high
volume fraction carbide strengthened iron alloys display superior hardness values up to 500 'C.

INTRODUCTION

Nanostructured materials (polycrystalline materials with grain si/e less than IX) onr) have
generated considerable interest in recent years j 1,2]. The synthesis of powder precursors is an essential step
in the processing of nanostructured materials. A number of physical methods, such as inert gas
condensation and high energy ball milling, chemical methods such as gas phase combustion synthesis.
electro-deposition and sol-gel processing, and many colloidal based procedures have been used it
synthesize nanostructured powders [3]. Exposure of single phase n-,ostructured powders to high
temperatures during consolidation leads to significant grain growth. Thus it seems imperative to use
multiphase alloys to mitigate grain growth during high temperature consolidation of nanostructured
powders.

This research was targeted on synthesis and processing of an iron-base alloy. which contained a
high volume fraction of nanodispersed M6 C phase (mixed carbide of Fe and Mo. also known as 1" carbide).
Eta carbide (Fe. Mo) 6C (henceforth, tl) is a hard, brittle and thermodynamically stable phase in high speed
steels, high temperature alloys, such as superalloys and heat-resistant steels. Moreover Fe and T phases
have limited mutual solubility and also) a favorable low interfacial energy, and comparable thermal
expansion coefficients (41.

The conventional method [51 for synthesizing rl carbide phase involves arc melting of the elements.
remelting and long annealing at high temperatures to circumvent the kinetic barrier to obtain the
thermodynamically stable phase. In such cases the microstructural scale is coarse (few hundreds of
microns), and the interconnectivity of T) carbide in a high volume fraction composite makes it inherently
brittle. The Fe-Mo-C phase diagram is shown in Figure 1. To produce Fe + TI. with different volume
fractions of i1 carbide, the composition of the powder has to be precisely controlled within the narrow two-
phase field. None of the methods listed above is suitable for synthesizing the two-phase nanoscale Fe + TI
structure with varying volume fraction of rl carbide. The high volume fraction of nanoscale dispersions,
however, can he achieved by utilizing a novel chemical processing method, called Spray Conversion
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Processing [61, which has already been exploited to produce prealloyed nanostructured WC-Co po'ders:
the scale of WC particles are typically - 0.02 - 0.1 rn.

Our basic chemical synthesis method comprises four sequential steps: (1) preparation and mixing
of an aqueous starting solution of ammonium heptamolybdate and feric nitrate in a predetermined ratio, as
fixed by th nominal composition of the final product powder, (2) spray drying of the starting solution to
form an homogeneous precursor powder with amorphous or microcrystalline structure, (3) reductive
decomposition of the precursor powder in flowing hydrogen to yield a high surface area reactive metallic
intermediate, and (4) selective carburization of the reactive intermediate to yield the desired two-phase
nanograined powder. The structural scale of the final product can be controlled by adjusting the synthesis
temperature. The composition and purity of phases are controlled precisely by adjusting the carbon activity
of the carburizing gas. Since this process relies on gas-solid reactions, it has good reproducibility and
potential for scale-up. Moreover, it is not necessary to resort to blending of powders of individual phases.
and energy intensive ball-milling to achieve uniform dispersions.

In this paper, we describe procedures for synthesis of prealloyed Fe-rI carbide powders, and for
their consolidation by hot pressing and pressureless sintering.

EXPERIMENTAL
1) Preparation of precursor powders

Aqueous solutions of ferric nitrate and ammonium hepta-molybdate were mixed to achieve 52, 60.
68 and 74 vol% dispersions of TI carbide in the iron matrix. The nominal compositions were calculated on
the assumption of stoichiometric (Fe3Mo 3)C carbide and x-ray density of carbide. Spray drying of

aqueous solutions was carried out in DL-4 1® spray drying unit. The XRD traces of spray dried powders
shows patterns characteristic of amorphous compounds (Figure 2), indicating homogeneous mixing of
inorganic salts without any phase separation. All the spray dried powders were hygroscopic in nature due
to presence of ferric nitrate. The precursor powders were pyrolyzed in argon at 300 'C to get rid of the
volatile constituents (ammonium and nitrate ligands, water of crystallization). This reduced the
hygroscopicity and eliminated the tendency of the precursor powders to form agglomerates. The XRD
traces (Figure 2) of the pyrolyzed powders showed unidentified, poorly defined crystalline peaks. There
was no evidence for any pure binary iron or molybdenum oxides. The Fe-Mo-O system contains a family of
double oxides, and presumably some kind of mixed oxide is formed. The pyrolyzed powders retained the
broken shell morphology of the spray dried powder, varying in size from 2-50 Jm.

74..1= pyy.

y0 -, ..

/I.,, /1 20 25 30 35
- ,. . " - TWO THEA 3=0- EES I

Figure 1 Phase diagram of Fe-Mo-C, Figure 2 XRD patterns of spray dried
isothermal section at 1000 "C [5)] and pyrolyzed powders
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2) Thermochemical conversion of precursor powders

The the rnoch~mical conversion of precursor powders was monitored in a themiogravimetsc
analyzer (TGA). Sample weight changes were nnitored using a Calm 1000 microbalance. Reactive gases
were supplied from a gas manifold, through Brooks mass flow controllers. Samples were placed in a
platinum boat which was suspended in a vertical tube furnace. The reaction temperature, gas flow rate, and
the weight change were plotted using a computer program. About 100 mg of sample was taken in each
case. Eact. "omple was heated to the reaction temperature at a rate of 15 C/min. Reduction was carried out
in flowing hydrogen and subsequently a carburizing gas mixture was introduced. To evaluate the powder
structure, prior to carburization. the reductive decomposition was carried out isothermally at 600, 650, and
700 'C in pure hydrogen. Passivation was done at room temperature to overcome the pyrphoric nature of
the fully reduced product. The procedure followed was pure argon for 30 minutes to scavenge the system,
folowed by 2% O,/Ar for 30 minutes and 4% 0 2/Ar for 30 minutes Carburization experiments were
carried out at 700 0C until the weight in TGA reached a plateau. Carton activity was varied from 0.1 to
0.9 at 0. 1 steps by adjusting gas flow rates of Ar. CO. CO2 while mainlimung the oxygen potential was 5 x
l0 -23 atn to prevent the formation of MoO 2. XRD analyses of the powder samples were carned out in a

Siemens diffractometer using Cukc source and graphite monochromator. Scanning Electron microscopy
was carried out using an AMRAY 1200 microscope, operating at 20kV.

DISCUSSION OF RESULTS

A. Powder Synthesis

I. Reductive decomposition of precursor

In the temperature range 600-700 1C, the reduction profiles showed similar trends for all
compositions investigated, Figure 3 (a) and (b). Weight loss was gradual and was complete in a single
stage. At lower temperatures, the reduction profile is a superposition of rapid weight loss and a gradual
weight loss. This can be explained on the basis of the different thermodynamic stabilites of iron and
molybdenum oxides and their solid solutions.

105 (a 105 H- 15 CA= ma, fl-ft Ar (b)
105 9lOS

l-ydm g- • - Hydmg m

95 85

65 665
70 OC 650c 6Co, 700C 6oc 5ooC

55 55 -----.---... _

0 30 60 90 120 150 0 60 120 180 240 300 360 420

time (minutes) time (minutes)

Figure 3 Reduction kinetics of(a) 52 vol% precursor, (b) 74 vol% precursor

XRD patterns of the two compositions (52 and 74 vol%) showed an iron peak and a diffuse, broad
peak in the two theta range of 35 to 47 degrees. Figures 4 (a) and (b). The diffuse pattern corresponds to d
spacings of Fe7Mo 6 . Such diffuse patterns are signatures of poorly crystalline, or nanocrystalline
structures. But in the two compositions, the broad peak is at the same two theta position, suggesting that an
identical nanocrystalline phase is formed in both cases. The width of the broad peak is unchanged
irrespective of reduction temperature. The fully reduced intermediate is pseudomorphic with the original
precursors powder, but with reduced dimensions and with a lot of submicron pores.
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Figure 4 XRD patterns of reduced intermediates (a) 52 Vol% precursor, (b) 74 vo% precursor

2) Gas phase carurization of reactive intermediate

a) Thermodynamic considerations

Equilibrium phases that can be obtained by addition of carbon it the reduced intermediate are
determined by the Fe-Mo-C phase diagram. At the lower temperature of 70M 'C. the established phase
diagranm at I0 sC is at best an approximation. Teg carbon activity of the system, a,., vanes u
accordance with the Gibbs phase rule. If the temperature and pressure is kcpt constant, in the three-
contonent system, there will be variation in the carbon activity in the two phase field, whereas the carbon
activity will be invariant in the three phase field.

00

0 10 20 30 0 10 20 30

carburization time (minutes) carburiration time (minutes)

Figure 5 Carburizzaton kinetics of reduced intermediates of (a) 52 s'ol% precursor, (b) 74 vol%
precursor at 700 'C

The XRD traces of the reaction products at four different carbon activities are shown in Figure 6
(a) and (b). It is seen that at carbon activities !50. 1, we get the equilibrium two phase mixture of iron and
eta carbide, for both the extreme compositions investigated.L Although the composition variation across the
two phase field is small, the carbon activity variation is large. This pemlits control of both the carbon
content and phase purity of the carburized end product.

b) Kinetic Considerations

T7he rate cf any gas-solid reaction can he either diffusion controlled, or interface controlled or
mixed mode, depending on the reaction conditions, particle size, and the particular system. In any case. the
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overall reaction rate is proportional to the reaction surface area and is maximum when the available surtace
area is maximum. The high surface area of the nanoporous reaction intermediate permits the carbunrzation
to be carried out at lower temperature and minimum time, thereby limiting grain growth of the carbide
phase.

~fl y Mk2C fn ~ ~
-- t I V .2.

9.*509

_ tao. _03 . .

30 40 rio 6 30 40 50 60

TWO THETA (DEGREES) TWO THETA (DEGrEES)

Figure 6 XRD patterns of 700 C carburzed samples of (a) 52 vol% precursor, (b) 74 vol%
precursor

Figure 5 (a) and (b) shows the carburization kinetics at 700 OC. In most cases during carburization.
MoXC is formed as a metastable intennediate. This is indirectly confirmed by an initial weight pick up
during carburization at 0.1 carbon activity and slight weight loss (decarburization) to give iron and eta
carbide. A lower carburization activity in the gas phase will enhance the decarburizabon kinetics and thus,
carburization was carried out at 0.1 activity to eliminate other products due to kinetic constraints. At higher
carbon activities, where Mo2C is stable, the amount of carbon is high in the case of 74 vol% precursor,
which contains higher molybdenum. There has been various schools of thought pertaining to the Mo2C to
M6C transformation during tempering of molybdenum containing steels. Mo2C has limited solubility (5
wt%) in iron. It has hexagonal structure and forms as needles due to surface energy anisotropy as a result
of its crystal symmetry. The 11 carbide has FCC structure and tends to form as spheroids. The change from
needle to spheroid morphology is triggered by the reduction in surface energy and this occurs in-situ. This
can occur by (1) nucleation of M6C at the interface between iron and Mo2C. with subsequent growth
controlled by diffusion in the matrix. (2) nucleation of M6C inside the Mo2C particle and diffusion
controlled growth of the nucleated phase. In our case, the first mechanism seems to be more probable
because of the controlled carbon potential in the gas phase, which ultimately drives the reaction. The rate of
transformation is determined by diffusivity of molybdenum, whereas the spheroidization of Mo2C to M6C
is determined by diffusivity of iron at the synthesis temperature.

The kinetics of carburization of the 74 vol% reactive intermediate is followed at 600. 650 and 700
"C at carbon activity 0.1. The XRD traces of reaction products are given in Figure 7. At 600 1C, even after
carburization for 12 hours, there is a mixture of iron and Mo2C. On the other hand, at 700 "C, complete
conversion to iron and M6C is achieved in one hour. This corroborates the facr! that diffusion of
molybdenum is the rate determining factor for the MoZC to M6C transformation. There is no significant
grain growth due to prolonged annealing at 700 1C. The scanning electron micrograph (Figure 9) of the
carburized powder is pseudomorphic with that of the reduced intermediate. The average grain size of both
phases is around 5Ont. Figure 8 shows the XRD traces of different volume fraction carbide dispersions
synthesized at 700 °C. The intensity of carbide peaks increases with increasing content of 1i carbide, with a
corresponding decrease in the intensity of iron peak. The grain sizes of both phases remain more or less
unaffected.

B. Powder Consolidation

The powders were consolidated to theoretical density by pressureless sintering (7.91 and hot
pressing [8]. In both cases, a bicontinuous structure was obtained. Pressureless sintering resulted in a
relatively coarse carbide grain size of 0.6 - 1.5 jim. With hot pressing 181. the grain size of carbide was
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Figure 9 Scanning electron micro graph2 of carburized end product powders

lowered to 200 - 300 nm. Pressureless sintering of intermediate volume fraction (60 and 68 vol%) T

carbide composites yielded submicron-grained structures 191. in contrast to single phase materials which
would have yielded structures in tens to hundreds of microns. Thus, two-phase nanograined Fe - TI powders
with optimal volume fraction (60 - 68 vol% of hard phase) appear to mitigate grain coarsening during
sinterng. Furthermore. subsequent annealing at higher temperatures caused no further coarsening of the
carbide grain size.

C. Hot Hardness

Figures 10 (a) and (b) show tetrature dependence of hardness of the consolidated samples. The

hardtness increases with volume fraction of carbide, for both the pressureless sintered and hot pressed
samples. A hardness of 760 kgbnmn

2 is obtained for the pressureless sintered 74 vol% carbide composite
and the corrsonig value for 52 vol% is 415 kgbnm

2
. There was no visible cracking at the corners of

the irndentations even under a load of 30 kg for the 52 vol% composite. but in some cases, wavy cracking

224



was observed in the 74 s'ol% composite. This suggests thai these bicontinurius conifxit~c miaterials are noit

inherently brittle. A hardriess value of 780 kgtnm2 is obrined for the hot pressed 52 voll:/c caibide
composite, whereas for the 74 vol% material it is 1020 kguim In all the Composites, the hot( Pressed
samnples demonstrated higher hardness values.

The hot hardness of these bicontinuous composite mat,'rials is relatively insensitive to temperature
up ito 4tX) - 500) 'C. depending upon the carbide content. AUI the samples showed better inot hardri'-s th.--i
NI2 high -,peed tool steel. High hardness in M2 tool steel is obtained by dispersion of M6 C carbides in a
tempered martensite matrix. So the hardness falls off rapidly at high temperature because nartensil lcscs
its strength.

800
E ~ s. ~1000 74-

~800
400 1b)

2000
12

0 200 400) 600 80)0 1000 0 200 400 60)) 800 IM)
Tempierature (C) Temperature (C)

Figure 10 Hot hardniess datei for (a) pressureless sintered samples. fbi hot pressed sample.% ALs
showni is hurdniess data for 412 high speed steel

SUMMARY

We have shown that spray conversion processing is a viable means of producing high volume
fraction (> 52 vol%) of nanograined dispersions of rl carbide in iron. From preliminary investigations, these
materials can be consolidated to full density, yielding bicontinuous structures that possess acceptable
toughness. Experiments are in progress to evaluate high temperature strength and creep properties.
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ABSTRACT

Nanocrystalline iron powders were produced by means of the gas condensation. Pure
nitrogen, or oxygen, or air, was introduced into the as-made powders before they were taken
from the chamber. Various atmospheres produced varied layer structures around the iron
particles A high resolution transmission electron microscope was used to analyze the crystal
structure and vibrating-sample magnetometer was used to measure the magnetic properties of
nanocrvstalline iron particles. The results showed that a layer of amorphous or nanocrystalline
stcucture ",as formed initially on the surface of iron particles. This thin amorphous layer
Lrvstallized into FeO. after annealing under electron irradiation when the introduced atmosphere

was pure oxygen or air. However, it foried a passivated layer of C-Fe 2N when nitrogen was

introduced The exchange anisotropy between the iron core and the superficial iron oxide or
nitride shell was observed as the sample was cooled in an applied field of 10 kOe from room
temperature to 5 K The shift of the hysteresis loop caused by exchange anisotropy was 16 %
for the nitride shell and 8 % for the oxide shell.

INTRODUCTION

Nanocrystalline (NC) materials can be made by various methods including chemical
reduction[ l], sputter deposition[2], gas-condensation techniques[3-51, and others[6] The gas-
condensation method produces powders with a narrow distribution of sizes.

Nanocrystalline iron powders are chemically active. A passivated layer forms on the surface
of powders when a little air or 02 leaks slowly into the chamber before the powders are removed.
Varied structures of the passivated layer are obtained depending on the process The structure
determination of the passivated were achieved with various instruments. These instruments
include X-ray diffractometer, Mossbauer spectrometer, high resolution transmission electron
microscope (HRTEM), and transmission electron microscope (TEM). Different results were
obtained by different groups. Fe_0 4 or y-Fe 20, is the most common structure which people

agreed[7-15]
Saturation magnetization of fine particles is less than that of bulk materials and decreases

ith decreasing size of particles A varied model was built to explain the decrease of saturation
of magnetization of fine particle[16-!9]. Also the origin of the coercivity of fine particle is
different depending on the hypothesis that people made[ 14,18-22].

The purposes of this work were to determine the structure of the pas.;ivated layer and the
effect of various passivated layer on the magnetic properties.
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EXPERIMENTAL

Ultrafine particles of iron were prepared by means of the gas condensation. Pure iron was
placed in a resistively heated tungsten boat. It evaporated and condensed on the surface of a trap
cooled with liquid N2. Oxygen or air at a flow rate 5 standard cubic centimeter per minute

(SCCM) and 900 Pa or nitrogen at a flow rate 100 SCCM and 9000 Pa was introduced to the
chamber for one hour to form a passivated layer around the powders before they were removed
from the chamber.

A superconducting quantum interference (SQUID) magnetometer was also used to measure
the magnetic properties. This task was done by cooling the samples in an applied fielJ of 10 kOe
from room temperature to 5 K at which the hysteresis loop was measured.

TEM images were taken with a TEM/STEM (Hitachi 800). Selected area diffraction
patterns were used to identify the structure. The HRTEM image was formed with a TEM
(JOEL-4000EX) operating at 400 kV. The images from the HRTEM were processed with
commercial software (Adobe Photoshop) and the optical diffraction pattern was obtained from a
fast Fourier transformation (FFT) program.

RESULTS AND DISCUSSION

Surface Analysis of Nanocrystalline Iron

As the particles made by gas condensation are small, it is not easy to identify the crystal
structure of the layer around the iron by X-ray diffractometry. High resolution transmission
electron microscopy is an alternative method. As-made powders exposed to pure oxygen before
being removed from the chamber show an
oxide layer with thickness of 4.5 nm around O V
the iron core (figure 1). High resolution TEM
observation of this oxide layer initially
indicated no crystalline structure . However,
after exposure of the sample to the electron
beam about 30 minutes, an island-like
crystalline area (figure 2(a) area A) appeared.
This small area of crystalline structure is -

believed to be induced by electron irradiation
In order to identify this crystalline structure,
the atomic fringe image was processed (figure
2(b)) and transformed to an optical diffraction
pattern through FFT as shown in figure 2(c). Figure 1 TEM image of as-made iron powders

The diffraction pattern is indexed as the [- 14] exposed to 02 showing an oxide layer indicated

zone of a Fe30 4 spinel structure. The same by arrow A.

procedure was used to examine the formation of oxide layer when the 0, atmosphere was

replaced with air. The results indicate that an air atmosphere also produces a Fe3 04 layer.

The nanophase iron powders treated with nitrogen give a different result. A nitride layer
was formed on the surface of these powders. Figure 3a shows a small crystalline structure (area
A). This area was processed with image analysis (figure 3b) and transformed to the optical
diffraction pattern, through the FFT, shown in figure 3c which was indexed as the [001] zone of
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-FeN. The crystalline area A is due to exposure to the electron beam about the 30 minutes
which caused partial crystallization of amorphous structure.

Iron O In iron exposed in N2

Zone "s (f14 z
c Zone A.iS (011

Figure 2 (a) High resolution image of as- Figure 3 (a) High resolution image of as-
made nanophase iron powders exposed to 02; made nanophase iron powders exposed to N 2;
(b) processed image of area A; (c) optical (b) processed image of area A; (c) optical
diffraction pattern from (b) by means of FFT. diffraction pattern from (b) by means of FFT.

To confirm the result from the HRTEM, we employed the SAD pattern of TEM (figure 5)
for nanophase iron particles exposed to 0 ,. air or N2' Because the particles are so small, the
SAD patterns of these three samples are ring patterns that are a combination of an iron pattern
and a diffuse ring at the center (figure 4a & c). In an attempt to confirm that the crystalline area
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observed in HRTEM was induced by the electron irradiation, we exposed the samples to the
condensed electron beam of TEM for ten minutes. The inner diffuse ring altered to distinct ring
spots (figure 4b & d). Hence it is evident that annealing the as-made iron powders with an
electron beam causes crystallization of the amorphous oxide or nitride layer. The crystalline
structure of the surface layer of nanophase iron particles exposed to 0, or air was then identified
as Fe30 4 (figure 4b). The -Fe2N structure obtained from HRTEM in nanophase iron particles
exposed to N2 was also confirmed again by TEM (figure 4d).

Figure 4 : TEM selected area diffraction pattern of nanophase iron powders exposed to 02 and
air' (a) as-made; (b) after annealing with the electron beam; and nanophase iron powders
exposed to N2; (c) as-made (d) after annealing with electron beam.

Surface Anisotropic Effects on Magnetic Properties

The magnetic properties of iron particles with varied outer layers were investigated. Figure
5 shows that the saturation magnetization of oxide- and of nitride- coated particles are almost the
same at room temperature. The coercivities of oxide- coated particles at room temperature are
slightly larger than that of nitride coated particles when the particle sizes are between 20 and 40
nm (figure 6). If the particle size is less 20 nm, both samples have almost the same magnitude of
coercivity. This result indicates that the interactions between the spins of iron and of iron nitride
or iron oxide are similar at room temperature. According to Meiklejohn and Bean[23], this
interaction between the spin of the iron core and spin of outer layer is called exchange anisotropy.
In their research, they found an exchange anisotropy between an antiferromagnetic and a
ferromagnetic material. In order to inspect the effect of exchange anisotropy on the coercivity,
we cooled samples in an applied field 10 kOe from room temperature to 5 K and the hysteresis
loop was measured at 5 K.
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Figure 7 shows the hysteresis loop of field- lSO
cooled nitride-coated particles of mean tI i9 in a o

diameter of 13 am ana applied maximum field Qao in N o.ph -.r

55 kOe. The loop is shifted to the left from its 140
symmetrical origin. To emphasize the shift of
the loop, the figure shows only the loop with H

between -5000 Oe and 5000 Oe, and the 10o
amount of shift is defined as fH. - rH, in which so
H and , represent the intrinsic coercive o
forces in the forward and reverse directions, ,,0_ .....
respectively. As the loop is only slightly Ib zb wo -0

Mean portkcte Size(nm)

asymmetry, the abc segment in the third and FS on ageizan v m

fourth quadrants of the loop is superimposed Figure 5 : Saturation magnetization vs, mean

onto the first and second quadrants of the loop; particle size at room temperature for nanophase

the amount of shift is 305 Oe with the fH = - iron particles exposed to 02 or N2 atmospheres.

1845 Oe and rHI = 1540 Oe. The loop was 1500

shifted about 16% to the left. This exchange
anisotropy was also found between iron and
iron oxide layer in nanophase iron particles of o100
mean diameter 14 nm. However, it is not as S
large as for the nitride-coated iron particles. =9
The loop is shifted about 8% for the oxide- 700

coated iron particles.
According to these results the nitride- in 0, atmosphere

flQgaf9 n N, atmosphere
coated particles show greater anisotropy at 300 ..............lower temperature. The greater coercivity o 15 20 25 30 35 40 45Meoan portiere Size(nmn)

(1845 Oe) of nitride-coated nanophase iron Figure 6 : Coercivity vs. mean particle size at
particles at 5K is, therefore, due to its larger room temperature for nanophase iron particles
exchange anisotropy. The magnitude of this exposed to 0 2 or N
exchange anisotropy depends on the material. 2

Meiklejohn and Bean found a large exchange o
anisotropy between antiferromagnetic and 60 _ - FC loop
ferromagnetic materials. Here the FeO 4 is - --- Supernn. bc

ferimagnetic and iron is ferT ,agnetic at 5 K. E 40 .

This result indicates that zA..ge anisotropy - 20

also exists between ferromagnetic and t H

ferrimagnetic materials, but it is small. The 0
magnetic type of the nitride layer at 5 K is 20.

unclear, but according to the above result its e -40- b
exchange anisotropy appears to be larger than -so -re 2 N/Fe
for the oxide-coated particle. 2 C

-so , ,-,---
-5-4-3-2-1 0 1 2 3 4 5

CONCLUSIONS H (kOe)

Figure 7 - Hysteresis loop of field-cooled
1. Iron powders made by gas condensation nitride-coated iron powders with mean particle

form a passivated layer. This layer with an size about 13 nm showing a shift 305 Oe at 5 K.
amorphous or nanocrystalline structure is an
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iron oxide when the powders are exposed to pure oxygen or to air, but an iron nitride if exposed

to nitrogen. The oxide amorphous structure transforms to Fe30 4 and the nitride amorphous

structure transforms to -Fe2N crystalline structure when they are annealed with an electron

beam-
2. The exchange anisotropy exists in both oxide-coated iron particles and nitride-coated iron

particles. The amount of shift of the hysteresis loop can reach 305 Oe for the nitride-coated iron
particles, and the loop is shifted about 16% to the left. For the oxide-coated iron powders, the
amount of shift is 120 Oe, and the loop is shifted about 8%. The greater coercivity of nitride-
coated nanophase iron particles at 5 K is caused by a larger exchange anisotropy.
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SYNTHESIS AND CHARACTERIZATION OF STAR POLYPEPTIDE
NONLINEAR OPTICAL MATERIALS
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ABSTRACT

To deselop novel polypeptide-based thin films, a series of star polypeptides modified with
nonlinear optic,J chromophores has been synthesized. Using amino-substituted tetraphenyl
porphyrin as an initiator the N-carboxy anhydride of y-benzyl L-glutamic acid was polymerized
onto the porphyrin at a monomer to initiator ratio 20:1. The resulting four-branch star was
modified with a selection of dyes. Dyes that modified both the N-terminus and benzyl side
chain were used. We demonstrated feasibility of insertion of a metal ion into the polypeptide
porphyrin core. The polypeptide series was characterized by UV/VIS, FTIR. and CD. The
UV/VIS data suggested ease of modification of both the N-terminus and side chains. The FUIR
and CD data show the resulting polypeptides were 0t-helical. The results demonstrate the
feasibility of modifying the optical properties of a porphyrin by three approaches: insertion of
metal. attac, iment of dye to N-terminus or modification of y-benzyl L-glutamate side chain.

INTRODUCTION

Polypeptides provide conformations(or-helix, P-sheet, 0-turn and coil) useful for
construction of supramolecular assemblies. A possible architecture is a multi-branched start 1I,
with potentially unique colligative and thin film properties. With a porphyrin core, the star has
combined porphyrin light sensitivity and polypeptide colligative properties. Rece . work on
porphyrin-peptide[2-f4] and porphyrin-chromophore systems(51 demonstrates the feasibility of
peptide-chromophore assembly synthesis. Porphyrins are nonlinear absorbers with optical
switching and limiting[6j and light harvesting array[7] applications. Insertion of a heavy atom
into the porphyrin gives enhanced intersystem crossing rates in reversible saturable absorption
experiments(81. We synthesized a four branch polypeptide star, I, by polymerizing y--benzyl L-
glutamic acid N-carboxy anhydride onto tetra-p-aminophenyl porphyrin(Fig. 1). This system has
three modification sites: the polypeptide N-terminus, the yt-benzyl L-glutamate side chain, and
the metal insertion site. The four branch star was modified with NLO and photochromic dyes,
both at the star branch N-termini, the "y-benzyl L-glutamate ester side chains and by heavy metal
atom(Pb) insertion,

SYNTHESIS METHODS

Stilbenes 1-3, obtained from Dr. Charles Spangler(Dept. of Chemistry, Northern Illinois
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University), V'- (2-carboxyethyl)-6-nitro spiro(2H- I-benzopyran-2,2'-indoline) (COOH-BIPS)
(Chroma Chemical, Dayton OH) and al other materials(Aldrich Chemical Co.) were used
without further purification

Polypepifide Synthesis of tetra-p-aminophenyl porphyrin was by standard methods[9).
-f-Benzyl L-gl utamate N-carboxyanhydride (0.008 mole)[101O and tetra-p-aminophenyl
porphyrin(O.000l mole) was dissolved in dry dichioromethane, refluxed for 30 min and stirred
at roo~m temperature 2 days. The polymer was precipitated with methanol and washed. Two
miore subsequent dissolutionlprec ipitat ion cycles were performed to ensure complete removal of
monomer.

1*v Afiacvn SWIu

Fig. I Four branch polypeptide star([) with three types of modification site

Stibert, I Stlbmn 2

Suiben 3

Ca,-bo r-BIPS

Pb(CH3COO)
2

Disperse Orange 3
Lead (1I) Acetate

Fig. 2 Compounds used to test polypeptide modification procedures
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A ;eries of dyes(Fig. 2) was chosen to test various polypeptide modification procedures.
Modification of the N-termini was performed by carbodiimide chemistry(stilbene 1, stilbene 2,
carboxy-BIPS). Modification of the y-benzyl L-glutamate side chain was performed by
transesterification(stilbene 3) or ester to amide conversion(disperse orange 3). Lead(ll) acetate
was used for metal insertion experiments.

Stilbene ), Stilbene 2, COOH-BIPS 1(6 x 10-6 mole NH,), dye(24 x 10-6 mole).
diisopropylcarbodiimide(O.001 mole), hydroxybenzotriazole(6 x 10-6 mole) were dissolved in
just enough DMF/dioxane to dissolve. The mixture was heated for 2-3 days at 40 0C. Upon
cooling, the modified polypeptide was precipitated with chilled methanol followed by methanol
wash.

Stilbene 3 1 (6 x 10-6 mole NH2): Dye:p-toluene sulfon-z acid, 1:5:3 were dissolved in
minimum amounts of DMF/dioxane. The mixture was heated at 75 oC for 3 days Upon
cooling, the polymer was precipitated with chilled methanol and washed with methanol.

Disperse Orange 3. 1(6 x 10( mole NH 2), disperse orange 3(6 x 10-5 mole), KCN)6 x
10-6 mole) was dissolved in 12 drops DMF, then 6 drops MeOH added. The mixture was heated
at 40 oC for 3 days. The product was precipitated out in chilled methanol, followed by a
methanol wash[ Il1.

Lead(II) Acetate. Lead-modified polypeptide was prepared by standard methods[ 12J.

RESULTS AND DISCUSSION

In the preparation of I and its derivatives, we used a monomer to amino group ratio of
20: 1, resulting in an average of 20 amino acids per star branch with unknown variation in branch
length. Rapid propagation relative to initiation would result in one of the four star branches
being significantly longer than the other three. It is feasible to vary the monomer to initiator
ratio, with corresponding changes in solubility, processability and optical properties. The
circular dichroism spectrum of I and all derivatives dissolved in trimethyl phosphate exhibited a
negative band at 208 . n((t-helix nir* exciton band) and 222 nm(oa-helix nit* band). In all the
polypeptides, the ellipticity ratio 3208nm/0222nm varied from 1:2. characteristic of aggregated a-
helices, to 1:1, characteristic of unaggregated ax-helices. The ratio varied over time(-I hr).
suggesting aggregation changes while in solution. Similarly, IR spectra of I and its derivatives
in a KBr pellet showed an amide I band at 1654 cm- 1, characteristic of an oa-helix.

We used the appearance of dye absorption bands in the UVIVIS spectrum of modified I
dissolved in trimethyl phosphate as evidence of successful modification(Fig. 3). When attached
to 1, the absorption maximum of stilbene I blue shifted from 378 to 326 nm, suggesting the dye
was in the cis form when attached(Fig 3A). Stilbenes 1-3, COOH-BIPS and disperse orange 3
were successfully attached to I. The dye absorption spectra were unchanged upon reaction.
Insertion of lead into I was straightforward(Fig. 3F), showing the disappearance of Qx and Qy
band splitting upon change from D2h to D4h symmetry.
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Fig 3. Absorption spectra of dye-modified I and free dye. A: Stilbene I, B: Stilbene 2, C:
Stilbene 3, D: Carboxy-BIPS, E: Disperse Orange 3, F: Lead(lI) Acetate

The extent of dye modification was estimated from the absorption spectrum of the dye-
polypeptide complex and the expression

nd Ad p (I)
nporph Aporph~dye

where A is the absorbane corrected for scattering background and E is the extinction coefficient.
Modification of N-ter,,ainus will give at most 4 dyes/porphyrin. With current synthesis
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conditions, modification of y-benzyl L-glutamate side chains will gise at most 80
dyes/porphyrin. Using extinction coefficients for tetraphenylporphyrint 13J, [ 141 Q bands and
extinction coefficients for the dyes (measured in our laboratory), relative degree of modification
was estimated. The estimated moles dyelmole porphyrin for the N-terminal modifiers were:
COOH-BIPS: 4.2, Stilbene 2: 4.0, Stilbenel: 3.5. For modification of he benzyl glutamate side
disperse orange 3: 39.5, stilbene3: 3.7. The results suggested successful carbodiimide coupling,
transesterification and ester to anide conversion reactions.

Compared to tetraphenyl porphyrin, the UVNIS spectrum of I showed slight red shifting
in the Q and B bands. The largest shift, from 646.5 to 655 nm, was observed in the Qx(0.0
hand(Fig. 4). The Q(0,0) band(Fig. 4) ranged 'rom 655 nm for I to 648-650 nm for dye
modified 1. Dye attachment might shift absorption maxima by changing the phenyl group-
porphyrin plane angle or porphyrin ring planarity[9].

655 T

f 653--

649 -
C; -

o 647--

645-
1 2 3 4 5 6 7

Compound

Fig. 4 Bar graph of porphyrin Qx(0,0) absorption maximum(nm) for porphyrins and dye-
modified polypeptides, 1: tetraphenyl porphyrin, 2: , 3: stilbene 1,4: stilbene2. 5: stilbene 3. 6
carboxy-BIPS. 7: disperse orange 3,

In this work we have demonstrated the synthesis of a porphyrin core, four-armed
polypeptide star. Polymerization from p-amino tetraphenyl porphyrin resulted in a polypeptide
star with a cross shape. The star was modified by three approaches: insertion of metal.
attachment of dye to the branch N-termini and attachment to branch side chain by displacement
of benzyl alcohol groups. Future dye modifications will focus on enhanced charge and energy
transfer with the porphyrin. Current work includes characterization of thin films of I and its
derivatives by atomic force microscopy and measurement of nonlinear absorption of solutions of
this new class of polypeptides.

ACKNOWLEDGEMENT

The authors thank Donna Brandelik(SAIC) for measurement of dye extinction
coefficients, Christine Yoon(MLPJ) and David Stitzel(MLPJJ for synthesis assistance and L. V.
Natarajan(SAIC) for insightful dicussions.

237



REFEREiNCES

I . W H. Daly, D. Poche. P. S. Russo, 1. Negulescu. Polymer Preprints 33. 188, (1992).
2 N. Nishino, H. Mihara, H. Kiyota. K. Kobata, T. Fujimoto, J. Chem. Soc.. Chemn. Commun.

162. (993)
3. N. Nishino, H. Mihara, R. Hasegawa, T. Yanai, T. Fujimoto, J. Chem. Soc., Chem. Commun.,

692, (1992).
4. D. H. Thompson, J. Kim, C. Di Meglio. SPIE Organic and Biological Optoelectronic.. 1853.

142. 1993).
5. D. Gust, et al., J. Am. Chem. Soc. 114, 3590, (1992).
6. M. M. Devane, Optics Commun. 52, 136,0(984).
7. S- Prathapan. T. E. Johnson, J. S. Lindsey. J. Am. Chem. Soc. 115, 7519. (993).
8. K. Mansour. et al.. SPIE Organic and Biological Optoelectronics 1853. 132. (1993).
9, D. Dolphin, Ed.. The Porphvins, Vol 1, Structure and Syvnthesis Part .A (Academic Prec..

New York, 1978).
10. W. 1-. Daly, D. Poche, Tetrahedron Lett. 29, 5859. (1988).
11. R. C. Larock, Comprehensive Organic Transformations: A Guide to funiitional Group'

Preparations IVCH Publishers Inc., New York. 1989).
12. W. J. Buchler, in The Porphvrins, Vol 1, Structure and Swnthesis Part A D. Dolphin. Ed

(Academic Press. New York, 1978) pp. 390.
13. M. Goutervian. in The Porphivrins D. Dolphin. Ed. (Academic Press. New York. 1978), %o).

11,. pp. 1.
14. G. D. Dorough. J. R. Miller. F. M. Huennekens, J. Am. Chemn. Soc. 73. 4315, (195 1).

238



PREPARATION OF POLYPEPTIDE-DYE MULTILAYERS BY AN
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ABSTRACT

To develop novel optical thin films, we have prepared self-assembled polypeptide films
by an electrostatic process. The films were placed on a g13ss slide previously silai.ized by an
amino silane and given a positive charge by immersion in aqu,,ous acid. Subsequent immersion
of the slide in aqueous anionic solutions of either polylL-glutbmic acid), congo red, copper
phithalocyanine tetrasulfonic acid or p-nitroaniline-modified poly(L-glutamic acid) resulted in
deposition of the anions on the surface. Following anionic immersion, the slides were dipped
into a cationic poly(L-lysine) solution. Alternate dipping into anionic and cationic solutions
yielded multilayers. The thin films were characterized by optical absorption and circu!ar
dichroism. The optical density increased with dipping cycles. Circular dichroism measurements
of the thin films showed induced dichroism of the congo red and phthalocyanine-containing
films. suggesting formation of a locally ordered dye-polypeptide complex. Solution circular
dichroism measurements of the polypeptides indicated a coil conformation, while polyL-
.lutamic acid /poly(L-]ysine) complexes showed circulai dichroism spectrutm characteristic of a
1-sheet.

INTRODUCTION

Thin films have been placed on optical surfaces by a variety of techniques, including spin
coating[ II, dip coating[2] and the Langmuir-Blodgett technique[3t. An alternative approach
involves laying down of multilayers of alternate charged species(Fig. 1).

-(-~ +.

Figure. I Schematic of multilayer produced by electrostatic assembly method

Suspensions of highly charged particles form crystalline arrays with applications in laser
medicine and laser spectroscopy[4]. ller[5],[6] describes a technique where alternate layers of
positively and negatively charged colloidal particles are deposited onto a smooth surface such as
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gla.,s yielding a variety of interference colors. More recently[71, this technique "a appi I d
('epostIt tnultilayers of oppositely charged polymers onto an optical surface. 'A k ha% C rbeel
exploring the propenties of polypeptide thin films, including holograms h)ased on piiopv ran-
modified polv(L-glutamic acid)! 8]. In this work we prepared polypeptide-dvyc multilasers by ihc
ele. trostatic assembly(EA) approach. We have prepared multilayers composed of alternatcl\
charged polypeptides. a polypeptide and an alternately charged dye. and a polypeptide and all
alternately charged c hromophore- modified polypeptide- We also performed sciutton cticulaf
dicbroisni studies of the various complexes to gain information about the struc.ures t; hese
filimls

EXPERIMENTAL

Materials Polvpeptides(Sigrr:J. dyes and other tnaterials(Aldrich) and N (4 littonhens i -4
h,,droxypiperidine(NHPj, (Dr. Steve Pollock. I nversus, of Cincinnati) %ere used without
furth, 'tiritacationllFig. 2).

0+

Poly(l-glutamic acid) monomer Poly(L-lysine) monomer

SO,

Congo Red Copper phthalocyanine tetrasulfonic acid

NHP NHP-modified pol) (L-glutamic acid)
monomer

Figure 2 List of materials used in this study

Preparation of d~ve-mnodified pohvpeptide Poly(L-glutamic acid, sodium salt) (0.0045
niol. 0.68 gin). dimcthylaminopyridine(o.0045 mole. 0.549 gin. diisopropylcarbodiimide(0.0045
mole, 0.567 gin) and NHP(000X45 mole. I gin) was dissolved in 50 ml dimethylforinamide. The
esteritication reaction was allowed to proceed for five da,,Is. The reaction mixture was then
concentrated by rotatory evaporation and pol --eptide precipitated out by addtition of ethanol.
Unreacted dye was removed by repeated washing of the polypeptide with ethanol The extent of
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d"c attachmentt4.1 I was measured from the absorption spectrum of a weighed solution(E:a, =
13.5M0 at 381 n l).

Preparation f silanized glass slidesl9] Cleaning Solution 1: 280 ml concentrated
sulfuric acid mixed with 120 ml 30% hydrogen peroxide. Cleaning Solution 2: 375 ml deionized
watei 75 ml 30% hydrogen peroxide, 75 ml concentrated ammonium hydroxide. Fifty
microscope slides were placed in solution I heated over a hot plate. The slides were then rinsed
Iwice with deionized water. The slides were then treated with solution 2 for 30 minutes at room
temperature, rinsed three times with deionized water and allowed to dry overnight, Slides were
placed in a silanizing solution(500 ml 2% N-[3-(trimethoxysilyl)-propyl]ethylenediamine in 95c/,
ethanol with gentle stirring for five minutes to allow for hydrolysis and silanol formation. The
treated slides were rinsed with ethanol and cured for 10 minutes in a vacuum oven at 110 °C.

PolsPeptide and dye solutions Polypeptide solutions: poly(L-glutamic acid), DP=380,
2m/n/l in deionized water, poly(L-lysine). DP=2300, 2mg/mI in neutral deionized water. NHP-
modified polyL.-glutamic acid): The dye modified polypeptide was soluble in pH 12 NaOH
solution. For dipping purposes, a I mg/ml solution of the polypeptide in pH 12 NaOH solution
was acidified to pH7 in deionized water at pH 7. Dye solutions: Congo red I mg/ml, copper
phthalocyanine tetrasulfonic acid tetrasodium salt 2 mg/ml.

Thinfimi preparation procedure: Amino groups on the slide surface were protonated by
dipping slides in 10 ml 0.0IN HCI for 2 minutes. Slide was dipped in anionic electrolyte
solution for 2 minutes, rinsed in pH 7 water for 2 minutes, dried with nitrogen stream for 2
minutes. dipped in cationic electrolyte for 2 minutes, followed by a 2 minute rinse. A "layer" is
defined to be one anion dip plus ooe cation dip. Cycle was repeated 25, 50 75 and 100 times.

Characteri-tcion: VV/VIS absorption spectra were collected on a Perkin-Elmer
Lambda-9 spectrophotorneter. Circular dichroism spectra were collected on a Jasco J720
spectrop,,lariieter.

RESULTS AND DISCUSSION

Figure 3 shows absorption spectra of films obtained from alternately dipping a silanized
slide in an anionic and cationic electrolyte. As the number of dipping steps increased, the
apparent absorbance increased. The presence of scattering centers in the films(Fig. 3A, 3B) also
caused increased optical absorption. It was feasible to prepare films with polypeptide/dye
,ystems{Fig. 3C. 3D) as well as polypeptide/polypeptide systems. Significant optical density
was achievediOD - 2) for both congo red and copper phthalocyanine tetrasulfonic acid systems.
This result showN that the EA technique could be used with high molecular weight cations and
loss molecular weight dyes, as well as polymeric systems.

'! A 0.6 7, B

00
0.Sjj -

10 0 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700
Wavelengthlmnr Wavelen-th(nm)
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Figure 3 Absorption spectra of films of polypeptide-dye combinations. A: poly(L-
lysine)/poly(L-glutamic acid), B: poly(L-lysine)/poly(L-glutaic acid)+NHP, C: poly(L-

lysine)/congo red, D: poly(L-lysine)/copper phthalocyanine tetrasulfonic acid

To gain information about the molecular structure of the multilayer thin film, we
performed circular dichroism measurements of the conformation of the polypeptidest 10] and
polypeptide/dye complexes. Poly(L-glutarmc acid), poly(L-lysine) and NHP-modified poly(L-
glutamic acid) in neutral aqueous solution showed CD spectra characteristic of the coil
conformation(Fig. 4). In solution, the poly(L-lysine)/poly(L-glutamic acid) and poly(L-

ly sine)IN HP- modified poly(L-glutainic acid) complexes were a mixture of 3-sheet and coil. The
fraction coil was a function of the molar ratio of the two species. When the ratio was one, the

soluble complex was D-sheet. Coil content increased with increasing net positive or negative
charge.

Polytaysine)/Paly(glamic acid) Poly(Ivsint)/Polyqglolamic acid).dye
20.000;.op. 15.000

0.0000 0.00 -
0 t 0

Z 5.000---

000

00000 I.25.000-

10 10020 220 230 240 250 260 190 190 200 210 220 230 240 250 260
Waoelength(nm) Waveength(nm)

Figure 4 Left: Solution circular dichroisin spectra of poly(L-lysine), poly(L-glutamic acid) and
poly(L-lysine)/poly(L-glutamsdc acid) complex. Right: Solution circular dichroism spectra of

poly(L-lysine), DHP-modified poly(L-glutarnic acid) and poly(L-lysine)IDHP-modifted poly(L-
glutamnic acid) complex. All solutions were at pH 7

Intense induced dichroism was observed associated with the congo red absorption band
of the poly(L-lysine)/congo red thin film complex. with a similar induced dichroism observed in
solution(Fig 5). Measurement of the intensity of induced dichroism as a function of congo
red/L-lysine monomer molar ratio in solution showed the intensity increased until a 1:2 ratio and
leveled off thereafter. The 1:2 ratio suggested that each of the two negative charges on congo red
was neutralized by one lysine charge and the poly(L-lysine) congo red complex consisted of
lysines cross linked by congo red. Poly(L-lysine) was in a coil conformation(Fig. 6, left) both
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free and complexed with congo red. The molar ellipticity decreased in the complex, suggesting
"tightening" of the coil upon neutralization of side chain charge.

Poly(L-lysine) also retained a coil conformation with 'tightening" in the presence of
copper phthalocyanine tetrasulfonic acid(Fig. 6. right). No induced dichroism of copper
phthalocyanine absorption bands was observed in solution, although weak induced dichroism
was observed in the poly(L-lysine~icopper phthalocyanine tetrasulfonic acid film(Fig. 7). The
difference in behavior between the congo red and copper phthalocyanine complexes resulted
from the difference in dye molecular shape. Congo red has a roughly linear shape, which allows
for easy neutralization of lysine charge. Copper phthalocyanine tetrasulfonic acid has four
charges arranged in a ring, possibly introducing steric constraints on complex formation.

0 0

4)

Wl -0 .2. 1

400 450 S00 550 600 0S 700 0 0.2 0.4 0.6 0.0 1
Wasclength) Congo Red/Lysine Rto

Figure 5 Let: Circular dichroism spectra(400-700 nm) of poly(L-lysine)/congo red complex.
both as thin film( 100 layers) and in aquc-ous solution. Right: Intensity of induced dichroism of
poly(L-lysine)/congo red complex in solutionas a function of Congo red/L-lysine monomer ratio.
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Figure 6 Left: Circular dichroism spectra(] 190-260 nm) of poly(L-lysine) and poiy(L-
lysine)/congo red complex, congo redlL-lysine monomer ratio = 2, Right: Poly(L-lysine)/Cu-

phthalocyanine tetrasulfonic acid complex, dye/monomer ratio = 2.4
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Figure 7 Circular dicbroism spectra(300-800 nm) of poly) L-lIy s inc)/Cu-phthalocyan ine
tetrasulfonic acid thin film complex. Spectrum is average of spectra obtained from 50, 75 and

100 layer films.

We have demonstrated the EA technique for preparation of polypeptide and dvc
multilayers. Solution circular dichroism measurements show [-sheet formation in poly(L-
glutamic acid)/poly(L-lysine) complexes and retention of coil conformation in dye/polypeptide
complexes. There is an uncertain relation between polypeptide conformation in solution and in
the films. Preliminary FTIR measurements of thin film material embedded in KBr pellets
suggest cc-helix/[0-sheet mixture for poly(L-glutamic acid)/poly(L-lysine) systems and oc-helix in
the poly(L-lysine)/dye systems. The data show the importance of environment on polypeptide
conformation. The presence of water stabilized the coil, while a dried multilayer stabilized the
cc-helix and [-sheet conformations.
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INTRODUCTION

Ceramic-polymer composites produced by natural organisms are known to have
properties far beyond those that can be achieved in present technological r"'terials [I]. The
mollusk shell, for example, starting with relatively weak structural ingredients calcium
carbonate and chitin is one such ceramic-polymer composite. In nacre, the overall composite is
more than 95 volume percent calcium carbonate, with the remainder an organic matrix of
protein and chitin. The inorganic phase consists of highly oriented aragonite platelets forming
the bricks and the organic matrix forming the mortar in between [1]. Even though nacre
consists of a high amount of the inorganic component. it has excellent fracture toughness and
high strength. Studies have been conducted to understand the factors which control the
nucleation and orientation of crystallization [2-4]. However, very limited knowledge about the
ceramic polymer interfaces, structure, chemistry and whether the interfacial interaction
involves ion-binding is known.

To model nacre we have chosen chitosan, in which free amino groups exist, as a substrate
and low molecular weight polvacrylic acid as an additive instead of complex proteins. The
crystal growth of calcium carbonate on a chitosan substrate has been achieved from a
supersaturated solution of calcium carbonate, at different concentrations of polyacrylic acid.
Several techniques have been employed to characterize the systems, such as X-ray diffraction,
X-ray photoelectron spectroscopy and attenuated total reflectance infrared spectroscopy. By
producing charges, ion-binding involved in the nucleation and crystallization, the interfacial
interactions between ceramic and polymer have been investigated.

EXPERIMENTAL

Calcium Carbonate Supersaturated Solution

The supersatura.cu ,..Jcium bicarbonate solution was prepared following the procedure
described by Mann [4]. A suspension of CaCO3 (calcite) with the ratio 0.9/100 (mg/ml) of
calcium carbonate to distilled water was first prepared. While stirring. CO2 was bubbled into
the system at room temperature and kept for 6 hours. The suspension was then filtered and the
filtrate purged with CO 2 gas for 30 minutes, to dissolve any remaining crystals. The pH of the
resulting supersaturated solution was about 6.(X).

Chitosan Film

A chitosan film was obtained by casting the 1% (w/w) solution of chitosan in 1% (w/w)
acetic acid aqueous solution on a PMMA plate or a glass slide. In a typical preparation of the
casting solution, 2 g of chitosan was added in 10) ml of distilled water and stirred for 10
minutes. Then I00 g of 2% (w/w) acetic acid was added and stirred at room temperature for
another 30 minutes [5]. A viscous solution was obtained and filtered. The chitosan film made
in this way was then neutralized with dilute ammonium hydroxide and washed extensively
with water. After air drying, it was further dried under vacuum at room temperature.

Polyacrylic acid with molecular weight 2,(XX) was employed as an additive. Various
amounts of the polyacrylic acid were weighed and placed into polystyrene (PS) bottles, before
adding the calcium carbonate supersaturated solution.
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Measurements

The pH of solution was measured by a Fisher pH meter (model 107). Ultrafine CaCO3
crystallite sizes and morphology were observed under a polarized optical microscope model
Nikon Labophot-pol, and scanning election microscopy (SEM, AMR 1200B). X-ray
diffraction (XRD) was carried out to determine the crystallite sizes and phases. The surfaces of
chitosan films, with or without soaking in polyacrylic acid solution, were examined by
attenuated total reflectance infrared spectroscopy(ATR IR, Mattson Polaris) by using a 60
degree Germanium analyzer. X-ray photoelectron spectroscopy (XPS) was used to detect the
surface structures of chitosan films. XPS spectra were collected Dn a monochromatic
spectrometer (Perkin-Elmer, 5300) using Al Kc, source(600 w, 15 KeVi with the pass energy
37.5 eV. The vacuum was maintained at approximately lxl0 -9 torr.

RESULTS AND DISCUSSION

Crystallization of CaCO 3 was controlled by the following equilibrium in which carbon
dioxide is continually lost:

Ca2' (aq) + 2HC03- (aq) : CaCO 3 (s) ' C0 2(g) + H P (1) (1)

On the evolution of carbon dioxide gas from the solution, the pH o the supersaturated
solution increased. Fig. 1 shows the result of six systems with differen concentrations of
polyacrylic acid. As the crystallization proceeded, the pH of solution increased and finally
leveled off to a plateau. Three such plateaus were obtained. First, in the absence of
polvacrylic acid the pH value increased as the crystallization of CaCO3 proceeded. After 40
hours, it was up to a plateau of about 8.0. Crystallization was complete at a pH of about 8.50,
and the XRD pattern showed that calcite was formed [Fig. 3(a)]. The calcium carbonate
crystals appeared as a multi-layer habit, precipitating on the chitosan film randomly and
sporadically [Fig. 2(a), (d)]. The crystals also occurred on the air/water interface as well as the
inner edge of the container in the same formation. In the presence of polyacrylic acid, pH
values of the solutions increased as crystallization proceeded and leveled off to different
plateau values, depending on the polyacrylic acid concentration. At low concentrations, such
as 0.01%(wt) and 0.02%(wt), the pH increased as fast as in the case without polyacrylic acid in
the first 30 hours. After that the pH values increased rapidly and leveled off to a plateau of
about 9.10. At a concentration of 0.06%, crystallite nucleation and growth were inhibited at
the beginning, resulting in a lower pH than that of the lower polyacrylic acid concentrations.
Eventually, the pH of the solution went up to 9.25. Since the dissociation constant of
polyacrylic acid is 4.5 [6], the acid groups of polyacrylic acid are mostly in the form of -COO
carboxylate ions at pH range of 5.8 to 9.25. Thus, for the polyacrylic acid concentration of
0. 1%, although its pH eventually got to 9.00, crystallization was mostly inhibited by mobile
polyacrylic acid carboxylate ions in the solution, and only a few crystals grew on the chitosan
film [Fig. 2(0]. When the concentration of polyacrylic acid was 0.2%, crystallization was
totally inhibited, and the pH of the solution remained at 6.00. In addition, the crystal shapes
and habits were different from those obtained without polyacrylic acid. Crystals only appeared
on the chitosan film and showed spherical symmetry around a center of nucleation [Fig. 2(b,
c)l.

In the absence of the polyacrylic acid only calcite appears in the XRD pattern. In the
presence of the polyacrylic acid XRD pattern shows that a mixture of calcite and vaterite was
formed. The high and sharp peak at 20 (37.6) and small peak at 20 (28.8) represent 110 and
104 planes of calcite respectively, the remaining peaks pertain to planes of vaterite.

The crystallite sizes of vaterite phase were calculated from the half-peak width of the
XRD according to the following equation 17]:

t = 0.9 X/B cos0, B2 = B,2 + Bi 2  (2)
where t is average crystallite size, X is the wavelength of copper (1.54 A). B is the width of the

half-height peak and 0 is the diffraction angle. B is the width measured from x-ray pattern, Br
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Figure 3 X-Ray patterns of calcium carbonate Figure 4 ATR spectra of chitosan surface
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Figure 5 XPS wide scan and core-level spectra of chitosan-film surface after soaking in
supersaturated calcium carbonate aqueous solution at different concentrations of polyacrylic
acid.
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is the actual width of a sample and Bi is the width caused by the instrument. Since the peak of
calcite 110 plane is very sharp, it was considered to be the width caused by the instrument. By
picking several vaterite peaks. the average crystallite size of vaterite was calculated using
equation (2). As a result, the average crystallite size t of vaterite was about of 15 nm. Also, in
the presence of polyacrylic acid, as the crystallization proceeded, the crystallites covered the
whole chitosan film [Fig. 3(d)].

The ATR spectra of chitosan-film surfaces are shown in Fig. 4. Sample A is the one
without soaking in the polyacrylic acid aqueous solution and sample B is soaked in a 0.2%
polyacrylic acid aqueous solution for three hours. A new band at 1707 cm-t appearing in
sample B corresponds to the carbonyl C=O stretching absorption of the carboxyl group in
polyacrylic acid. The band appearing at 1550 cm t in the spectrum can be assigned to a
symmetric -NH 3 * deformation, and broad bands appearing at 2500 cm- 1 and 1900 cm-1 confirm
the presence of -NH 3  on the chitosan film [8]. Another new band at 140 cm- t represents the
carboxylate ion. Thus, the negatively charged carboxylate ion and positively charged -NH 3

+

coexist on the chitosan-film surface in the presence of polyacrylic acid. This was also
confirmed by XPS analysis.

Figure 5 shows a series of XPS 0-1000 eV wide scan and core-level spectra of the
chitosan-film surfaces after being soaked in supersaturated calcium carbonate aqueous solution
for four hours under a series of concentrations of polyacrylic acid. In the absence of
polyacrylic acid, only one kind of nitrogen and oxygen appears. Three types of carbon
detected in this case represent O-C-O, C-C-O and C-N respectively [9-111. their area ratio is
1:4:1, which matches the ratio of the chitosan repeat unit. The absence of calcium element in
this situation indicates that no calcium carbonate nuclei formed at the beginning of the
crystallization. In the presence of polyacrylic acid, on the other hand, two peaks occurred at
binding energies about 4W0 eV and 398 eV, which represent protonated nitrogen and free base
nitrogen respectively. The other two peaks detected at binding energies about 531 eV and 530
eV pertain to the oxygen of -C-O-C of chitosan and -C=O of polyacrylic acid respectively. The
appearance of calcium element in the XPS spectra, results from the nucleation of calcium
carbonate on the chitosan-film surface in the presence of polyacrylic acid. In this case, the
positive and the negative charges occur on the chitosan film.

The crystallographic orientation can be estimated by an atomic matching at the
interface of the organic matrix and inorganic minerals. The Ca-Ca distance of calcite is about
5.0 A on the 110 plane [Fig. 61 [41. In the zig-zag conformation, the distance of two
carboxylate ions in polyacrylic acid is 5.03 A [Fig. 7. 81, which matches the lattice of the 110
plane of calcite. Thus, Ca-binding to negatively charged carboxylate ions in polyacrylic acid
results in the nucleation of the (110) plane of calcite.
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SURFACE CHEMISTRY OF NANOCRYSTALLINE CERIUM OXIDE
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ABSTRA'T

Nanocrvstalline cerium oxide was synthesized by magnetron sputtering of a metallic
target, followed by controlled post-oxidation. The resulting cerium oxide clusters were <10 nm
in size, and highly non-stoichiometric in nature. The oxygen deficiency of such materials was
associated with the unusual catalytic activity in oxidation and redox reactions. This paper
compares the surface chemistry of nanocrystalline CeO 2 , with stoichiometric CeO,. It further
explores the promoting effect of Cu-doping on surface reduction and oxidation.

The oxidation states of metal cations were examined with X-ray photoelectron
spectroscopy after various oxidizing and reducing heat treatments in a connected reaction
chamber. Isothermal pulsed reduction and oxidation of the samples were investigated by
thermogravimetric analysis. Reduction properties of the different materials are discussed in terms
of their microstructure, oxygen deficiency and chemical composition. These studies will help to
understand the importance of bulk defects and synergistic effects in multicomponent and
multiphase materials for high surface reactivity.

INTRC DUCTION

Cerium oxide has attracted much attention in catalysis for its excellent properties as a
transient oxygen storage material in automobile catalytic converters 11,21 and for its activity in
catalytic redox reactions such as SO, reduction by CO [3-51, CO oxidation and methane oxidation
[61. Functionality in these reactions is related to properties such as (i) large deviation from
stoichiometric composition in reducing atmospheres at high temperatures and (ii) high oxygen
vacancy mobility. Upon reduction, oxygen vacancies are created which are doubly ionized at the
beginning and singly ionized or neutral at larger oxygen deficiency. The electrons of the extracted
O anions are localized at Ce cations changing their oxidation state from +4 to +3. Since each
Cc' is a potential host, these electrons are moderately mobile by a hopping process, and the
reduced CeO 2-, is a mixed ionic/electronic conductor 171. Temperature-programed reduction (TPR)
[11I, electron-spin resonance (ESR) [81, and Fourier-transform infrared spectroscopy (FT-IR) 191
revealed the existence of different types of surface oxygen species: (i) lattice-type oxygen
tetrahedrally bonded to two Ce' cations, (ii) surface capping oxygen octahedrally bonded to one
Ce " cation, and (iii) superoxide species 0. adsorbed on the reduced CeO,., surface. TPR
measurements also indicated that stability of these species against reduction is in the order
superoxide < capping oxygen < lattice oxygen. Reduction of the ceria surface can be promoted
by supported precious metals such as Pt or Pd 11,101. Recent studies on mixed Pr-Ce oxide with
supported precious metals also indicated that reduction in the temperature range 200"C - 6000 C
is not limited to surface species but can be extended to bulk reduction 121.

In this paper, we report our studies on reduction and oxidation properties of pure and
doped nanocrystalline CeO2 , materials. Inert gas condensation was used to synthesize
unsupported oxygen-deficient nanoclusters. We have shown recently that these materials are
excellent catalysts for selective catalytic reduction of SO2 by CO, with higher activity than
stoichiometric ceria prepared by chemical precipitation and calcination [4]. The purpose of the
present work is focussed on understanding the reduction properties of pure and doped
nanocrystalline CeO 2,. The effects of bulk oxygen-deficiency and Cu-doping on surface reduction
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are investigated. Cu-doping would be of considerable interest if synergistic effects can be
achieved between the dopant and the oxide matrix. Such effects usually involve expensive
precious metals finely dispersed on an oxide support in a supported catalyst system. Synthesis
of Cu-doped CeO,-, by inert gas condensation is a novel approach towards establishing an
ultrahigh dispersion for Cu/CeO,., catalyst I I 11. A nanocrystalline alloy of Cu-Ce was generated
from a mixed metal target. Through controlled oxidation, Cu was forced to segregate to the
surface of CeO,, since the two elements lost their solubility in their res)ective oxide forms.
When annealed above 500 "C, a second phase of copper oxide was formed by migration and
coalescence of Cu. By this method, we started from a homogeneous solid solution, and induced
unique forms of intimate dispersion of two oxides through thermal treatments.

EXPERIMENTAL AND RESULTS

Nanocrystalline materials may be generated with Joule-heating of dc-/rf-magnetron
sputtering by inert gas condensation [12-14]. In this study, a metallic cerium target (99.99%) was
vaporized by dc-magnetron sputtering in 25 Pa argon 14,11]. The metal vapor became rapidly
supersaturated by thermalization with the inert gas resulting in nucleation and growth of
nanometer-sized clusters. The clusters were collected on a liquid nitrogen-cooled ground shield
as shown in Fig. I I 11. After deposition for 20 min, the sputtering process was stopped and the
ultrahigh vacuum chamber was evacuated and oxygen was slowly introduced until a pressure of
100 Pa was reached. The nanocrystalline clusters were scraped off from the ground shield and
consolidated to pellets at room temperature under a pressure of 0.5 GPa. This pressure provided
a substantial residual porosity and surface area in the green compact. For Cu-doped CeO,,,
samples were produced from sputtering a mixed metal target of 15 at% Cu/ 85 at% Ce III].

Microcrytalline CeO, (99.996517. Alfa) with grain size of 1-2 pm was used as a reference
material for bulk ceria. This powder was compacted into a pellet and then annealed at 1400 "C
for I hour in 15%OIHe. A second reference material was CeO, synthesized by chemical
precipitation of Ce,(COj, from an aqueous solution of Ce(N0 3, and (NH,)CO,. The precipitate
was washed, dried and calcined at 650 °C in air. Ultrafine CeO, was used as a standard for high
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Fig. I Schematic of the sputter gun and substrate Fig. 2 Ce-3d cor-level spectrum measured by
geometry for synthesis of nanocrystalline materials XPS for nanocrystaline CeO., (a) after
by iner gas condensation. Magnetron sputtering gun synthesis and (b) after annealing at increasing
S with metallic target T. and LN2-cooled ground
shield substrate G I11I temperature in 1000 Pa of % COHe.
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surface area stoichiometric ceria. By comparing the properties of the nanocrystalline CeO,, with
the precipitated ultrafine CeO, the effect of oxygen-deficiency on surface reduction and oxidation
can be determined.

The initial oxidation state of nanocrystalline CeO,. after preparation was determined by
X-ray photoelectron spectroscopy (XPS) using a PHI-5500 XPS spectrometer using
monochromatic Al-K,, radiation. The instrument was connected to a reaction chamber which
allowed in situ heat treatment of the samples. Due to the insulating state of these materials,
electronic surface compensation was necessary. The setting of the electron flood gun was varied
for each sample in order to minimize the peak widths. Fig. 2 illustrates the cerium 3d core-level
spectra for the as-prepared sample and after it has been annealed in 1000 Pa of 1% COlHe
atmosphere at increasing temperatures. In addition to the typical 6-line spectrum of stoichiometric
CeO,, the as-prepared nanocrystalline CeO,., has two distinct peaks denoted V and u', associated
with Ce'*. Deconvolution of the spectrum using Lorentzian-Gaussian distributions and Shii!-v-
type background was used to obtain the percentage of Ce" after oxidation treatment at di ferent
temperatures 115,161 (Fig. 3).

Thermogravimetric analysis was performed in a Perkin Elmer TGA-7 All samples were
annealed at 550 'C in 15%OJIHe for 20 hours before the analysis, except the nanocrystalline Cu-
doped CeO,., which was not pretreated. Preannealing allowed all spontaneous changes in the
microstructure that are thermally activated at 550°C to occur. Since all following measurements
were made at lower temperatures, the microstructure is assumed to be invariant for the time of
the experiment. Measurements were done isothermally at temperatures between 200 "C and 500
C. The samples were first equilibrated in 15%O,/He for several hour, 'ig. 4: region I) after

which the purge gas was changed to 2% CO/He (at point A). We measured the weight change
as a function of time for a period of 500 min (region I1). The purge gas was switched back to
15c40,!He at point B and we continued the measurement for 500 min to re-equilibrate the sample
(region Ill). When CO is introduced two super-imposed processes were detected, CO adsoption
and reduction of the sample. Since CO desorption is slow, as indicated by the gradual weight loss
in region Ill. we assume that the amount of adsorbed CO right before and after the gas .-hange
from CO to 0 (at point B) is the same. Therefore. the weight increase A (arrow) is attribut-1
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to oxidation only and represents the degree of reduction achie.ed when CO was used as the
purge gas,

Four different samples were studied by thermogravimetric analysis at different
temperatures (Fig. 5). Reduction of microcrvstalline CeO, did not occur below 500 'C. Since this
%ample has negligible surface area (<1 m'g). its reducibilty represents that of the bulk phase of
CeO,. Reduction of the other samples at temperatures below 500 'C is attributed to the large
surface area. A possible change in bulk reduction behavior due to small crystal size is not
considered in this work. The effect of non-stoichiometry on surface reduction is revealed by the
difference between the nanocrystalline CeO,, and the precipitated ultrafine CeO, powder.
Nanocrystalline CeO, , Aas reduced at temperatures as low as 150 C and could be reduced to
a larger overall extent thant precipitated high surface area CeO,. The greatest reducibility was
demonstrated by the nanocrvstalline Cu-doped material. In order to compare the different sample,
on a surface area basis, we normalized the weight change with the BET. surface area of each
sample (Fig. 6). The reducibility of Cu-doped CeO,-, sample between 200 C and 400 "C was
independent of temperature and increased above 400 'C. The weight loss of 0.38 mg/n - at 200"C
corresponds to 560 p rnol O,/g or 1.4 x 10' oxygen atoms/m, which is on the order of magnitude
for one monolayer of oxygen on ceria 12 1. The reduction of metal cations in Cu-doped CeO,, 'A a,
studied by XPS. A sample was oxidized in an atmosphere of 1000 Pa of I ?, CO,/He at 2

50'C,
and the XPS spectrutn showed the presence of primarily Ce" with a mixture of Cu I and CuV'
iFig. 7ia)). Then the sample was degassed in vacom at room temperature for 72 hours which
resulted in considerable reduction of the surface. After this reduction. Cu was in oxidation slate
+1, determined from the 2p binding c-ergy of 932.2 eV and the LMM Auger kinetic energy o)f
9164 eV 117[ Ce was stroi ly reduced as indicated by the distinct Vs and u' lines corresponding
to Ce> .

DISCUSSION

Cerium is well known as a highly pyrophoric metal. However. TPR measurements hosed
that complete oxidation to stuichiometric CeO, is a thermally activated process which requires
temperatures as high as 850-900 C I1, 101. Therefore. metallic cerium oxidizes conipletel, % hen

E
S-2

.2 b)-
z-01

CU -4 C) ,-

dl g-0.4

.7 -21 l

-23 '1 '- 0 5 - • - , . . .. . .
100 300 500 700 100 200 300 400 500 600

Temperature (°C) Temperature 'C)

Fig. 5 R wdution of cerium oxide sample, as a Fig. 6 Reduction of cerium oxide samples
function of temperature for (a) microcrystalline normalized to the total surface area for (a)
CeO,. (b) precipitated ultrafine CeO,. (c) nano- precipitated CeO2, (b) nanocrystalline CeO,, and
crystalline CeO, ,. and (d) Cu-doped nanociystalline (c) Cu-doped nanocrystalline CeO,,.
CeO,,
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suddenly e\posed to air due to the heat release by this exothermic process. Through slow
oxidation, a residual oxygen deficiency can he preserved even under an oxidizing
atniophere and temperatures as high as O00"C. XPS measurements showed that 2211 of the Cc
cations hase a oxidation state +3 in nanocrystalline CeO, ,. After oxidation at 550 'C in CO/l!e.
this component was reduced to the resolution limit of XPS-measurements, indicating a ie-
oxidation at least at the surface. Residual oxygen deficiency inside the cluster volume might ttoi
be detected by a surface-sensitive method like XPS. Superoxide species 0, are adsorbed on C(e"
surface defects which are presumably formed by electron donation from the reduced CeO,. Since
superoxide is desorbing at lower temperatures than capping oxygen ions, the surface of oxygen-
deficient Coe, can he reduced more easily than a capping oxygen layer for stoichiometric CeO,.
This eft ct is shown in thermogravimetric measurements by comparing the nanocr\statltinc
material vw ith the precipitateJ material.

Cu-doped nanocrystalline CeO, exhibited the greatest redulcibilit. From the result that
the extent of reduction is independent of temperature between z0) " and 400 "C and the
titormation on weight loss due to the amount of extracted oxygen, we suggest that one
nionolayer was removed from the surface at 210 'C - 400 "C, and reduction of the first lattice
laver started at 500'C. XPS measurements showed that both Cu and Ce canons are reduced
indicating at promotional effect of Cu on CeO, , reduction. This can be the result of: o ,pill-over
of CO onto CeO,, after adsorbing on Cu. or (ii) electronic effects. Since rcductioii Itf CCo
insokse, the transfer of electrons to localized Ce-4f' states close to the valence band, doping ot
CeO, with Cu might affect the enthalpy of formation for ionized %acancies. We found evidence
[Or this kind of interaction in the low-binding energy part of XPS spectra (Fig. 8). The valence
hand of stoichiometric CeO, is showvn at the bottom as a reference. Pure but reduccd CeO,,
showed an additional peak abose the valance band edge, marked by an arrow. This peak
corresponds to the Ce-4f final states of i-educed CeO ,. This peak is not so distinct in Cu-doped
CcO., wh:ch is caused by a larger overlapping with the valence band shifted by about 0.5 cV,
\e assume that this shift is qualitatiely due to the mixing of a 2.5 eV hand gap sermicotdu,,,)r
iCu,Of in a 5.5 eV band gap semiconductor (CeO.) 1181.

f Cu-2p- Ce-3d

Qi t

b)b)

a) a)

960 940 920 900 880 860 30 25 20 15 10 5 0

Binding Energy (eV) Binding Energy (eV)

Fig. 7 XI'S Cu-2p and Ce-3d core level spectra for Fig. l)ensity-of-states below the Fenni energy
narocrystalline Cu-doped CeO., (a) after oxidation as measured by XPS for (a) stoichiometric CeO,

in IXX) Pa of V'7CO,/He at 25fC. and bi after (b partly reduced nanocrystalline (Ceo, . (c)

degassing in vacuum for 72 hour, at room nanocrstalline Cu-doped CeO, partly reduced

teflra' ir in vacuum.
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Our TGA measurements showed that reduction starts at about 500 "C for bulk CeO,, at
100 "C for capping oxygen surface ions, and 150'C for superoxide species 0,.

SUMMARY

Unsupported oxygen deficient CeO,., was synthesized by inert gas condensation, and its
reduction ,nd oxidation properties were compared with precipitated ultrafine CeO. as well as
microcrystdline CeO,. Oxygen deficiency of the nanocrystalline CeO, , increased the reducibility
of the surface as compared to stoichiometric CeO,. Cu-doping was found to promote surface
reduction allowing complete removal of one monolayer of oxygen at temperatures as low as 200
-C. This effect might be related to a shift in the valence band of this material.
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ORGANIC/INORGANIC SUPERLATTICES STRUCTURALI
AND OPTICAL PROPERTIES

SHIZUO TOKITO, J. SAKATA AND Y. TAGA
Toyota Central Research & Development Laboratories Inc., 41 -1. Aza Yokomichi, Oaza
Nagakute. Nagakute-cho, Aichi-gun, Aichi 480-1I. Japan

ABSTRACT

A new class of superlattices consisting of altcn . cs of organic and inorganic materials
has been prepared from 8-hydroxyquinoline aluminium (Alq), copper phthalocyanine (CuPc),
3.4,9.10-perylenetetracarboxylic diimide (PTCDI) and MgF2 by molecular beam deposition.
Small-angle x-ray diffraction data and cross-sectional transmission electron micrograph of the
superlattices reveal that the superlattices have layered structure throughout the entire stack. From
comparison of the x-ray diffraction patterns, it is found that the interface roughness between
organic and MgF2 layers depends on the materials for organic layers. High-angle x-ray
diffraction data indicate that there is a structural ordering in the CuPc and PTCDI layers. From
the optical absorption and photoluminescence measurements, it is found that the exciton energy of
Alq shifts to higher energy with decreasing Alq layer thickness.

INTRODUCTION

Artificial multilayers have attracted great attention because of their unusual physical properties.
In particular, magnetic properties of metallic superlattices consisting of magnetic and nonmagnetic
layers [ 1,21 and optoelectronic properties of semiconductor superlattices consisting of two kinds
of semiconducting layers [3,4] have been studied intensively. Many novel device concepts hase
been developed. Recently, Unique combination of organic materials with inorganic ones has
been tried for the superlattices [5-7]. The unique combination brings out novel possibility for the
creation of new type of optoelectronic materials, because organic materials have prominent
properties such as large photoconductivity [81. electroluminescence [9] and nonlinear optical
effects [101. and a wide variation of the combination ot materials. Furthermore, higher chemical
and structural stability in the superlattice structure rather than an organic single layer is expected.

In this paper we report structural properties of organic/inorganic superlattices which were
fabricated from alternating layers of organic and inorganic materials. Large aromatic molecules,
Alq. CuPc and PTCDI. which are well-known organic semiconductors [9,11,12], were chosen
for the organic layers. MgF2 was used for the inorganic layer, because this material has a wide
transmission region from 200 to 5000 nm [13]. The layered structures and intra-layer structures
of the superlattices are characterized by small-angle, high-angle x-ray diffraction experiments, and
a transmission electron microscopy (TEM). Optical properties of well-fabricated Alq/MgF2
superlattices will be also shown.

Alq CuPc PTC0

EXPERIMENTAL

Commercially available powders of Alq. CuPc and PTCDI, and MgF2(99.99%) were used in

this study All of the organic materials were purified by a train sublimation method [ 14], before
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the uses as the molecular beam sources. The organic/inorganic multilayered films with artificial
superstructure were prepared using a multi-source type molecular beam deposition system. The
alternating layered structures were fabricated on polished Si(100) wafers and glass substrates
(Corning 7059) using shutters, for each crucible, controlled by a microcomputer. The
temperature of the substrates during deposition was at around room temperature. The typical
deposition rate was 20 A/min. The thicknesses of the organic layer and the MgF2 layer were
designed to be 50 A and 30 A, respectively, as measured by a quartz crystal thickness monitor
(INFICON XTC), The base pressure of the deposition system was 8 xl0 -8 Torr, and the
pressure during deposition was I xl0 -7 Ton.

Small-angle and high-angle x-ray diffraction experiments were carried out using a
diffractometer ( Rigaku RAD-2B ) with CuK a radiaticn. Cross-sectional TEM observation
was performed with a JEOL JEM-2000EX operated at 200 keV. Optical absorption and
photoluminescence were measured with a spectrophotometor (Hitachi 330) and an intensified
multi-channel photodetector (Otsuka Electronics IMUC-7000).

RESULTS AND DISCUSSION

Structures

Fig. I shows small-angle x-ray diffraction patterns of superlattices with 30 periods. In the
diffraction patterns. Bragg reflection peaks were observed at small angles corresponding to
artificial superlattice period. The designed period is the sum of single organic layer thickness,

1013

1012

1011 (a) AIq/MgF2

1010

10a

t
0

7

S 106

10 4

103

102 (c) PTCDI/MgF2 Fig. l Small-angle x-ray diffraction
patterns for (a) Alq(50A)/MgF2(30A).

101 (b) CuPc(5OA)/MgF2(30A) and (c)
PTCDI(50A)/MgF2(30.k) superlattices.

100
1 2 3 4 5

2 9 (dog.)
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50A. and single MgF2 layer thickness. 30A, determined from the thickness monitor. The
observed periods from first-order Bragg peaks were in very good agreement with the designed
period (80A) (Table 1). These results indicate that the three superlattices have periodically
layered structure throughout the entire stack. The Alq/MgF2 superlattice exhibits higher-order
Bragg peaks and they are fairly sharp. Even in the pattern for the superlattice with Alq layer
thickness of IOA, strong first-order peak was observed [71. The CuPc/MgF2 superlattice exhibits
strong firt- and second-order diffraction peaks and weak third-order diffraction. The
PTCDI/MgF2 superlattice exhibits strong first-order diffraction peak, but the second-order
diffraction is not strong and the third-order is absent. It is known that the interface roughness
between two layers gives rise to broadening of Bragg peaks as well as in damping of higher-
order peak intensity [ 15.161. Comparison of the diffraction patterns indicates that the interface
roughness in the Alq/MgF2 superlattice is smaller than that in the CuPc/MgF2 and PTCDI/MgF2
superlattices.

Table I Comparison of "designed" and "observed" periods in
superlattices. Designed periods were determined from the
thickness monitor and observed ones were obtained from x-ray
diffraction.

Periods (A)
Superlattice

"Designed" "Observed"

AIq/MgF2 80 82

CuPc/MgF2 80 79

PTCDI/MgF2 80 82

We have tried to get direct images of the cross-section and succeeded in the observation in the
CuPc/MgF2 superlattice. Fig.2 shows the TEM image of the CuPc/MgF2 superlaltice. In the
image, periodic bright and dark layers are observed. The dark layers which are thinner than
bright layers should he MgF2 as a result of its higher density. The observed image is consistent
with the structure predicted from the small-angle x-ray diffraction data, showing the superlattice
exactly consists of alternating layers of CuPc and MgF2. Interface roughness is also observable
in the image. However, there might be some parts damaged in preparing the specimen for the
TEM observation.

CuPc

"W MgF2

Fig.2 Cross-sectional TEM image of
100 A the CuPc(50A)/MgF2(30A) superlattice.
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High-angle x-ray diffraction can give intra-layer structural information. Any diffraction peaks
had not been observed in the diffraction pattern of the Alq/MgF2 superlattice. This suggests that
the Alq and MgF2 layers have no structural ordering. Small interface roughness in the AIq/MgF2
superlattices is probably due to amorphous structure of each layers. On the other hand, the
CuPc/MgF2 and PTCDI/MgF2 superlattices exhibited diffraction peaks in the diffraction patterns.
Fig.3(a) shows the high-angle x-ray diffraction pattern of the CuPc/MgF2 superlattice. For
comparison, the diffraction pattern of a single layer (1000A) of CuPc is also shown. A
significant diffraction peak was observed at the same angle as the corresponding peak for the
single layer. The diffraction peak at around 7" is attribumtable to the crystal plane of a, or , -
phase crystals [ 17], indicating that the CuPc layers in the superlattice have an uniaxial ordering of
the crystallites. The PTCDi/MgF2 superlattice exhibits two broad diffraction peaks at 25 and
27" , which is also similar to that of a PTCDI single layer(10OA) as shown in Fig.3(b). These
patterns are much different from that of the PTCD! powder [ 18], indicating that the PTCDI layers
in the superlattice have an ordering of the crystallites as well as the single layer. Thus. crystalline
ordering can be retained even in the ultra-thin organic layers between amorphous MgF2 layers.

~(a)

I CuPc single layer
iooo A

* CuPc/MgF2 superlattle

5 10 15 20 25 30
28 (dog.)

(b)
PTCDI sl layer

i PTCDIMVF2 supertattkce

5 1o Ri b S 3
2 0 (dog)

Fig.3 High-angle x-ray diffraction patterns of(a) CuPc single layer (1000,A) and CuPc/Mgf-2
superlattice, and (b) PTCD! single layer (000A) and PTCDI/MgF2 superlattice.

Oztical Prowenie

Here, we show the optical properties for the well-fabricated Alq/MgF2 superlattices. Fig.4
shows the optical absorption and photoluminescence spectra. The absorption and
photoluminescence peaks are located at 390 nm and 520 rim, respectively, which are almost
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identical with that of a single layer films ( ca. 500A) previously reported [9]. However, we have
found that the absorption and photoluminescence peaks shift to shorter wavelength (higher
energy) region as the Alq layer thickness decreases. The dependences of the energies for such
peaks on Alq layer thickness are shown in Fig.5. The results in Fig.5 show that the blueshifts
occur in the Alq layer thickness less than about 50 A. The absorption and photoluminescence
peaks are attributable to the exciton in the AIq layers, because MgF2 is transparent in this
wavelength region and to excitation light, 365 nm.

From the lowest-energy cutoff of the absorption spectrum, the "energy gap" is estimated to be
about 2.7 eV for Alq. Since MgF2 is completely insulating material with an extremely large
energy gap over 8 eV, the exciton in the Alq layer is isolated by MgF2 layers. The blueshifts in the
absorption and the photoluminescence lead us to consider a simple quantum mechanical model
based on exciton confinement in two dimensional layer, in which the energy shifts could be
interpreted as the change of exciton binding energy owing to quantum confinement. Similar
explanation has been reported in the blueshifts of optical absorption in organic multiple quantum
well consisting of 3.4, 7, 8-naphthalenetetracarboxylic dianhydride (NTCDA) and PTCDA [191,
and Alq and aromatic diamine [20].

Photo-
)Absotion )luminescence

r

aa

0*

300 400 5oo 600 700
Wavelength (nm)

Fig.4 Optical absorption and photoluminescence spectra
of the Alq(50A))IMgF2(30A) superlattice.
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Fig.5 Energies of absorption and photoluminescense peaks of Alq/MgF2 superlattices
with various Alq layer thicknesses.
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CONCLUSIONS

We have succeecdd in fabrication of the high-quality superlattices consisting of alternating
layers of organic materials and MgF2. From the small-angle x-ray diffraction studies and the
direct image of cross-section, the periodically layered structures with organic layers and MgF2
layers have been confirmed. The interface roughness in the AIq/MgF2 superlattice is smaller
than that in the CuPc/MgF2 and PTCDI/MgF2 superlattices. The high-angle x-ray diffraction
data showed that the Alq layers have no structural order, but the CuPc and PTCDI layers have a
high degree of crystalline ordering. Small interface roughness in the ALq/MgF2 superlattices is
attributable to the amorphous structure of each layers. The blueshifts in the optical absorption and
photoluminescence spectra were observed in the well-fabricated Alq/MgF2 superlattices. The
energy shifts could be interpreted as the effect of exciton confinement.
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ABSTRACT

By virtue of their shape selectivity and stability, molecular sieves are
ideal components for discriminating chemical sensors. In this paper we
report the preparation of capacitance type sensors based on aluminum
phosphate molecular sieves. Thin films of the molecular sieves AIPO4-5,
AIPO4-H3 and AIPO 4-H1, which cover a range of pore dimensions, were
deposited on titanium nitride coated silicon wafers by laser ablation. A
subsequent hydrothermal treatment followed by a Pd/Au coating and the
application of standard photoresist/masking techniques were used to
generate the capacitors. The molecular sieves exhibit significant changes in
capacitance upon exposure to target molecules, including CO 2, CO, N2, H20
and toluene.

INTRODUCTION

Aluminum phosphate (AIPO4) molecular sieves belong to a family of
low density crystalline metal oxides having well defined pore and channel
systems [1]. Zeolites and related molecular sieves are attractive as
components for chemical sensors because of the shape selective adsorption of
molecules which is a consequence of having uniform pore dimensions.
Additionally, molecular sieves are chemically and thermally robust. Zeolite
molecular sieves have been incorporated into piezoelectric devices such as
surface acoustic wave (SAW) [2] and quartz crystal microgravimetric (QCM)
type sensors [3-5]. These chemical sensors, which essentially rely on a weight
change, have shown promise in selectively detecting organic molecules.
However, it is not clear how discriminating such sensors wouId be for
molecules of similar size and shape. Ideally the adsorption of an analyte
molecule would affect some signature change in the molecular sieve
properties that could then be quantified. For example, the dense phase
aluminum phosphate berlinite exhibits a small increase in dielectric constant
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when hydrated (61. We might expect such a change in dielectric constant to
be amplified in an AIPO,1 mokcular sieve where the surface area is several
orders of magnitude greater. Shape selectively adsorbed molecules with
dissimilar polarities should illicit cifferent responses. A version of this
concept has been realized in an interdigitized capacitor employing a Y type
zeolite coating as the dielectric phase 17,8j. Changes in zeolite capacitance
upon adsorption of different molecules were recorded in the picofarad range.
This rather poor capacitance is probably the result of the device configuration
where it appears that bulk zeolite crystals are packed between the electrodes.
Since Capacitance, C = A F /d (where A is the plate area and d is the distance
between them) the thinner the dielectric phase the more measurable the
capacitance. The higher the capacitance the greater the changes in C are
expected to be. Of course there will ultimately be a trade off with leakage
current but nevertheless one would prefer the thinnest molecular sieve film
possible. The preparation of thin films has been a major challenge for all the
molecular sieve based devices so far. However, we have found that
continuous AIPO.1 molecular sieve films in the nanometer range can be
obtained via laser ablation 191. Aluminum phosphate molecular sieves are not
ionic conductors and therefore, are preferred over aluminosilicate zeolites as
dielectric materials.

In this paper, we describe the preparation of capacitance type chemical
sensors based on ablated films of APO4 molecular sieves on TiN. The AIP04
molecular sieves in this study, APO4 -H3 (3.5 x 3.7A), APO4-5 (7.4A) and
AlPO4 -H1 (12A). cover a range of pore sizes. The capacitance of these
molecular sieves should reflect the shape selective adsorption of different
molecules. For example, the kinetic diameter of CO (3.8A) is too large for
.PO4-H3, while H 9 0 (2.65A) should readily be adsorbed. Therefore. the
dielectric constant of APO4-H3 should be unaffected by the presence of CO
but is expected to change dramatically upon exposure to water. AIPOI- 5

should discriminate against larger hydrocarbons, whereas AlPO.,-H1 is
expected to be sensitive to such molecules. One could imagine a microarray of
several different molecular sieves that could selectively sense distinct
molecules in a mixture such as a combustion gas stream. In this preliminary
account the results for the detection of N 2 , CO2, CO, H,,O and toluene are
presented.

EXPERIMENTAL

The laser ablation and hydrothermal treatment of the AIPO4
molecular sieve films will be described elsewhere 19]. The capacitors were
prepared from TiN coated (100 nm) silicon wafers with <200 nm thick
ablated A1PO 4 molecular sieve films. Titanium nitride was selected because
of oxidative resistance and used in semiconductor processing. The TiN served
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as one electrode, while the other electrode was generated by the vapor
(eposition of a Au/Pd alloy to a thickness of approximately I Pim on top of the
molecular sieve layer. The capacitors were defined using standard
photolithography. The metal exposed in the development process was etched
away with aqua regia. The capacitor was then washed with acetone to
remove the remaining photoresist and dried in a vacuum oven (20 Torr) at
50C.

Capacitance and current measurements were performed on a custom
probe station. The probe chamber was equipped with four active and one
ground probe controlled by micrometers. Capacitance and current data were
collected using a Hewlett Packard 4284A Precision LCR Meter and a Keithly
237 High voltage source. The probe station was equipped with a microscope
for viewing the probe tip placement and a gas manifold for controlling the
atmosphere.

All capacitance measurements were taken from the standpoint of
having a capacitor in series with a resistor (Cs-RSV). This approach is
reasonable since the titanium nitride coating has a conductivity of 50 to 100
Q-1cm' I as opposed to that of gold (4.09x10 5 ()1cm-l) or palladir-n (9.26x10 1

Olcm'l). The typical voltage range was set at -0.5V to +0.5V The voltage
range employed was divided so as to produce 21 data points during the
measurement. The AC frequency of the current applied to the capacitor,
either varied logarithmically during a measurement (typically from 0.005kHz
to 100MHz) or was static at a specific oscillation frequency (0.001kHz to
100kHz). All measurements were made at room temperature and
atmospheric pressure. Capacitance or current data from the five readings
were averaged for each voltage point taken with a margin of error <3%.

Current measurements were taken to find the leakage current and the
breakdown voltage. The current was set at. 0.1 Ampere. The breakdown
voltage of capacitors was determined by scanning the voltage from OV to 10V.
For leakage current measurements the voltage range was set equal to that of
the capacitance measurement being made (-0.5V to +0.5V). The voltage range
was divided so as to produce 11 data points.

RESULTS AND DISCUSSION

Capacitance type sensors were prepared from hydrothermally treated
laser ablated A1PO 4 molecular sieve thin films (dielectric phase). The
electrodes were the TiN substrate and Au/Pd pads (area=l.39E-3cm 2)
deposited on top of the dielectric phase using standard mask and etch
techniques. Figure 1 shows a schematic view of such a capacitor. The
capacitors were heated under vacuum to remove template and adsorbed
water then transferred to the probe chamber. Pure, dry analyte gases were
introduced via a gas manifold. A nitrogen atmosphere generally produced the
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Figure 1. Side view of molecular sieve based capacitance type sensor.

lowest capacitance which varied with thickness. Figure 2 shows a plot of
capacitance per square meter for a 47.5 nm thick AIPO 4-5 molecular sieve
measured at +0.3 volts and an oscillator frequency 100 kHz. The nitrogen
response is -100 times greater than the instrument noise level (10- 11 farads).
Upon exposure to pure atmospheres of carbon dioxide or toluene the
capacitance increases nearly 1000 times. The response to CO is almost 10
times greater than CO, at this voltage. This is consistent with the highly

7.0OE 13

6.OOE-1 3

o - 5.OOE-13

_ 3.OOE-13

Z 2 3OOE- 13

1 OOE-13

4.69E-16A i
N2 C02 CO Toluene

Gases

Figure 2. Capacitance per m 2 after adsorption of N 2, C0 2, CO or toluene
AIPO1 -5 (V=+0.3. Leakage Current I/m 2=7.19E-19)

polar CO molecule strongly adsorbing in the molecular sieve. This suggests
that it may be possible to discriminate between CO 2 and CO. All these
hanges are reversible with temperature or pressure adjustments.

266

-i



Figure :1 shows the capacitance per square meter measured between
0.5 and +(0.5 volts for a 70.3 nm thick AIPOI-5 sensor. The breakdown
voltage for these capacitors is typically in the range of 1 volt. Current versus
voltage plots are routinely made in order to evaluate leakage current.
However. leakage would also be characterized by a sharp increase in
capacitance, especially at the higher voltages. Such leakage is not apparent
for this sensor.

8 Cx)J4E I "
0 004E 13

M 5 004E 13

SE b 004E 13

M a 004E I -

V 3 (X 4E 1

CL,

Voitage

* N? C02 * CO0 .T iv

Figure 3. Plot of capacitanceipm 2 versus voltage for an AIPO 1-5 sensor

The sensitivity of these sensors is still being evaluated. The selectivity
is remarkably different between the different types of molecular sieves which
presumably reflects the different pore dimensions. Figure 4 illustrates this
point in a plot of capacitance ratios for the detection of CO., versus N., by
ablated AIPO 4-Hi, AIPO 4 -H3 and AIPO 4 -5 (-lO0nm). The largest pore
molecular sieve APO4 -H1 exhibits the highest sensitivity for detection of
CO 2 . The smaller (3.3A) and more polar CO 2 apparently interacts to a
greater extent with the A1PO4-HI channels. Although. CO9 easily fits in
AIPO4 -5 the amount of CO., is probably smaller. The small pore AIPO4 -H3
shows no significant change in capacitance when exposed to CO 2 relative to
N2). However, AIPO 4 -H3 exhibits large changes in capacitance when exposed
to moisture which reflects the smaller kinetic diameter of water (2.65.4

In conclusion we have shown that a capacitance type chemical sensor
can be generated from laser ablated AIPO4 molecular sieves. AIPO4-5
appears to be selective for CO while AIP0 4 -H1 is selective for CO2. Shape
selectivity is apparent in the case of A1PO 4 -H3 which is sensitive to the
presence of moisture but does not discriminate between N2 and CO 2 .
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SELF-ASSENIHIA' OF2 ORICINTEIJ MELTAL BISPIIOSPIIONATE
NIULLILAYERS WITH POTENTIAL NONLINEAR OPTICAL PROPERTIES

GRACE ANN NEFF, ASTRID C. ZEPPENELD, B3ETHIANY KLOPFENSTEIN and
('.-THERINEI. PAGE
lot) e~ii) of ( regon, Department of ChemnistrY. Eugene. Oregon 97403

ABSTRACT

We are insestigating a miethod for svnthesizing oriented layered thin filmn struture,, thati exhibit
nonlinear optical properties. This method involves selt assemiblv of metali bisphosphonate
miulntiavers on "Old and -Silicon Sulbstrates. Multil ise s are characterized via optical ellipsometry.
dtiffuse reflectance and attentiated total retlectance MTR. and grazing angle X-ray diffra, tion.

To incorporate nonlinear optical activity into self assem bled films, we use u ~w hisphos-
phonates containing aromatic it systems saridwiched betweten donor and acceptor groups In
order to max'ii ze he overall polarizabil ity of the film, the polarizable hisphosphonate mnct lcs
mnUst prefert-i 't i hind iii only one orientation. [o accomplish this, one of tilt ttrmniiiA
phosphonate . 7ups of thle trolecule is protec ted (in ester form) After binding the tree
Ppltosphic ac ind. 'he terminal ester is converted to a phosphoitic acid group by hvdrolysis
ss ith bl-rnorinieths ~i lane ( TIS.Layering is continued by biniding a mnetal laser and rcpeating
the cvcle. Films prepared via this rout~e do exhibit second harmonic generation, but app)arentY
incomIplete decprotection of each laver leads to increasingt disorder with increasinge number of
is1 ers.

IN I*RO 1)1 CTION

'The nmethod of self-assemnbly involscs the spontaneous adsorption (if in ordered mionolaser
trowi solunoin onto A suostrate. 'slulttiliser assetmblies can be built up as well, if the first self-
assembhledl laser presents surface groups 'shlich ire reactive or A hich caln be tunctionalized to biiid

.!ec:ond chem-ical species. The SN StCI Linde r investigation involves Ilt o. ii) bis-'tlosphonate
lois. ss hich 'ire struLcturally anailogous to the prototype zirconiumn bisphosphonate systems

deselopcd by Maltouk and :os orkerslt Out advantage to this s stin is the fact thait it can
cor Tnt la te a As ide %aritN ( s' orai g rioups within t he hisp hosp honate lav'er. ' MIais

poitsih:li C s t t 'r incorporation ohf nonlitneair optical propert ies. via. chi otlop bores. iinto these
Ti.cocrials a, hams been demonstrated by Katz et al. In tite present study, the chromnophore is
!nIOrpo'raitd init)'.i bispho 'borict acid/ester mo!-'calc, siowsn belowA in Figure I.

kiL ll I pA, tib lhpontetrans Stilbeine-10l-decc lphttsphontc Acid Ether

lDirc'tionll liraiii ot thle niolecule iprovided k the extended it systen which is
.and'Aticted between an electron donor (ether linkage) ati( an'electron acceptor (phiosphonate ester
Sa) i he polanzabilitv affects, the magnitude of the nonlinear optical effect. As shown. (1) has a
phosphonate ester on otlt etid). and is functionalized on !he other end by a phosphonie acid (hI.
This alloA,. Lis to orient the molecule during self-assemblyI a, only the phosphonic acid will bind
ito I If mieital oin the su~rtace 4 The miolecules wkithin each laN er 111tuSt be oriented such that the bulk
ft lii has no 'in ersio .winnmeirN int order ftor even -otrdei nonlinear uoptical effects to be observed.5
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[hte reaction SequeCe1C involved in self-assenihly of (1) onto a hafnium-functionalized
surface and subsequent deprotection is shown in Figure 2. The tertinal ester group iscnee
to a phosphonic acid by gentle hydrolysis with bromnotrimethylsilane (BTMISj 6  Following
cleproteciton, a layer of hafniumi ion's is adsorbed, attd the process is repeated to build multilavers.

.anhor + (I

0
anchor i-I-ON.1

-i anchor-i?- - 0 fO
-0/ 0

an.chor -M - P -(ct1,),,- 0o,y 11~Poc~t,

+BTMS[{anchor ~t ~ ~ ~ o ~
.1 - 11 - 1 (((Th.IS):

0'/

0 -*

- -(Cl ),0 -o _J

anchr -~fO (OTtm),

anchor -Htl-O-,

L-anchor -ttf-O (

[l(UREi 2 Reaction SequeInCe for self-assembly of layers of lif-(I)

Aproblem we have anticipated wtth this reaction sequence is the possibility that the steric
bulk of the s urface phosphonate esters (and of the trimethylsilane groups) may result in a less
efficient deprotectiort than is normtally obtainted in solution. To maximize the extent of
deprotection. we adopted a practice of sequentially deprotecting surface layers twice, rinsing in
water between BINIs imnmersions



EXPERIMENTAL

Materias

Hafnium oxychloride octahydrate was used as received from Teledyne Wah Chang Albany,
Inc. 4-mercaptobutylphosphonic acid was provided by Prof. Thomas E. Mallouk (Penn. State
Univ.). (1) was prepared by a several step reaction. 7 3-mercaptopropylsilane was used as received
from Aldrich. In all preparations of multilayers and solutions, deionized water purified to a
resistivity of 18 MKI-cm with a Barnstead Nanopure II was used.

Sid'strares at siurjate ]inctionahzation

Gold substrates were prepared by evaporation of - 2000 A of 99.99% pure gold wire (DF
Goldsmith) onto single crystal silicon (100) wafers (Silicon Quest International). Prior to func-
tionalization, silicon wafers were rinsed sequentially with trichloroethylene, 2-propanol and
ultrapure water, each for 15 min. Prior to gold deposition, the Si wafers were pretreated with 3-
mercaptopropylsilane, which acts as a molecular adhesive.8 After gold deposition, wafers were
cleaned with a 3:1 H2SO 4 :H20 2 solution and rinsed with copious amounts of ultrapure water. To
bind the 'anchor' layer, wafers were immersed in a 4:1 water/methanol solution of -1 mM
mercaptobutylphosphonic acid for over 24 h, then rinsed sequentially in methanol and water.

The silicon substrates utilized for ATR measurements are Si ATR crystals, of dimensions 50 x
10 x 3am. spp 45 degrees (Part # EE3132, Harrick Scientific Corp). These are first degreased as
above, rinsed with water and dried in a stream of nitrogen. An anchor layer of Hf is deposited by
immersion of the crystal in 5 mM HfOCI 2-8H20 at 450 C for 48 hours, 9 followed by rinsing with
copious amounts of water and drying under flowing nitrogen.

Instrumentation and measurements

Ellipsometry measurements were taken on a Rudolph Research Thin Film Ellipsometer, Type
43702-200E, using a tungsten filament light source filtered to exclude all but 6328 A light, at an
incident angle of 70 degrees. Measurements were taken after deposition of (I) and after the
deprotection steps. The measured parameters delta (A) and psi (') are used, along with various
indices of refraction for the layered materials, to calculate layer thickness on DAFIBM, a program
provided by Rudolph Research. The refractive indices of the gold substrate are calculated using A
and 't' values for the bare gold substrate and equations given in ref. 10. Diffuse reflectance FTIR
spectra were taken on a Nicolet Magna-IR 550 Spectrophotometer with a Spectra Tech Inc. FT 80
Specular Reflectance (W)14-315 attachment and OMNIC software . All spectra are the average of
1024 scans, with 4 cmt resolution. The spectra are ta -n relative to a background of a bare gold
prepared similarly to the wafer used for layering. These measurements were also recorded after
deposition of (I) and deprotection steps. The spectra are baseline corrected with the OMNIC
software to align all spectra to the same zero baseline. The attenuated total reflectance FTIR were
taken on the same instrument with a Harrick Scientific Corporation Twin Parallel Minor
Attachment. Variable Angle Unit. The spectra shown are the average of 256 or 512 scans with 4
cm-I resolution, taken relative to a background scan from the bare crystal. They too are baseline
corrected.

RESULTS

Shown below in Figure 3 are plots of calculated total layer thickness vs. number of deposited
layers on a functionalized gold substrate. The values of refractive indices utilized to obtain these
thicknesses have been chosen to include the range generally accepted for metal bisphosphonate
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films, 1.55 < n < 1.45. 1,11 Individual layer thickness is given as the slope of calculated fits to this
data.

125 - 0 n=1.45 110 A/ layer

0on=1.5 10 3 Au/layer
I uX) -,0

FIGURE 3 Total Thickness 0I5 n r

vs. # of Layers 7 - n=1.55

n=1.6 9 IA, Iayr

10

25

1 2 3 4 5 f6 7 8 9 10

As can be seen from the slope of these plots, layering appears to be quite regular for the first
five layers, and then appears to stop at step 6 (as layer thickness is the same for layers 5 and 6),
and then to continue again at step 7 at roughly the same slope. We cannot be certain what is
occuring here. but suggest that at step 6. little or no material adsorbs as a new layer but merely fills
in gaps in the previous layer. Subsequent layering then resumes at the same rate. This also
appears to occur at step 9, although to a lesser extent.

Also, the calculated layer thickness is much smaller than our estimate of -30 A for a layer in
which the bisphosphonate (I) is oriented perpendicular to the substrate surface. We suggest that
deprotecton of the first (and probably subsequent) layer (s) is incomplete. Subsequent layers are
then also incomplcte and can tilt over at a much larger angle than would a densely packed layer.
This would result in smaller layer thicknesses.

Figure 4 shows the diffuse reflectance FTIR spectra for up to 10 layers of Hf-(I) on gold for
protected (a) and deprotected (b) layers. The region shown is that where characteristic C-H
stretches occur. We assign the peak at -2929 cm-1 as the asymmetric methylene stretch (va CH 2)
and that at -2855 cm1 as the symmetric methylene (vs CH 2). These peaks are shifted to higher
energies, relative to location of such peaks for crystalline structures. Such a shift is characteristic
of liquid-like structures. 12 ,13 Note the fact that intensity level decreases upon deprotection, most
notably in layer 7. This could support what was seen in the ellipsometry data, i.e. that no new
material went down in step 6. Thus step 7 would be the deposition of layer 6 and IR spectrum
intensity would increase over that of layer 5 only slightly. It is odd, however, that this seems to
have "recovered" by layer 10, as also seen in ellipsometry.

a b

I ayer I

FIGURF 4 Diffuse Reflectance 1TIR for layers of ttf-(l) on gold
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Unfortunately no peaks from a methyl (CH3 ) group were observed in this region. The
methyl ester is the only group specific to the protected molecule (I) (see Figure 1). Inability to
detect a distinct CH3 stretch is probably due to this low intensity peak being obscured by the
stronger, shifted CH2 stretches.

We also were unable to observe a peak from the CH3 rocking vibration at lower energies.
This vibration was probably masked by the stronger stretches associated with P-0 and P-O-C
bonds. The region 800-1800 cm-

1 
where these peaks are expected is quite crowded and we could

not reliably resolve or assign any peaks in this region.
14

Figure 5 shows the Attenuated Total Reflectance FTIR spectra from two layers of Hf-(I) on a
Si ATR crystal. The signal to noise is much higher with this method, and the spectra are much
cleaner than those taken via diffuse reflectance. The small shoulder at -2980 cm-

1 
in the spectrum

of the protected layer is probably due to a methyl stretch, since it is nearly absent in the spectrum of
the deprotected layer. If this assignment is correct, this vibration will aid in assessing the
deprotection process.

i . }~ ~,r, d 1,e

w e . FIGURE 5

ATR FTIR for layers of

Hf-(I)

DISCUSSION

It is apparent from both ellipsometry and FTIR data that sequential deposition of Hf-(I) layers
onto gold surfaces is occuring to some extent. Preliminary results indicate that these films do
exhibit SHG 15

, confirming net polar orientation of (i) in the films. It also appears from
ellipsometry, however, that these layers are quite thin. While thicknesses determined by
ellipsometry are subject to several sources of error, the use of reasonable refractive indices for
these films suggests the average layer spacing is 9.6-11.0 A, which is significantly smaller than the
length of (1), which we estimate to be 28.9 A.

We suggest that the deprotection of layers of (I) is incomplete as we currently perform the
procedure. This is likely due to the steric bulk of both the phosphonate ester 'surface' in each layer
and the trimethylsilane deprotection reagents. If this is the case, subsequent deposition would
form incomplete layers, and films would become increasingly disordered as the number of layers
increases. The apparently small layer thickness could be explained by a large tilt angle of the
bisphosphonate molecules with respect to the surface normal, possibly resulting from a low
density of bisphosphonate molecules in the organic layer. This data not only points to the necessity
of a better deprotection method, but also indicates the need for another method of determining layer
thickness. For this, we have attempted to observe grazing angle x-ray diffraction. However, we
have been unable to detect any x-ray interference peaks from thin films on gold substrates. For
multilayer films on silicon substrates, grazing angle diffraction generally gives an interference
pattern from x-rays reflected off the front and back of the film, enabling an accurate determination
of film thickness. I I 

The inability to observe this for multilayers on gold is most likely a
consequence of the positioning of the total reflectance peak from the gold, which tails to relatively
high angles (20, - 1.1') and obscures any peaks from our films.

The FTIR data obtained using diffuse reflectance methods does tell us we are layering onto
our substrates, but we were unable to obtain information confirming deprotection. For this reason
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and because we were unable to obtain diffraction data from gold substrates, we began layering on
silicon substrates and utilizing attenuated total reflectance FTIR. The spectra obtained thus far are
somewhat encouraging. We believe we can detect at least one methyl peak. We expect to observe
grazing angle x-ray diffraction from films with three or more layers, on the basis of experiments
performed on similar thin films on silicon substrates. 1 The two layers we have assembled so far
are still too thin to see by diffraction.

Iv order to improve the efficiency of the deprotection reaction, we are exploring the use of
iodide salts to increase the rate of reaction in the BTMS deprotection.1 6 Other methods of
hydrolysis, such as acid hydrolysis, will also be explored.

In summary, we have investigated the incorporation of 'asymmetric' bisphosphonate
nonlinear optical chromophores into metal bisphosphonate multilayers. The approach we have
taken shows promise, but more efficient deprotection strategies need to be developed for the
asymmetric molecules employed in this study in order to make highly ordered multilayers with
optimized nonlinear optical properties.
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ABSTRACT

Nanometer sized silicon particles have been produced by ultrasonic dispersion of thin
sections of porous silicon in organic solvents. High resolution TEM and FTIR have been used to
establish the size range and surface structure/composition of these particles. The larger particles,
which range in size from 20 to 50 rim, are made up of a conglomeration of smaller particles with
a diameter of a few nanometers. The HRTEM shows an amorphous layer ou the surface of many
of the clusters. FTIR data suggest this amorphous layer is silicon-dioxide which may also have
organic constituents.

INTRODUCTION

Production of luminescent colloidal suspensions of Si from porous silicon (PS) by
ultrasonic fracture [1,21 provides an opportunity to investigate the mechanism involved in the
luminescence of PS. It is still unclear whether this is due to quantum confinement of the electron
and its respective hole, the so-called particle in a box condition, or if this is due to some other
silicon compound such as siloxene (Si603H 6 ) [3,4.51. Characterization should also help
establish whether the existence of a surface layer of SiO2 is necessary for high efficiency
luminescence to occur as has been suggested (6,71. Until recently, Si semiconductor nanocluster
synthesis has not been pursued as vigorously as other semiconductor nanoclusters such as the 11-
VI and III-V materials. This is most likely due to the difficulties involved in synthesizing discrete
Si clusters. However, in 1990, when Canham [8] first pointed out the importance of visible
photoluminescence in PS and suggested that this may he the result of a quantum confinement
effect, interest in nanometer sized silicon clusters greatly increased. Some of the methods which
have been used to synthesize Si nanoclusters include thermal pyrolysis [91, evaporation and laser
ablation into an inert atmosphere [10,11.12,13], and high pressure solution phase synthesis [141.
Generally a wide size range is obtained with these methods including the technique of ultrasonic
fracturing [1]. To date the technique which has produced Si nanoclusters of the most uniform
size involves a high temperature pyrolysis where the Si clusters are prepared as an ethylene
glycol colloid [7].

In our continuing investigation of the production of nanometer sized Si clusters from
colloidal suspensions of PS, we have broadened the parameters under which we had previously
carried out these experiments [2]. By using ethanol in the anodization solution, and increasing
the anodization times, it is hoped that smaller, more uniform crystallites can be obtained. This
paper describes the FTIR and HRTEM characterization results of Si colloids produced under
several different conditions. The photoluminescence spectroscopy of these materials will be
reported elsewhere in this publication [15].

EXPERIMENTAL

The PS samples were formed by anodizing p-type (B-doped) (100) oriented silicon
wafers with resistivity of 14 - 22 0cm in 20% HF solutions. Parameters used in the synthesis of
the clusters are given in table I. Anodization took place over 20 or 180 minutes with a constant

275

Mat. Res. Soc. Symp. Proc. Vol. 351. 01994 Materials Research Society



Table I. Parameters Used to Prepare Colloidal Si From PS.

H F Ethanol Current Aodization Colloid Sonification
Density Time Solvent Time

(%) (%) (mA/cm )  (min.) (days)

20 0 1 acetoratle
20 0 20 20 acetonitrile 2
20 0 20 20 acetonitrile 5
20 0 20 20 acetonitrile 7
20 10 20 20 acetonitrile 7
20 10 20 20 toluene 7
20 30 20 20 acetonitrile 7
20 30 20 20 toluene 7
20 30 5 180 acetonitrile 7
20 30 7.5 180 acetonitrile 7
20 60 5 180 acetonitrile 7

current density of 5. 7.5 or 20 mA/cm 2 . The 20% HF solutions contained 0, 10, 30 or 60%
ethanol by weight with a corresponding amount of water making up the remainder of the
solution. With some samples a second electrochemical etch was performed using a 1% Hf:
solution of HF/H 20 with a current density of 160 mA/cm 2 for one minute to separate the
anodized PS layer from the Si substrate.

The samples were then rinsed with deionized water and dried under a stream of N2 gas
and placed in a vacuum chamber. The chamber was evacuated to 70 mtorr for several hours to
help facilitate the removal of water and the samples were brought into a solvent-free drybox. The
PS was mechanically removed from the Si substrate. The resulting material was collected in a
side arm shlenke flask. Approximately 10 ml of solvent (acetonitrile or toluene) which had been
dried over calcium hydride, distilled and degassed, was added to the flask containing the P.
The mixture was placed in a Branson Ultrasonic bath for up to 7 days. Upon removal from the
ultrasonic bath the solution was allowed to settle and the resulting supernatant was removed for
study.

UV-Vis spectra were obtained of the solutions several times during their sonication with a
Hewlett-Packard 8450A diode-array spectrophotometer. FnR spectra were collected for the PS
powders before sonication by combining the powder with KBr for making a KBr pellet. An
equal mass of KBr was used as a reference. IR spectra of the colloid solutions were obtained
both by evaporation of the colloid solvent on a CsI salt plate and from a solution cell made of two
KBr salt plates. All of these spectra were collected on a Mattson Galaxy series FTIR 3000.

HRTEM samples were prepared by evaporation of the colloid solution on lacy carbon-
coated electron microscope grids. The high resolution transmission electron microscope
(HRTEM) was a 200CX HREM which operated with an accelerating voltage of 200 kV.

RESULTS AND DISCUSSION

An expansion of our experimental parameters from previous work was purposely
undertaken in order to determine the most appropriate conditions for creating the PS colloid with
the most uniform structure and smallest size range distribution. Table I shows the parameters
used in the preparation of .he PS colloid. The addition of ethanol to our anodic solution and the
increase in anodization times over our previously reported work was performed in hopes of
making more uniform crystallites with a greater proportion in the smaller size range where the
crystallite diameter does not exceed the exiton diameter of silicon (about 10 nm). HRTEM
studies carried out on the PS colloid samples made only with HF and water showed a wide range
of particle sizes (20 - 50 nm) and shapes with few particles in the smaller ranea. The samples
prepared with ethanol in the anodization step, however, have produced a significant fraction of
the smaller nanometer-sized particles with sizes ranging from 7 and 40 nm. Even smaller
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particles have been observed in the electron microscope from these samples made in ethanol but
the lattice fringes have not been resolved. These particles range in size from 2 to 10 nm and seem
to occur only in the presence of other larger crystalizes. Because the crystallites seem to adhere to
the grid only in areas absent of holes, the lattice fringes and diffraction patterns of these smaller
particles have not been obtained.

Figure 1. High-resolution TEM micrograph of a Si nanochaster. The lattice spacing o00.31
nm indicates this is a view down a < 10> axis showing the ( 11) interplanar spacings.

Figure I shows an electron micrograph of a particle around 8 nm. This was obtained
from a colloid solution made with 60% ethanol in the anodization solution, a current density of 5
mA/cm 2 , and an anodization time of 180 minutes. Its diffraction pattern and lattice spacing of
0.31 arm suggest that the { Il I planes are responsible for the visible fringes in the micrograph.
Figure 2 shows a much larger particle of around 40 nm from the same colloid solution.

15 nm

Figure 2. High-resolution TEM micograph showing a couigomaeadus of iivkdal SI
crystallites. An amorphous layer of between 3 to 4 nm summads the eatre stmcue.
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The lattice fringes suggest that this is not a single particle, but a conglomeration of several smaller
particles. The electron diffraction pattern for this cluster shows diffraction spots and can be
interpreted as arising from several crystallites of different orientations. The smaller particles
making up the cluster are around 7 to 11 nm. This picture typifies the genera structure of the
larger clusters in that they are made up of smaller crystallites which have conglomerated together.
Whether it is chemical bonding or Van der Waals forces holding the crystallites together is not
known. As can be seen from the micrograph in figure 2 an amorphous layer surrounds the entire
structure demonstrating that a separate morphology exists at its surface. Whether this layer is
only on the surface of the conglomeration or is also present around the entire surfaces of the
individual crystallites can not be determined from the micrograph

Detailed IR experiments on the different PS samples were carried out before and after
ultiasonification to help determine the composition of the amorphous surface layer. The PS,
removed from the wafer, was mixed with ground KBr and pressed into a pellet. Figure 3 shows
the rR of a PS sample made from an anodic HF solution having 30% ethanol, a current density of
5 mA/cm 2 , and an anodization time of 180 minutes.

E

4000 3000 2000 1000

Wavenumbers

Figure 3. FrlM specu of PS sumple made with 30% ethanol in dhe HF sotution.
A current density of 5 mA/Cm 2 wa used with an anodization time of 180 mim.

This spectra was taken after the sample was in a solvent free drybox for 24 hours. The three
prominent features of this spectra are the Si-H stretching at 2073 cm-r and the Si-H bending and
wagging modes at 902 and 661 cm-1 respectively [16].

Figure 4 shows a typical IR of the sonicated colloidal Si suspension after evaporation of
the solvent on a Csl salt plate. The Si-H peaks have disappeared completely and new peaks arise
in the hydrocarbon region of the spectrum around 2958,2927 and 2856 cm -1. In addition, a Si-O
stretching peak at 1087 cm-I is present. It has been suggested that the hydrocarbon peaks which
often appear in IR spectra of PS samples are due to alcohol (generally ETOH) residue left by the
anodization solution [17]. As can be seen in Figure 3, no such peaks are present for the PS
sample prepared with HF/ ETOH. These peaks are present in our PS samples made only with HF
and water after brief periods of exposure to air. This suggests that the presence of the
hydrocarbon constituents is not due to the use of alcohol in the anodization step. We have found
that after brief exposure to air the PS samples show hydrocarbon contamination, even when

278



E

4000 3000 2000 1000

Wavenumbers

Figue 4 FTIR specua of colloidal Si sUapensiO after evaPi oOf Solvent.

alcohol is not used in the anodization process. The appearance of these hydrocarbon peaks is
greatly slowed if the PS sample is kept in a solvert tree drybox under N2. However, these peaks
begin to appear even under solvent free conditions. This pattern of Si-H peak disappearance
along with Si-CH3 and Si-O peak appearance is seen for all PS samples regardless of the
anodization conditions. The samples were monitored by IR over time and intermediate spectra
where both sets of peaks are present were collected. IR spectra of the acetonitrile colloid showed
an -OH stretch in addition to the Si-CHx (x = 1 to 3) and Si-O peaks. This alcohol must be
produced in the colloid solution during the sonication step. At the present time, it appears that
even under rigorously dry anaerobic conditions 02 is still present in large enough amounts to
form Si-O on the nanoclusters and the alcohol in the colloid solution. Further studies are
underway to better characterize the Si colloid solutions prepared from PS.
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SYNTHESIS OF LOW DENSITY MIICROCELLULAR ACTIVATED CARBON
SUPPORTED NANOPIIASE Pt AND Pd PARTICLES AN1) sTUDY OF ITS

CATALYTIC PROPERTIES

HONG-MING LIN, CHING-SHUNG HUANG, CHI-MING HSU
Department of Materials Engineering, Tatung Institute of Technology, Taipei, Taiwan, R 0 C.

ABSTRACT

The use of activated low density microcellular carbon (LDMC) as a catalysis supporter for
nanophase Pt or Pd particles has been successfully developed in this study The good dispersion
and interfacial properties of nanophase Pt or Pd particles on activated LDMC are formed by
using an impregnation and sintering process The interfacial structures are examined by TEM,
tIRTEM and an image analyst system. No preferred orientation of interfacial bonding has been
found between nanophase Pt and activated LDMC The activated LDMC supported Pt or Pd
catalysts have the high reactivity which can complete hydrogenation and oxidation of CO gas at
low temperatures (<453 K) Tne catalytic, activity of CO hydrogenation is increased as the size
of the nanophase Pt and Pd particles decreases

INTRODUCTION

Nanocrystalline(NC) catalysts have limitations in actual applications. NC particles will sinter
or weld from the heat released in a chemical reaction without a good supporter At the same
time, they do not have enough mechanical strength to fight against environmentat failure A
suitable supporter is therefore necessary for NC catalytic particles[ 1, 2]

Low density microcellular materials (LDMM) were developed by the U S. Department of
Energy (DOE) National Laboratories [3]. Because of its low atomic number, good chemical
corrosion resistance, low thermal expansion and great carrying areas properties, the activated
low density microcellular carbon (LDMC) is used as a precursor for NC catalyst particles in this
study. Carbon supported catalysts were found to be more active than the silica, molybdenum
oxide and alumina supported catalysts in the low temperature range(T<473 K)[4-7]. In the past,
alumia supported metal halide catalysts were used by Todo et al. [81, carbon supported copper
oxide catalysts were employed by Nozaki et at. [9], and a catalyst contained vanadium on both
activated carbon and titania/carbon was developed by Kasaoka et al. for low temperature
applications [10].

Although carbon, especially in the form of activated carbon, had been used in many studies
as supporter for noble metal catalysts, there has not been any study on the effects of the activated
LDMC structure on the dispersion and activity of NC Pt and Pd particles and on the selective
catalytic oxidation or hydrogenation of CO. We therefore report the results of such a study here.

EXPERIMENTAL

The pure platinum and palladium particles with diameters of less than 20 nm, have been
produced by gas-evaporation in a helium atmosphere[ I ]. The size of these NC particles are
controlled by changing the different helium pressure, evaporation rates of themetals, and the
distance between the evaporated tungsten boat and the collecting cold trap.
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Two kinds of solutions are used as precursors to synthesize LDMC One is a

resorcinoL'formaldehyde (RF) solution, and the other is a styrene Jivinylbenzene (PS) solution

The volume ratio of RF to PS is fixed at one and the acetone used is kept between a range of 30

to 60 sol o to induce inverse emulsion and cross linking polymerization The maleic anhydride

and benzoylperoxide are used as catalysts for polymerization The pre-LDMC polymers are

carbonized in N, gas at 1173 K for two hours. LDMC is then activated in carbon dioxide at
1173 K for 0 hours to form activated LDMC

To combine the NC Pt or Pd particles with act~vated LDMC supportei, the pores of LI)MC

by acetone solvent are impregnated into the NC particles The NC particles are then trapped on

the wall of pores by small electrostatic forces or van der Waals forces. A suitable sintenng

temperature (873K) and three different sintering times 30, 60, and 90 minutes are used !o forn, a

good bond between the NC particles and supporters.
The morphology and structure of the NC %articles are examined using TEM ima-_,e and

diffraction patterns The interfacial properties and dispersion of Pt and Pd, which are supported

on activated LDMC. are analyzed using a 'EOL 4000-EX HRTEM and the Image Analyst

System MATROX NIVP-AT - IPPLUS

Fhe catalytic behavior of the hydrogenation or oxidation of CO is studied at 0 03 MPa in a

small plug-flow column reactor under different reaction conditions. A 2U6 SCCM flow rate with

a volume ratio of H 2 CO equal to 3 6 1 or 200 SCCNI flow rate of 1% CO is passed through the

sample After 2 minutes of reaction, the products are periodically analyzed using SI!IMADZIU
GC-6MA gas chromatography to measure the amount of unreacted CO The data are used to

Jetermine the activity of the Pt/activated LDMC catalyst or Pd/activated LDMC catalyst

RESULTS AND DISCUSSION

A. Structures and Sizes of Nanocrystalline

Particles
TEM micrograph of NC Pt particles

produced in different helium pressures are shown

in Figure 1 The images indicate that the shape b

of NC Pt particles are almost spherical with a

clean particle surface. The particle size of Pt

becomes larger as the helium pressure increases.
The helium pressure in this study was kept in a

range from I mbar to 100 mbar Under the same W4 3 11 1

helium pressures. NC Pd always has a greater 1 Y

mean particle size than that of Pt This result is Figure I TEM images of NC Pt

due to the higher evaporation rate of Pd than that produced under helium pressure of (a) !
mbar, (b) 10 mbar. (c) 50 mbar and (d) 100

of Pt at the same temperature mbar,
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B. Characterization of LDNIC Suports

The pore morphologies in pre-LDMC polymer are quite different from different viscosities

In this study, the viscosities vary by the vol% of acetone in the mixed solution of RF/PS The

results indicate that adding 40 vol% acetone polymerization will produce 72% porosity and 0 19

gocm bulk density, which would indicate that LDMC is a good supporter. The variation of

phYsical properties when changing the vol% of solvent is shown in Figure 2. Although adding 50

vol% of acetone will create a better porosity, its mean pore size measured by using SEM images,

is too large to be a good catalysts supporter.

The !.DMC40 (synthesized by adding 40 vol% acetone during polymerization) has the

lowest bulk density, but not than the highest porosity. This is due to the fact that close pores

still exist in LDMC40. The porous morphologies of various LDMC are shown in Figure 3.

When the solvent is increased to 60 vol% during the polymerization, the spherical porous

351 sFt2Ap Porosity t5 structure is destroyed completely and a close-
"-*P Bulk Density 4" packed sheet structure is formed. This result
&~&,# Shrinkage

30 75- 30 in a lower porosity and higher bulk density for.LDMC60.
1 0~20-4 ' "= "0

Volume Percent of Acetone (S)

Figure 2 : Physical properties of activated b e

LDMC with different vol% of acetone.

Figure 4 TEM ° images of PtLDM C

under sintening time of, (a) 30 minutes, (b) 60

Figure 3 •The porous morphologies of minutes, and (c) 90 minutes at 873 K and TEM

activated LDMC produced by adding (a) 30 images of PdILDMC under sintering time of,

vol%, (b) 40 vol%, (c) 50 vol%, (d) 60 vol% of (d) 30 minutes, (e) 60 minutes, and (0 90

acetone. minutes at 873 K
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The chemical adsorption ability of LDMC will
be improved and increased by activation.
According to the activation process, many
micropores and mesopores are created on the

surface of LDMC, and the inside surface of inside Vw

activated LDMC increases quickly. The specific

surface area (1095 79 m2/g) of activated LDMC
which is measured by BET is thirty five times that
of non-activated LDMC

C. Sinterg.Effects."- -
A sintering process is used to bond the NC Pt

or C d particles to the activated LDMC supporter.
The interfacial bonding between the impregnated Carbon

nanosize particles and supporter is formed in the b )-r or
sintering process. The strength of the bonding
increases with an increase of the sintering time at
873K But in order to avoid dispersion reduction,

activity and selectivity of the catalyst as well as the
conditions of sintering are carefully selected. In

this study, a persistent and high dispersion
supported catalysts was produced. Figure 4

shows the morphologies of NC Pt and Pd particles
coated on the activated LDMC supporter having

different sintering times.

D. Interfaeial AnaIysis C

The interfaces formed between the nanosize
Pt catalyst and activated LDMC supporter were
studied. Using JEOL 4000-EX HRTEM, the
lattice fringe image of NC Pt particles were 311

obtained and are shown in Figure 5. When the
NC Pt particles are bound to an amorphous

activated LDMC supporter, the interfaces form atdifferent Pt planes. The diffraction pattern at the. ''-,-

corner of Figure 5 was obtained from the Fourier
transformation of the lattice image by Image 2nm

Analyst System. For nanosize Pt particles, the Figure 5 Three different interfaces between
atoms can slip more easily during surface diffusion NC Pt particles and activated LDMC

supporter observed by HRTEM.
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and torm bonds more easily with the amorphous structure of activated LDMC using a low

sintering temperature in difl'erent lattice planes. No preferred orientation of interfacial bonding

have been found in PtILDMC material The atomic image in Figure 6 indicates that the sinlered

NC Pt particles have many steps on the surface

which will increase the catalytic activity.

F. Characterization of the Catalysts 100

80

The catalytic activity and selectivity of -

nanosize Pt and Pd particles supported on low X 60

density microcellular activated carbon are .5 so

examined by gas chromatography. The e 40 .sa 600'.3o
0 am omo 6001C.60 min

dependence of catalytic activity for the CO ' 30 MM60 600-C.90-
0 %A2"Activad owbon

hydrogenation on the particle size of Pt or Pd is 20 Lo~M

shown in Figure 7 and 8. The catalytic activity 0

for CO hydrogenation increases with decreasing 43  36S 3 3 463 423 443 463
Temperature(K)

particle size of Pt or Pd. This means that the

low density microcellular activated carbon Figure 7 CO conversion rates as the function

supported NC Pt or Pd catalyst activity for the of the reaction temperature for CO

CO hydrogenation reaction is sensitive to hydrogenatio;i ofPt/activated LDMC catalysts
under different sintering time at 873 K

structure

90 MuEn 600*C,30 min
909" 600C,60 min

"0 l000 600-C,90 min
t.ul) Actvoted to

70 LDMM

4? 0

0 5

0
0

Temperature(K)

nm Figure 8 CO conversion rates as a function of
the reaction temperatures for CO

Figure 6 fHRTEM observation of a sintered hydrogenation of Pd/activated LDMC
NC Pt particles (873 K, 60 minutes) with step catalysts under different sintering time at 873
structure on the surface K.
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CONCLUSIONS

The results of this study are summarized as follows

I NC Pt or Pd mean particle size and size distrbution are increased and broadened,

respectively, with increasing helium pressure during evaporation

2 The pore structures of LDMC are changed by adding acetone in polymerization process
The best porous structure, which has 72% porosity and 0. 19 g/CM3 low density, is obtained

by adding 10vol% acetone during polymerization. Activation of LDMC will create

micropores and mesopores on the surface of carbon.

Nanosize Pt and P'd particles bond to the activated LDMC supporter at low sintering

temperature. No preferred orientation between Pt and activated LDMC is form-'u

4 The structure ensilrve w.iectiui, of NC Pt/actvated -afa lty,;l fr ('(1 6,

indicated that a smaller particle will have a higher catalytic activity and similar behavw( . o
occurs in NC Pd/activated LDMC catalyst. In this study, the reactivity of NC Pt and

Pd/activated LDMIC catalysts were much higher than that of conventional materials. Also,
the i 00% CO cooversion rate is achieved below 453 K.
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ABSTRACT

A study of the microstructural differences between exfoliated and non-exfoliated MoS2-based
materials is presented, relating them to differences in their catalytic activity. Both commercial
(crystalline) MoS2 and molybdenum sulfide catalysts prepared by thiosalt decomposition are
subjected to chemical exfoliation reported to separate MoS2 monolayers from the original
structure. Electron microscopy results show that the chemical treatment yields non-typical MoS2
nanostructures. Average surface srea is also modified by exfoliation. The thiophene H.DS
activity of commercial MoS2 increases after exfoliation, while it decreases after exfoliation in the
case of MoS2 catalysts.

INTRODUCTION

Over the years, molybdenum disulfide-based catalysts have proven to be of the upmost
importance in industrial hydrotreating processes. However, a clear picture of the structure-
activity relationship in these catalysts remains elusive. The main difficulty in this regard has been
the anisotropic structure of these materials. Fundamental research studies have already
recognized important features related to the chemical reactivity of edge planes [1-3], which
contrast with the demonstrated inertness of basal planes [4,5]. The edge planes have been
identified as the active sites for several reactions, including hydrodesulfurization [6], hydrogenation
[7], isomerization (81 and hydrodenitrogenation [9]. Recently, Eijsbouts et al. [10] have shown
that the hydrodesulfurization and hydrodenitrogenation activities of molybdenum disulfide
promoted catalysts are proportional to the degree of dispersion of MoS2 and that,consequently,
the loss of activity with time on stream is due to a loss of dispersion.

Divilgapitiya et al. [I] have developed a method of exfoliation that allows the dispersion of
molybdenum disulfide crystallites leading to single-layer materials. Chemical exfoliation of
crystalline MoS2 was first reported by Joensen et al. [12]. Since significant structural modification
occurs as a result of the exfoliation procedure, we decided to study its effect on the HDS behavior
of the crystalline MoS2 as compared with that of exfoliated molybdenum sulfide catalysts.
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Observed changes in structure and activity could then be related to the broader question of the
HDS reaction mechanism in MoS2 catalysts.

EXPERIMENTAL

Unsupported molybdenum sulfide catalysts were obtained by thermal decomposition of
ammonium thiomolibdate (ATM), accoiding to a known -iethod (13]

Samples of commercial MoS2 crystalline powder (Johnsun-Matthey, 97/,+) and the
molybdenum sulfide catalysts were treated according to the exfoliation procedure outlined by
Joensen et al. [121. First, a solution of n-Butillithium in hexane (50% molar excess) was added
under inert atmosphere to a given ammount of the molybdenum sulfide, initiating a vigorous
exothermic reaction. After 48 h, the lithium-intercalated material was filtered and washed of
excess reagent, then made to react with water to yield the exfoliation product, which was
recovered by filtration and left to dry in the glovebox. In the case of the commercial MoS 2, after
reaction with watei Li,e amples were centrifuged at 3500 rpm for 10 min, thus obtaining a "light"
fraction in the supernaart and a "heavy" fraction in the sediment, which were then separated,
filtered and dried.

All the HDS catalytic activities of the samples were obtained in a high-pressure flow
microreactor, under differential reactor conditions. A thiophene/H 2 mix was fed through the
reactor at a flow rate of 100 mL/min, under 2067 kPa and reactor tL mperature of 453-483 K;
typical sample loads were 0 15 g. Rate constants were calculated trom the consumption of
thiophene, which was followed using a Varian 5000 gas chromatograph with a Chromosil 330
packed column and Spectra-Physics Integrator.

The microstructure and electron diffraction patterns of the exfoliated and non-exfoliated
MoS2 samples were observed using a JEOL 100C transmission electron microscope. Standard
multipoint BET specific area measurements were done on a Gemini 2060 surface analyzer, using
nitrogen as adsorbate. Samples were degassed at 473 K with argon flow for 2 h prior to analysis.

RESULTS

A typical view of MoS2 crystals under high resolution conditions is shown in Fig. 1. The
lattice resolution of (002) planes in a large crystal is clearly identified and shows the Oharacteristic
layered structure of the M'oS 2-2H structure (hcp). At the border of the crystal, the formation of
a step due to a stacking fault is observed. This kind of defect is very common in MoS2 crystals,
as reported earlier [14].

High resolution images of the samples of exfoliated crystals after sedimentation are shown in
Fig. 2 and 3a. In the first image we observe a wide view of the sediment. The remains of a large
crystal are shown in the center of the picture, where some (002) lattice planes are still evident,
but in general a great deal of disorder prevails in the material. The presence of black spots over
tbe entire image suggests the presence of small crystallites offering different orientations with
respect to the electron beam. Fig. 3 a shows a bright field image of the product of exfoliation found
in the supernatant after centrifugation. It is formed mainly by small crystallites with a nearly
spherical shape, their typical sizes ranging between 5-25 nm. The dark field image taken under
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10 n_m

~20nm

Fig. I. High resolution bright field image Fig. 2. Bright-field image of the sediment of
of crystalline MoS2 showing (002) planes. exfoliated MoS 2 showing the remains of a

large crystal.

20Onm 200nm

Fig, 1a and 3b. Bright-field and dark-field Fig. 4. High-resolution bright-field image of the
images of the "particulated phase" separated MoS, catalyst obtained by ATM decomposition
b centrifugation after exfoliation, showing the "poorly crystalline" structure,

2Ohm 15 nm

Fig. 5. High-resolution bright-field image Fig. 6. High-resolution dark-field image of a
of the exfoliated MoS 2 catalyst. particle 'btained after exfoliation of the MoS2

catalyst showing (002) planes.
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weak beam conditions [151 allows the identification of thickness fringes, which suggest that most
of the particles are three-dimensional (Fig. 3b).

Figure 4 is a bright field image of the catalyst obtained by decomposition of ATM under a
gas mixture H2S(15%) / ! 2- The image shows a very irregular structure with stacks of (002)
plai;es in all directions. This structure has been called the "poorly crystalline" phase of
molybdenum disulfide because it gives very weak and bread lined X-ray spectra [16] and a
multiple ring pattern by electron diffraction [17]. The bright field images typical of the exfoliated
catalyst are shown in Fig. 5 and 6, correspondig to the sediment and supernatant, respectively.
The se.diment in Fig. 5 still has the "poorly crystalline" structure, although in some zones of this
sample the distance separating (002) planes was 0.68 nm, suggesting that lithium remains
intercalated between them. The "light" fraction is mainly composed of particles similar to that
of Fig. 6. The particles are crystalline, with (002) planes running all across the particle.

The results ofburface area an! c?'tlytic activity are shown in Table 1. It is observed for the
commercial MoS2 ihat the surface area remains almost unchanged by the exfoliation treatment.
The catalytic activity on the other hand, increases substantially by a factor of 3.5. Both samples
have similar surface areas before and after the reaction. Fnr the c A!yst, the surface area
decreases very strongly both by the exfoliation or the reaction test, reflecting a high instability
of the catalyst. The catalytic activity of the original sam1cic is higher than that of the exfoliated
catalyst and it was necessary to measure it at lower temperatures in order to make a comparison.
The exfoliated catalyst requires a temperature about 30 degrees higher to have an activity similar
to that of the original catalyst.

Table I.- Experimental surface area and catalytic activity measurements.
(a) T = 481 K, (b) T =453 K

BET area (m2/g) Increase in Rate constant
Sample before after BET area (m2 /g) (10-8 mols g)

Commercia! MoS2 1165 1025 -1.40 7.70 (a)

Commercial MoS2
after exfoliation 13.61 12.04 -1.57 26.95 (a)

MoS2 Catalyst 41.53 8.11 -33.42 16.94 (b)

MoS2 Catalyst
after exfoliation 5.85 3.78 -2.07 10.78 (a)

DISCUSSION

The exfoliation method has proven very promising in the synthesis of new materials with very
interesting properties in optics [18], composites [191, magnetic storage materials [20], etc.
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The main characteristic of ihi, method is the claimed dispersion of molybdenum disulfide crystals
into single layer materials. Fhe evidence shown by HREM confirms tle -dispersion of MoS2
crystals. Two different structures have been identified in the exfoliation product after
centrifugation, one found in the sediment and the other in the supernatant. The "highly
disordered" phase which is characteristic of the sediment shows large particles where (002)
planes are disordered between different zones of the same particle. This phase is very similar
to the "poorly crystalline" phase observed in molybdenum disulfides obtained at low temperatures
and which are commonly used as catalysts [161. The "particulated" or "highly dispersed" phase
which is characteristic of the supernatant is mainly formed by small particles in the range of 5
to 25 rnm. This phase has never before been observed by electron microscopy, yet it probably
constitutes a by-product of the chemical exfoliation that yields the "single layer" material
reported by Joensen et al [12].

The catalytic activity for the [IDS of thiophene is noticeably increased by the exfoliation
procedure in the case of the commercial (crystalline) MoS 2 . This catalytic effect is obtained with
no appreciable variation in BET surface area of the sample, as shown in Table 1. Therefore, this
result may be explained by an increase of the edge sites that occurs due to the process of
fragmentation (redispersion) from large to small particles. Edge sites are held to be the active
sites for HDS reactions in MoS 2 -based catalysts.

Entirely different catalytic results are found for the exfoliated MoS 2 catalyst. In this case,
even though there is ev idence of redispersion owing to formation of particles like the ones in Fig.
6, both the catalytic activity and the surface area are drastically reduced, suggesting that
microporosity plays an imprtant role in the behavior of this catalyst.

These results show a contrary effect of the exfoliation depending on the type of MoS 2 that
is being used. A positive effect of exfoliation in the catalytic activity of crystalline MoS 2, and
a negative effect on the catalytic activity of poorly crystalline MoS2.

CONCLUSIONS

The exfoliation treatment of commercial (crystalline) molybdenum disulfide is shown to
dlspense or fi1agnvcn W ,,- s aZ' 21..tes. Thic d;7 pe;zicn occurs
appreciable change in the surface area of the sample. No conclusive evidence of single layer
structures was found by TEMN Catalytic activity of commercial MoS2 is substantially increased
by the exfoliation treatment, suggesting that the dispersion or fragmentation process augments
the number of catalytically active edge sites.
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A 1,0', TFNIPERATL'RE, SOLU TION PHASE SYNTHESIS
Uae 111-V SEHCONDUCTOR NANOCRYSTALS

SI IRF 'YAS 'S Kill 'R ANDJ RICHIARD) L WELLS
Depiartment of (_ nrmistry. Paul.0- Gross Ulhemical La~boratories. Duke Iiest
Durham ,North 'arolina 27708, U)S A

A.BSTR ACT

Nanocrsstallinc material,; hase been intensels insestigated in ihc recent past due to the
nose) prOPerties associated %kith sitc-quanti/ed particles,. We have deselopcd a nev. method for
high yield. solution phase synthesis of nanocr-%stallinc Ill-V stmiconductors sshjch eliminates
(he 11w o1 substitiuted oi unsubstituted] Group V hydrides and Group IIl alkloIs. Our approach
consits of in situ ssnthcses of iNa KDE tE =P, As. Sb) in aromatic ,olsenis and libscoqilIri
reactions of these pnictide, %%ioh Group Ill halide solutions in coordinating solseits. The
nanoicrsstaIhnc IIl-V semiconductors, GaP, GaAs, GaSb, lnP. In~s and InSb are readlil
prepared in a %-ide range of particle sies (4-36 nm) and in high %ields. [be resultant IllI-
matrial,; ha~e been charucterr,'cd bN XRD. EDXA. EM and elemental anal\yses.

Introduction

Sermconductoi nanocrystals are potentially useful materials due to their nose) physical
properties markedly different from those of the bulk solids. Although a Nsanety of synthetic
method% are reported for obtaining nanocry stall i n materials, those for synthesizing Ill-V
nanocrystals in solution hase mainly focused [if oin the reaction of GaCli and As(SiMeith in
organic soli7nts, one ol !he dehalosilylation reactions, deseloped by Wells and co-workers 121.
In addition, Uchida elotl, reported the svnthcsis of GaAs and InAs nanocrxstals from Galacachi
and In(acae)i, rcspecti~ely by reactions v.ith As(SiMe-s) 3, however, Formation of other b\-
products or the fate of the acetylacetonate ligunds were not reported 131. The reported previo'us
methods use the toxsic and air-sensitive As(SiMe3;)3 or P(SiMe~j)_ 12di as starting materials
Thus, an alternati~e route to the nanocrysiAlline Ill-V semiconductors is desirable. Recently
Kaner and co-workers reported a general method involving solid state metathesis (SSM) to
synthesiz.e binary- Ill-V semiconductors by reacting sodium pnietides with Group IIl halides
either in bombs or sealed glass ampules at high temperatures. These exothermic reactions
generate enough heat to melt the sodium halide product and yield polvcry'stalline Ill-V
semiconductor% often contaminated is ith starting materials and by-products 14]. it has also been
reported that this method produces Ill-V compound semiconductors containing considerable
amounts of non-removable halide inclusions and the rapid exothermic SSM reactions introduce
high defect concentration and lattice strain in resulting semiconductors (4dj. Howcser, an
important aspect of Kaner's work involved controlling the particle size by adding ineri materials
as heat sinks to the SSM reaction mixtures. The particle size of MOS 2 synthesized from the
SSM reaction between MoC15 and Na2-S was altered by the amount of NaCI added to the
reactants. The larger the amount of NaCI, the smaller the particle size of MoS 2 obtained [4ceI.
The SSM route involves rather severe reaction conditions and high temperatures; thus, we
investigated fundamentally similar reactions to that described by Kaner and co-workers but
carrying out the reactions in organic solvents. The solid state reactions are diffusion controlled;
whereas, due to the ease of stirring, a better control can be achieved in the solution phase
chemistry. This should also result in solvents acting as better heat sinks and refluxing rather
than the observed 14b, cl meltdown of the reaction flux in the SSM reactions. Although the us~e
of solvents, resulted in reduced particle size, we discovered that a further reduction in the particle
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,j/e old he achies ed h\ ernploiisng ci)-ordinating 501 cats. H erein. s.L Icf~o 1 151 ihk III,
,ic 'ut ,I i h solution phase ss nihesi s i nanocrs tal fine III -V sem induttis ii iih tw

lite11 sobs!i toted 01 kon' o~s IItoted phi sphinc. arsine it stibhie tcp I and 2).

% )+ Ia

\rm~~itica In dNixi a. K Ifl , I iii

Sol \ Cnt

%I =in, I-S As, Sb. XK 7 1,F- N = (1. Rr,I

Es peinen! a

The \snthcsis (,I (Na K)jfS tL =P. As, Sb) ss as aiiptcd 1ron, .1 sirm- pnkscdiu(
Jcs,,ribted b\" Petersi e i al. It,) for thc s~ nihesis of (Na. KY, in Iven/ene In a i pical
C\periiii (Na K) IF = P, As. Sb) .kas \,snthestied in situ b% reacting ' oditii ptassII 00

allo\ ss ith e'scess arsenic p 'ss dc or e'scss(at least 3014 I shue lphosphorus sIr a lo ichtorrcut,
LnOunt ot antimon\ pin der in reflusing toluene (for E = P., As) or iii \\s enc Io 1: = Sbhi,

txso dass I'hc reactiion flask containing finehR dt'~idcd black pnictide %\as ther -oolcd too U
.ind to this ss as added NlX sofutior in dtgl~me. foffoss ed by reflusing thc ml 'stre :or l-2 da\
On ciling the reaction mixiure to riom iemperaturc, deionized %%ater n\as added to the react) n
mi utre to dissols e alkali halide b%-prwfucts and to destroyr Centaining trace amounts1
unreacted pnictide. il'an\. Ethanol or methanol can also be substituted for deioni/.ed tiater. Thc
resufting suspension %4as then sacuum hiftered in air ajid the solid residue on thelfter paper vkas
\kashed wsith coiipous amounts Af deionized water followed by washing w ith acetone and air
dt-sing The resultant dr's solid s\vs then heated to 350 *C under dynamic %acuum in asublimer
for 2-3 hours ito remove an\ ssilatile materials. In case of the phosphides and arsenides. the
escess Group V element readlfy sublimes but antimony does not and remained as an tmpunt\ in
the antimonides. The resuftant phosphides and arsenides are light to dark brossn s% hercas the
antimonides are dark greY materials. The , ields of' the reactions ranged f rom 53-95". The
elemental anal'scs of thesec matenials shossed that desired Ill-V constituents were present and the
halogen concentrations %%ere typicall\ less than 0.01i7(. Small amounts of carxmn and hy~drogen
w~erf. also detected.

Results and Discussion

The semiconductor pos% ders thus produced were characten zed by XRD, TENI. EDXA
and elemental analysis. From the XRD patternis, the approximate average particle sizes were
calculated to be 4-36 nm using the Scherrer equation 171. Figure I shows the XRD patterns of
the various nanocrystalline Ill-V materials synthesized using the new procedure. Effect of
solvent on the resultant particle size is evident in Figures IA and lB. When the aforementioned
reaction was carnied out wvith GaC13 dissolsed in toluene, crystallites of approximately 36 nm
aver-age particle size resulted. However, reaction of GaC13 solution in diglyme with (Na/K)sAs
in toluene resulted in approximately I1) nm GaAs nanocrystals. In some of the XRD patterns.
there seemed to be a broad hump near 35 degrees two-theta angle. The origin of this feature is
vet unknown but is likely to be due to amorphous oxides of gallium and arsenic as suggested
later. The elemental analysis of GaAs powders indicated that there was a slight excess of
gallium in the samples giving the GaAs ratio of 5.1:4.0. Fittinaurice and co-workers 11c] and
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Alivisatos and co-workers (lal have observed similar excess of gallium (Ga:As ratio 5:4) in
nanocrvstalline GaAs prepared from GaCI3 and As(SiMe3)3 . Sandroff el al. reported surface
oxidation of nanocrystalline GaAs exposed to air resulted in 1-1.5 nm layers of Ga2O, and
As2O3 [Sal. The surface oxidation of all the III-V semiconductors is well documented and is a
common phenomenon [Sb]. The depth of the layers of these oxides may be quite significant
with decreasing particle :ii.e of gallium arsenide. Asl2O is known to sublime at 193 'C 191 and
would do so during the vacuum sublimation carried out at 350 *C to remove excess arsenic.
This would effectively increase the amount of gallium in the specimen relatise to arsenic. Figure
2a shows the fringe pattern resulting from the lattice planes of a 7 nm GaAs crystallite. The
image was obtained on a transmission electron microscope (TEM). Similar to GaAs, the
reaction of GaCI3 solution in toluene with (Na/K) 3P in toluene gave GaP powder with
approximate average particle size of 21 nm while carrying out the same reaction using GaCI 3
solution in diglyme resulted in 11 nm GaP nanocrystals (Figure IC). Elemental analysis of a
typical GaP sample gave the Ga:P ratio of 1. 1: 1.0. The XRD pattern of GaSb synthesized from
in situ reaction of GaCI2 solution in diglyme with (Na/K)3Sb in xylene gave 35 nm GaSb
particles (Figure ID). The elemental analysis of the powder indicated Ga:Sb ratio 1.0: 1.0. The
reaction of lnl3 solution w diglyme with (NaiK) 3P in toluene resulted in approximately 4 nm lnP
crystallites as calculated from the XRD pattern (Figure IE). The elemental analysis of a typical
InP sample thus synthesized indicated In:P ratio to be 1.0:1.0. The Erergy Dispersive X-Ra\
Analysis (EDXA) of nanocrvstalline InP is shown in Figure 2b. In addition to the signals due t(,
indium and phosphorus, no other signals, including alkali metal or halide impurities, %%ere
observed. The iron and cobalt signals originated from the TEM pole piece and the copper
signals originated from the specimen grid were detected. Standardless quantitative elemental
analysis indicated ln:P ratio to be 1:1 within experimental error,
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Figure 2. (a) TEM image of the lattice planes of a 7 nm GaAs nanocrystal.
(b) Energy Dispersive X-Ray Analysis of approximately 4 nm lnP prepared
from the reaction of 1n13 solution in diglyme with (Na/K) 3P in toluene.
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Dunng the lnP synthesis, it was observed that the reactions involving stoichiometric
amounts of sodium-potassium alloy and white phosphorus led to InP con.4ining free indium
metal and, occasionally, indium and trace amounts of in12 both were observed in the XRD
pattern besides the reflections due to lnP. However, the use of at least 30% excess white
phosphorus for the (Na/K)3P synthesis consistently resulted in lnP nanocrystals devoid of any
by-products due to the reduction of [n13. Employing less than 30% excess white phosphorus
again resulted in the undesirable indium containing impurities. An earlier report [tOal suggested
that reactions involving stoichiometric amounts of an alkali metal and phosphorus gave products
containing less alkali metal than the desired stoichiometric 3:1 phosphide, M3P. This implies
that in stoichiometric reactions, some alkali metal may remain unreacted which would reduce
lnl3 leading to indium containing impurities. Finely divided alkali metal is also essential for the
formation of M3P, chunks of the metal are known to cause incomplete reactions leading to
complex polyphosphides [6]. White phosphorus is light sensitive and readily transforms to the
red allotrope [ lOb]; thus, it is likely that the white phosphorus used in our reactions may contain
an unknown amount of the red allotrope. However, a minimum of 30% excess seemed to
provide sufficient white phosphorus to form the stoichiometric (NaIK) 3P. In light of the
preceding discussion, the suggestion by Kaner and co-workers [4a] that the reduction of ln3 + by
p3- as a leading cause for presence of the free indium metal in lnP seems unlikely. They
eliminated indium containing by-products by adding excess phosphorus to the reaction mixture
containing Na3 P and ln13 rather than using excess phosphorus for the synthesis of Na3P.
Under their reaction conditions (>600 *C), the possibility exists for the formation of InP from
excess phosphorus and indium resulting from the reduction of In13 as the high temperature
reaction of the elements is known to form InP at temperatures as low as 420 *C 1111. However,
under our reaction conditions it is unlikely that any lnP is formed due to the reaction of the
elcments.

InAs of approximately II nm average particle size was obtained from the reaction of In13
solution in diglyme with (Na/K) 3As in toluene (Figure )F). The XRD pattern showed a broad
hump, likely to be due to surface oxides present on the nanocrystals as a result of the exposure
to air. The elemental analysis indicated the In:As ratio to be close to 3:2. The loss of arsenic
from the sample is probably due io sublimation of As 2 0 3 which could result due to surface
oxidation 18b], similar to the oxidation of air-exposed GaAs nanocrystals. The XRD pattern of
approximately 26 nm InSb resulted from the in situ reaction of In13 solution in diglyme with
(Na/K) 3 Sb suspension in xylene is shown in Figure 1G. The elemental analysis of InSb
showed the ln:Sb ratio to be 1: 1.

The role of diglyme is not yet clear, although the fact that ether solvents form adducts
with Group Ill compounds is well documented [12]. Group II halides, in general, exist as
dimers due to the Lewis acidity of the Group IIl metal atom; however, Noth and co-workers
reported that the glyme solvents tend to break up the dimeric structures of these halides and form
iontc coordination complexes by expanding the coordination sphere of the metal center [13]. It
seems resonable to suggest that these ionic complexes may play an important role in the
mechanism to limit the growth of particles/clusters beyond a cerun size. This aspect remains to
be investigated. It was also discovered that only dimeric Group III halides (GaCI 3 , Gal 3 and
Inl3) were able to produce nanocrystalline Ill-V compounds. For example, the oligomeric InX3
(X = Cl, Br) yielded semiconductors with larger particle sizes (22-26 nm InP). These halides
may not form adducts readily with diglyme and this may be a contributing factor to the observed
particle sizes.
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METAL CLUSTER OXIDATION: STICKING PROBABILITIES
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ABSTRACT

This study deals with the initial oxidation of some 3d metal clusters in gas phase. In the
experiments neutral metal clusters in a supersonic beam are made to collide with one or a few
oxygen molecules in a reaction cell. The reaction products are detected with photoionization and
mass spectrometry. By comparing the abundance of unreacted and reacted clusters, absolute
sticking probabilities (S) can be determined. Transition metals with open d shells, e.g. Ni, have
high, almost constant S for 02 on clusters containing more than 20 atoms. The size evolution of
S for Cu, on the other hand, shows repeated minima and maxima. Cluster sizes which have high
ionization potentials (IPs) and closed electronic shells, according to the spherical jellium model.
are the ones with the lowest S. The IPs of CunO2 clusters have also been investigated. Compared
with the IPs of the pure Cu clusters, the IPs of the oxidized clusters are generally higher and the
large drops at the shell openings are less distinct.

INTRODUCTION

Today, ultrafine particles can be produced in macroscopic quantities and are finding their way
into many interesting applications [1]. The technical development of materials built up of small
clusters with diameters S lnm has, on the other hand, not yet reached very far. Much funda-
mental research remains to be done both on characterization of properties and development of
production techniques. There is, however, no doubt that the understanding of the physical and
chemical properties of clusters will be of vital interest for many applied areas of science.

In small clusters a comparatively large number of atoms are located at the surface. Thus.
properties governed by surface atoms, such as reactivity, adhesion, etc. are expected to be even
more significant for small clusters than for ultrafine particles. For many future applications of
clusters the reactivity towards oxygen will be of great importance, since this will influence the
stability in various environments and especially in ambient atmosphere. In certain applications,
such as catalysis, the reactivity will definitely be a property that determines the materials
characteristics and performance.

We have recently started to investigate the reactive and catalytic properties of metal clusters
and in our first experiments we have studied the reactivity and, especially, the initial oxidation of
some 3d metals 12,31. The reactions have been performed under single- collision-like conditions
and by comparing the number of reactive collisions with the total number of collisions absolute
sticking probabilities have been determined. This experiment is primarily a test on the outcome
of a cluster-molecule collision, whether a stable product is formed or not. Another aspect of the
reactivity investigations is to characterize properties such as geometry, electronic structure and
stability of the product clusters. One way to get a clue about the electronic structure of neutral
clusters is to measure the ionization potential (IP) and we have initiated such a study on oxidized
copper clusters. Also theoretical calculations are made in our group to increase the understanding
of metal cluster reactivity and, especially, copper cluster oxidation [4,51.
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In this paper we will discuss the oxidation of some 3d metal clusters with focus on the
difference between metals with open d shells, here represented by Ni, and the coinage metal Cu.
We will also describe some preliminary indications of how the IP shifts upon oxidation for the
copper clusters.

EXPERIMENTAL METHODS

The experimental set-up consists of two vacuum chambers, one for the production of clusters
and one for the detection, as shown in fig. I. A pulsed beam of neutral clusters in He carrier gas
is produced in a laser vaporization source. Each pulse contains a wide size distribution of metal
clusters, ranging from individual atoms to clusters of several hundred atoms. The cluster beam
enters the second chamber through a I mm diameter skimmer and then passes through a 50 mm
long reaction cell. A reactive gas is leaked through the gas cell to keep a pressure of l0-4 

- 10 2

mbar in the cell, and due to the small apertures (1 mm diameter) a pressure ratio of > 1000 can
be maintained between the cell and the surrounding chamber. The number of collisions experien-
ced by the clusters in the reaction cell is Poisson distributed, with an average ranging from less
than one up to ten in this pressure interval. Finally, the clusters are ionized with pulsed laser
light of low intensity and short wavelength (-0.3 mJ/cm 2 at 193 nm) and detected in l inear
time-of-flight mass spectrometer.

In the mass spectra peaks appear for all cluster sizes as well as for all reaction products, as can
be seen in fig. 2. Thus, the relative abundance of pure and reacted clusters can be determined for
each reaction cell pressure. Using a hard sphere m,.ci for the molecules and clusters, the
average number of collisions can be determined for every cell pressure, i. e. for every average
number of collisions. Now the product abundance vs. number of collision data can be fitted to a
first-order kinetic model with the sticking probabilities (S) as fitting parameters. The kinetic
model involves the successive addition reactions: Mn + 02 -> MnO 2 , MnO2 + 02 -> Mn04 etc.
and, in principle, the sticking probability of also the second, third etc. molecule could be deter-
mined.

Dual micro channel plate

deVecnor

Tub Ion Op tucs
/ ._Reactant gas

I ' Cluster

Fg. . The experimental set-up: cluster souce, reaction cell and time-of-flight mass spectroueter.
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Fig. 2. Mass spectra of ('u clusters of size 15-45. The top spectrum has been recorded without oxyget in the
reaction cell. 'fhe ilower spectrum has been recorded at an oxygen pressure of 1.5' 10

"3 
mbar.

In th experimcnts for measurlng the ionization potentials of copper oxides a constant oxygen
pressure of 1.5. l0- mbar was maintained in the reaction cell to produce a reasonable fraction of
CunO2 products, but still very few CunO4. Actually, we cannot include the Cun04 in the evalua-
tion, neither in reactivity nor in IP determinations, because of a mass interference with Cur+1 .

Two lasers were used for ionization. The frequency doubled light from a tuneable dye laser
was used to measure the photoionization efficiency in the 206-240 nm wavelength region,
corresponding to photon energies of 5.2-6.0 eV. For normalization of these measurements mass
spectra were simultaneously recorded using the 193 nm light from the ArF excimer laser. The
two lasers were fired alternating on every other cluster pulse, and the signals were accordingly
switched into one of the two channels of a digital storage oscilloscope. Mass spectra were
recorded at I or 0.5 nm wavelength intervals and by dividing the peak intensities in the dye laser
spectrum with the intensities in the corresponding excimer laser spectrum, the relative photo-
ionization cross section at that wavelength could be determined for each CunO2 as well as each
Ctin cluster.

RESULTS AND DISCUSSION

In the way described above the reactivity of various transition and noble metal clusters (Fe,
Co. Ni, and Cu) towards 02 has been studied. Fig. 3 shows the sticking probabilities for the first
oxygen molecule on Nin and Cun. Nin shows a rather simple S vs n dependence with an almost
monotone increase as n goes from 10 to 20 and then S seems to be constant for n>20. Here S is
not shown for n>30, but the trend is definitely that S,-0.5 also for the larger clusters. Qualitative-
ly the same size dependence has been observed for the 02 sticking on Fen and Con (3], but these
metals have a somewhat higher S for the larger cluster sizes: 0.7 and 1.0, respectively. The 02
sticking on Cun is distinctly different both quantitatively and qualitatively. There are repeated
maxima and minima in the S vs. n curve and even the most reactive sizes have S<0.25.
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Fig. 3. Sticking prbabitimes of oxygen molecules on Nin (left) and Cun (right) the error estinmate for the ,uckuig
probability is ± 0 05.

These results show that the oxygen reactivity is very much dependent on the electronic struc-
ture of the metal clusters. Bulk surfaces of Ni and other metals with unfilled d electron bands
have high initial sticking probabilities for 02, usually S--0.5-1.0, and form strong metal oxygen
bonds [61. This seems to be the case also for transition metal clusters, at least if the clusters
contain 20 atoms or more. Smaller clusters may appear less reactive in this type of experiment.
where no buffer gas is present in the reaction cell to thermalize the reaction products. Smaller
clusters with fewer vibrational degrees of freedom will then have a lower ability to form stable
oxide products. Another possible explanation is that the oxidation involves electron transfer from
the cluster to the oxygen and since smaller clusters often have higher IPs they might bc ess
reactive. However, the latter does not fit very well for Nin since the IPs show very little variation
for n- 11-22 (71.

The electronic properties of bulk Cu is dominated by the 4s valence electrons, and this is
definitely the case also for Cu clusters. The size dependence of several measured properties, such
as stability [8], ionization potentials [91, electron affinities and photoelectron spectra 110,111, has
shown that the Cu clusters can be well described by the jellium model. In this model 112,131 the
valence electrons, one 4s electron per Cu atom, are delocalized over the cluster and the positive
charge of the remaining ionic cores is modeled to constitute a uniform potential for the delocaliz-
ed electrons. In this potential well there will be quantized electronic levels ordered in shells.
Closed shells are predicted to appear for clusters with 8, 18, 20, 34, 40, 58, etc. electrons and
clusters with this number of electrons are found to be more stable or to have a higher electron
binding energy. This corresponds very well with the measured S for 02. Local minima in S
appear for clusters having closed shells and/or local maxima in IP. High reactivity is regained at
a few sizes above a closed shell, which might indicate that more than one Cu 4s electron is
needed for efficiently binding an 02 molecule. The low oxygen reactivity for clusters with
closed electronic shells has earlier been observed for Cun[14] as well as for Ail 151 and Nan( 161.

After seeing that the jellium model quite well describes several properties of the copper
clusters, including the 02 reactivity, the next question is what the electronic structure of the
copper oxide reaction products will be like. We have started to measure the relative photoion-
ization cross sections for Cu 1 2. The analysis work is in progress and the assigned IP values
will be published elsewhere 1171. Here we wil! describe the general trends and compare the IPs
of the CunO2 with the [Ps of the pure Cu clusters for n= 19-48. The [Ps of Cun [9] are character-
ized by the large drops in the IP at the shell openings, but also by an even-odd variation over
wide size ranges. The latter is thought to he an effect of that clusters without closed shells may
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be deformed to an ellipsoidal shape, Energy levels that are degenerate in a spherical symmetry
are then splitted into two-electron levels in a geometrically deformed cluster.

For the CunO2 there are no obvious shell openings (i.e. a local maximum in the IP followed
by a local minimum for the next size) but the even-odd variation is significant throughout the
studied size regin. This indicates that in the CUMO2 as well as in the Cun. there is a number of
delocalized electrons populating two-electron orbitals. On the othcr hand. the absolute number of
delocalized electrons is difficult to determine, since there is no obvious shell structure pointing
out clusters with 20/211. 34135 or 40141 electrons. Thus, a definite number for the charge transfer
in the CunO2 formation is not possible to determine only from this IP measurement.

!7(,, oiacst chistere, in thi; ;6 range the IP increases upon oxidation with an avorage shift of
0. 1-0.2 cV. Only for a few cluster sizes the IP is maintained or even lowored. This is the case for
clusters with closed electronic shells and specifically high IP as pure clusters, e. g. for n=34, 40.
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FORMATI ON AND PROPERTI ES OF SI LANE XONOLAYERS ON
IRON AND ALUMINUM SURFACES,

Maxim A. Petru.dn an0 Andrey P. Nazarov,

Institute of Physical CIemistry, Russian Academy of Sciences, 31
Lenrnsky prosp., Moscow 117915, Russia.

ABSTRACT

The adsorption of ethoxysilanes HSI(]OM) 3 on the Fe and Al

surfaces from the vapor phase, water and toluene solutions was
studied by the piezoquartz nanobalance and ellypsometry. The
values of the "landing sites" and the energy of the interaction
for different milanes were calculated. The self-asembling silane
monolayers with good adhesion to the Al surfaoe (due to the
covalent bonds AI-O-Si) was shown to format during adsorption
from dilute water solution. The influence of silane monolayers cn
the H20 adsorption and wetting of the surface was studied. The

silane layers have oonsiderably hydrophobic effect and prevent
the growth of hydroxide film on the Al. The synthesis of charged
silane nanophases was carried out by the addition of the acid
(sulfo-, imididiaoetate-) and the basic (amino-) groups into the
epoxysilane molecule. The effect of the charge density and the
surface potential on the ion adsorption at the interface
metal/electrolyte was investigated.

INTRODUCTION

Organic silanes have found wide use as promoters of the adhesion
and water resistance of polymer ooatings on mineral substrata
[1]. However, despite the intensive studies the mechanism of the
silane adsorption, the structure and properties of the surface
compounds forming during modification of metals and the
interphase bonds nature are still not clear. The presence of
silane nanophases on metal surfaces may considerably change the
properties of surface. Surfaces of oxide metals may be modified
with mono layers of silanes to make them hydrophobic or
hydrophilio; and neutral, oationia, or anionic. Thus, the use of
silanes of different struoture allows to control the physical
chemical processes occurred on the metal surface. Such control
should be useful for the development of surface chemistry,
gas-liquid chromatography, theory of heterogeneous catalysis etc.
In addition, the electrochemistry of metals with attahed thin
organosilioon films is a perspective direction of a surface
chemistry as the application thin siloxane layers with ionic
groups changes the double electric layer structure and character
of interface interactions [2]. The goal of the present work was a
study of the mechanism of the formation of silane monolayers on
the Al and Fe surfaces (including the synthesis of oharged silane
nanophases) and influenoe of s lane films on physical chemical
processes at the interfaoes metal-gas and metal-electrolyte.

EXPERIMENTAL PROCEDR

The adsorption of silanes on the Al surfaoe was studied by the
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piezoquartz nanobalanoe [3] and ellypsometry techniques. A vaounm
cell for this experiments was used. A 100 rm thiok Al (1999,
pure) and Fe (pure) films were deposited by thermal sputtering on
the9 quart surface. The currency of the mass measurements was
10 g/or "The true surface area" of the metal was measured by
the use of the BET method [4] and it was taken into acoount in
eaoh of the experiments.

Eleotroohemioal experiments were made by the potentiodynamio
method with the potential sweep speed equal to 1 m/sec.

The trimethylethozysilane ((Z 3 )3 --.Si (OC ) (US) and

triethoxysilanes of structure formula RMi (Ont4 where R:

0H=JH-(VS), 06!!5- (PS),NiH 2 ((3 2 )37- (APS), %H -CHO(UI 2 )3 -
(OPS), I (02N5)3-Uf(GN2)21- (DAk), .F[ fOH5)?II((N) 3 ]- (TA),
(OH2oooe)2 1M2-os(on)-42-o-(CE)3 (IC, 0N -  (ootil),
S02GN2 -IN (CE)-%5-O-(052 )3- (SUL) were used.

RIEULTS AND DISCSON

The piezoquartz nanobalanoe study of adsorption of silanes on
Al from a vapor phase has shown both reversible and irreversible
adsorption for mono- (MS) and triethoxysilanes (VS, PS, APS).
Alkoxysilanes are physically adsorbed on the almninum surface as
1.4-3 mono layers (US - 3, VS - 3, APS - 1.5, PS - 1.4 mono
layer). The amount of the irreversible adsorbed silane in all the
oases is about one statistic mono layer. The adsorption isotherms
of silanes are described by the Lsrimui and BEM equations. The
values of the "landing sites" of silane molecules (S) have been
oaloulated (Table I). There is the vertical location for APS and
VS. The relatively high values S for VS and PS may point to their
plane orientation with regard to the metal due to additional
interaotions of the organic radicals with the surface.

Table I. Values of the "landing sites" and the adsorption heats
of the ethozysilane molecules.

Adsorbate S. rim T Adsorption heat'
e quation e a kkal/mol

VS 0.77 0.65 1.75
APS 0.40 0.35 2.31
PS 0.94 0.52 1.86
Ms 0.33 0.31 1.66

According to the BET equation [4] the energ of interaction of
adsorbate with the surface was evaluated (Table I). The low
adsorption heat values indicate the presence of weak
Van-der-Vaals interactions (of H-bonds), arising during
adsorption of silanes on the aluminum from the vapor phase.

We have investigated the effect of 1 20 ads on the interactions

between surface and silane moleoules during adsorption. For this,
Al sputtered on piezoquartz was kept in H2 0 vapour (at different
humidities). Then the physically adsorbed water was removed, and
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0.60 Dko -tO0

Fig. 1. Isotherm of irreversible adsorption of NS on Al

preliminary kept In H20 vapour for p olp 0 O I- -0; a--0.1I;
3-0.2; 4-0. 9.
Fig. 2. Isotherm of adsorption of silarnes on Al from water
solution I-V-S, 2-APS, 3-M2S 4-PS.

the adsorption of silaneB was measured. It was established thatthe preliminar adsorption of small quantities of water

(p/poH2 o=0.1) dcreases appreciably adsorption of US (Fig. 1) and

VS. This effect m be due to the blocking of active adsorption
plaes of the surfae by water. Increasing the water ontent in
the ra;e of p/PoH20=0.2-O.5 led to a proportional increase in.

the amount of adsorbed ilane. In the case of exess of w20ade

(75-1 i humidity) VS and APS during adsorption destroy the
struoture of the phase film of water on the surface and displae

20ads to the vapor phase.
The experiments have shown, that a necessar condtition of the

formation of the ovalent bonding of silane molecules with the
surface (Al- i bonds) is the presen e of h ads one in

suppose that the merhangm of silane ohemisorbtion includes
hdrolmis to fo silnol: ( ) I R + H -- (O)3Si (),

and the uondensation with hdoxl urups of the surfaoe:

sl-O +(B}5s -Al-"O-R) 2R + 1120 (2).
The nceae in the amount of adsorbed water leads to an rise in
the sface roncentration of ilanol molecules and consequent,
in the amount of the hemisorbate. Noleaule u silane displaes
water from the surface dui t oe petin adsorption. That i
onfirmed bth the means ofthe stud of water adsorption on

the sill-ooated metal surfaoe. It wo shown bf the piezoquatz
nanobalane that vinyl- and methyl-siloxane films deorease the

307

water from m the sirface duin coptn dopin hti



adsorption of water by a factor of 3 with regard to unmodified
aluminum. No water condensation occurred on iron surfaces with
ordered Lamndr-Blodgett siloxane films at 1005 humidity.

The studies of the silane adsorption on the Al and Fe surfaces
from solution were carried out. It was established by means of
ellypsometry that VS adsorbed on the surface of AL and Fe as a
polymoleoular layer with thickness about 20 na both from toluene
and water solution. A quartz nanobalanoe study showed (Fig. 2)
that during adsorption in aqueous solutions the coverage of
surface arrive at 10, 5 and 3 molecular layers for VS, PS and APS
respectively. The first monolayer is oovalently bonded with Al
surface (&l-0"i bonds). On other hand, OPS has adsorbed on the
aluminum surfaoe with surface 2 oooupanoy being close to a
monolayer (from 0.4 to 3.3 mol/nm as the GPS concentration from
inoreased from 9 A to 5 nM). Then surface occupancy did not
change (up to 50 MU. US, incapable of the reaction of
polyoondensation, is adsorbed on metal as a monolayer.

In order to evaluate the stability and the adhesion of silane
layers on aluminum surface, the interactions at the interface
aluminum/water have been studied. One monolayer silane was
chemisorbed on the aluminum surface, after that it was kept in
distilled water, and the hydration rate of A1 2 0 was evaluated

(Pig.3). The data obtained indicate that the presence of
monolayer of chemisorbed silane can decrease by 1.5-2 times the
rate of interaction between the aluminum and water. Acoording to
the degree of the hydration inhibition of the oxide film the
silanes may be arranged in the following series :VS>PS>APS>MS.

Thus, silane self assembling monolayers with good adhesion to
the aluminum and iron surfaces (dut to the covalent bonds

e-Oi) form during adsorption from dilute water solution. The
silane during ohemisorption destroys the phase water film or. the
metal surface, forms stable surfaoe layer having considerably
hydrophobic effect, and prevents the hydration of •12 03 -

The presence of silane layers may change the charge of metal
eurfaoe. The charge of a nonmodified aluminum surface iin aqueus
media is determined by the equilibria [21:

]-Al+CE2 tAI + HX (3); 1-AILO + W * A107 + (4)
For solution pH below the isoelectric point (IHIS-8.5) the
surface is positively charged.

The formation on the surface siloxane layers leads to the
changing of sign or density of charge in dependance of nature of
silane [2]. To control surface charge densities we modified
surfaces of Al by silanes with ionogenio groups. The charg of
the silane molecules was changd by opening the oxyrane cycle in
UPS to form sulfate-, iminodiaetate- and quarternary ammonium
groups. The experimental oooupanoy of surface by a silane was
evaluated by quartz balance and ellypL.3metry (Table II). The
charge of the modified surface is determined by the equilibria:

OWPK4.E NH ~OpMc V . 6 ' 0IOO
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Fig. 3. Kinetic of hydration of oxide film on Al modified by
silanes C1 monlayer from vapour phase) in distilled water. 1.-
Al; 2. - M -; 3. - APS; &.- VS, 5.-PS.
Fig. 4. Anodic polarization curves of (I) Al and Al modified by
(2) SL,(33 IDA, (4) DA, (5) TA and CO) CPS In 0. IM NACa
solution, 1-3,5, - pH 10.1; 4 - pH 0.1..

]--0Si(OK)2R' VH(GA]Bg;2± ]-4Si(OB[)2R'li(C r,2+ '";p,,'0,. ; (7)

]--,i) 2 N(0H2 UH2( *==MA)--O-Si(Ci) 2 R-'( 2H5 )CH3 + X- (8)

where R = (2)3 -O-- CW(()C H.; x = 01, . It is evidenoe that

the metal surfaoe may be charged both positively and negatively
by oha a silane struoture and pH of solution. Charge density
will be determined by the ooverage of surfaoe by silane.

We was studied eleotroohemioal behavior of Al with grafted
siloxane layers. Anodic polarization ourves were obtained (Fig
4). The surfaoe of kl oovers bJ passive film under usual
oonditions. In the presenoce of C ions in baokground solution
the aluminum dissolves anodioally on the looal meohanism with
breakdown of passivity (depassivation) through some small active
parts of surfaoe (so called pits). The process local dissolution
is often called a pitting formation. The basic value
oharacterized the pitting formation on a metal is the oritical
potential of pitting formation (W). W is a potential at whioh
the pits begin to form on a metal surface. We have determined Hp
magnitudes for all of silane used. Potentiodynamio polarization
ourves (I' .4) show that adsorption of GPS containing no
ion-generating groups increases aluminum-anodio polarizability
(the inhibition of pitting formation). The introduction of
sulfate or iminodiaoetate groups into silane radical amplifies
this effeot, whereas amino and anonium radicals stimulate
electrode depassivation.

In neutral and weakly alkaline electrolytes the surfaoe has
the properties of anion-exohangers.There is competing adsorption
between C1- depassivator anion and some inhibitor ion on
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anion-exohange oe.ters . The presenoe of negatively oharged

goups ohanges the sign of the surfaoe oharge from the positive
o negative one. The latter leads to a deorease of the surfaoe
activity of 017 (Eq. 9) and en increase of W (Eq. 10)

aaac- =aC-eXp(-Saf'/RT) (9); &=3r,,A1CIB lTi a'. . +

7A)iO),where * -, a - are a surfaoe and bulk activity of C7,
B"UALCL, is the standard potential of formation A1C1 3 , L-

overvoltage of a pitting formation, 4'- surfaoe potential, T -
temperature, R, F -constant. The inorease in the positive oharge
leads to an inorease in the sorption properties on the surfaoe
and a deorease of &. Substitution of Eq.9 into 10 elucidates the
dependencies of the W from the surface potential: AN= -4' (it).

is a differenoce between * of modified and unmodified Al.* We

have calculated the charge generated on the metal surfaoe by
different siloxane layers (Table II). Based on charged densities
one may oaloulate the potential (4,') in the adsorbed charges.
Beoause specifio interactions is mostly absent between
ion-generating silane radicals and eleotrolyte ions, we used the
Goui-Chapmen model for calculating. q,' potential in the model is
determined by the surface charge:

4,= 2RTFacsh(qf2A(ac,-)s- ) (12), where A=(ER /2%)"- 2 , E is
the dielectric constant and q is the oharge density (C/m2 ).
The theoretical values of 4,'-potential and experimental E is

a good agreement (Table II). Some deviations deals with the
defeots in the adsorption silane layers.

Thus, the formation of siloxane monolayers with ion-generated
group in organic radicals allows to control effectively
eleotrochemical processes at the interface Al/eleotrolyte.

Table II. The values of surface occupancy, caloulated surface
oharge and potential, and experimental Rp for various silanes.

Silanl pH Imol/nm2  qC/m2  Aq,, mV AEp, mVII I I! I
SUL 10.1 3.183 -0.8 -0.194 0.17
IDA 10.1 5.73 -0.91 -0.2 0.172
DA 6.1 2.9 0.42 0.16 -0.08
TA 10.1 3.01 0.48 0.167 -0.11
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MAGNETIC PROPERTIES OF NANOSlZE IRON CLUSTERS

E. L. VENTURINI. J. P. WILCOXON and P. P. NEWCOMER
Sandia National Laboratories, MS 0345, Albuquerque, NM 87185-0345

ABSTRACT

Isolated, monodisperse a-Fe clusters between 1.4 and 15 nm in diameter were prepared inside
inverse micelles using an oil-continuous, nonaqueous system. The magnetic properties of these
clusters were studied in a SQUID magnetometer as a function of cluster size, temperature and
applied magnetic field. The blocking temperature, coercive field and remanent moment of 12,5
nm Fe clusters in inverse micelles are significantly lower than those reported for clusters of
similar a-Fe core size but with a surface oxide. The novel synthesis technique may yield
metallic clusters with esentially intrinsic magnetic properties.

INTRODUCTION

The properties of nm-sized magnetic particles have been studied both experimentally and
theoretically for more than sixty years.(1-41 Interest in these materials has remained high
because of their use in numerous practical applications in catalysis, magnetic recording, magnetic
fluids and permanent magnets. In addition, there are fundamental research questions concerning
the development of long-range magnetic order and associated hysteretic properties such as
coercivity and remanence as the cluster size increases from a few atoms with all atoms at the
surface to a large cluster with predominantly interior atoms.

Cluster synthesis and experimental handling play crucial roles in understanding the magnetic
properties, particularly in separating the intrinsic properties from the effects of a surface layer
15-81 (such as a thin oxide shell) or particle-particle interactions due to agglomeration 181. Here,
we report initial studies on the magnetic properties of C1-Fe clusters prepared by a novel synthesis
technique which yields monodisperse particles and, we believe, mitigates both surface layer and
agglomeration effects. Following are synthesis, microscopy and experimental details,
presentation of the magnetic properties and concluding remarks placing our results in context.

EXPERIMENTAL DETAILS

Size-selected nanosize Fe clusters were grown by a process which is described in detail
elsewhere.19-I 11 Controlled nucleation and growth of metal clusters occurs in the interior of
surfactant aggregates called inverse micelles. In our process an ionic salt (e.g., FeCI3 ) is
dissolved in the hydrophilic interior of the micelles while the surrounding continuous hydrophobic
oil limits nucleation and growth to the micelle interior volume. We emphasize that the anhydrous
salt is dissolved to form a transparent 'ionic* solution but with a complete absence of water; in
a sense the salt is 'hydrated" by the micelle. The absence of water allows extremely novel and
aggressive chemistry to be used in the reduction and growth process.19, 101 Encapsulation of the
ionic salt solely in the micelle interior ensures spatial homogeneity during the nucleation process
while the growth kinetics are determined by the rate of reduction of the metal salt and the
diffusion of the micelles themselves (not the Fe atoms!). In this sense our synthetic method for
size-selected clusters is fundamentally different than other cluster growth processes which occur
in a continuous medium (e.g., gas or liquid phase growth) and which for fundamental reasons
result in a power-law (i.e., log-normal) cluster size distribution.
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Three conditions can be used to control the final cluster size: the micelle size, intermicellar
interactions (e.g., phase boundaries which determine micelle diffusion rates) and reaction
chemistry. To provide a constant magnetic background independent of cluster size, we have
employed a single type of surfactant and solvent and varied the reduction chemistry to control
the final iron cluster size for the experiments described here. We varied the strength of the
nonaqueous reducing agents used to reduce the Fe(ill) to Fe(O) so that the most rapid reduction
kinetics produced the smallest final iron clusters. Size-selected a-Fe metallic clusters with
diameters between 1.4 and 15 nm were produced. Spectroscopy was used to demonstrate 100%
reduction of the Fe(Ill) to the final Fe(O) cluster form. I I II

All reactions took place in anaerobic conditions in a Vacuum Atmospheres dry box with
continuous oxygea and moisture removal and appropriate sensors. Typical oxygen levels were
0.1 to I ppm and moisture levels were 0.5 to 3 ppm in the dry box. All solvents and surfactants
used were hplc grade and were completely dust free. The latter is critical to prevent
inhomogeneous nucleation. Magnetization samples were weighed to determine total iron
concentration and transferred to capped NMR tubes in the dry box to minimize oxygen
exposure. The capped tubes were then removed from the dry box and transferred to the
commercial SQUID magnetometer (Quantum Design MPMS) for magnetic characterization.

The inverse micelle system used in these experiments was DTAC (dodecyltrimethyl
ammonium chloride) in hexadecane with hexanol used as a cosurfactant. Previous small-angle
neutron scattering 191 has shown that this system provides stable growth in the cluster size range
of I to -18 nm which was well suited to the present investigation. After growth occurs, the
resulting clusters are fully dispersed and stable in a variety of oils and their magnetic properties
may be investigated as a function of cluster size. The stability against agglomeration is due to
the presence of the surfactant on the cluster surface.

Fig. I is a bright field transmission electron micrograph (diffraction contrast) taken on a JEOL
1200EX at 120 kV showing the isolated, monodisperse 12.5 ±0.5 nm Fe particles formed in one
synthesis (the scale is indicated by the 20 nm bar). Selected area electron diffraction confirmed
that these particles are the bec aX-Fe phase. Other monodisperse Fe clusters produced by this
surfactant/solvent process ranged from 1.4±0.1 to 15.0±0.5 nm, all below the maximum size
of 16.4 nm 1121 for single magnetic domain Fe.

Fig. I. TEM photograph showing monodisperse, 12.5 ±0.5 nm Fe clusters.
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MAGNETIC MEASUREMENTS

Fi§. 2 compares the response to an applied magnetic field at 5 K for the dissolved FeCIj salt
(Fe " ions in a frozen solution) before adding the reducing agent (open triangles) to that of 12.5
nm Fe clusters after reduction (solid triangles). The dashed line is a Brillouin function fit to the
Fe +3 ion data using a g-factor of 2 and an angular momentum of 2.5. The agreement confirms
the presence of isolated Fe+ 3; further, the low-field slope (susceptibility) decreases by a factor
of 2 between 5 and 10 K, suggesting negligible magnetic interactions between the ions, In
contrast, the Fe clusters show a distinct saturation in their response for fields above I tesla,
consistent with ferromagnetic or superparamagnetic behavior characteristic of strong magnetic
interactions within the clusters. Note the qualitative difference between the isolated ions and the
clusters: the isolated Fe* 3 ions exhibit a linear response to applied field at low fields and a
nonlinear response at high fields while the 3.7 nm Fe clusters show a nonlinear response (and
a larger moment per gram) at low fields but saturate to a constant moment in moderate fields.

Fig. 3 shows isothermal hysteresis data (moment M versus applied magnetic field H) measured
at 5 K following zero-field cooling. The open circles denote the initial respons" to an increasing
field, the solid triangles for a decreasing field, and the open triangles for an increasing field.
The data are shown between -0.25 and +0.25 tesla, but the actual hysteresis measurement used
field strengths to ±2 tesla. These 12.5 nm C-Fe clusters are ferromagnetic at 5 K with the data
approaching saturation and exhibiting reversibility at high field strengths. There is a substantial
remanent moment M,,, at zero field and a moderate coercive field Hcor (where the moment
crosses through zero following saturation). The saturation moment for these particles at 5 K,
determined by plotting M versus I/H and extrapolating to infinite field, is 2.2 x 10-3 emu or --'25
emu/g for the 88 Ag of Fe in this sample; the saturation moment for bulk tX-Fe is 220 emu/g at
low temperatures 1121. The total diamagnetic (negative) signal from the surfactant, solvent, glass
NMR tube and reducing agent salts (measured in a separate experiment) is linear in applied field
and -6.8 x 104 emu in I tesla at 5 K; all data have been corrected for this diamagnetism.
Although this correction is small at the fields strengths in Fig. 3, it is large at 5 tesla for the
dilute Fe samples studied here. Since the Fe sample plus surfactant/solvent/reducing agent is
measured independently from the diamagnetic correction, there is considerable uncertainty in the
dettrmination of a saturation value by plotting the corrected moment versus 1/" due to the
dominance of the correction term.

400 - . . .. . . . .. . .. . . .. . .
Temp =5.0
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Fig. 2. Moment versus field at 5 K before and after reduction to Fe clusters.
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Fig. 3. Hysteresis at 5 K for 12.5 nm a-Fe clusters.

The magnetic moment of each Fe particle in a frozen solution will exhibit random rotations
driven by thermal fluctuations.f 131 Opposing these fluctuations is the magnetic anisotropy energy
Ean.s = KV where K is the anisotropy energy per unit volume and V is the volume of the
particle. An assembly of such particles will relax to equilibrium through thermal fluctuations on
a time scale t given by

T = T0expjKV/kTj (1)

where "to is a characteristic time on the order of 10-9 seconds, k is the Boltzmann constant and
T the absolute temperature.( 141

One of the distinguishing features of small, single domain magnetic particles is the appearance
of a blocking temperature TB defined as the temperature where the relaxation time T in Eq. (1)
becomes comparable to the experimental time of 100 seconds. For temperatures above TB, the
magnetization versus applied magnetic field is reversible due to thermal fluctuations, i.e., the
sample exhibits no remanence or coercivity in a hysteresis measurement. 141 Fe has cubic
anisotropy with an anisotropy energy KFe of 4.6x l05 ergs/cm3; the easy direction for
magnetization is one of the [1001 axes. For spherical Fe particles with cubic anisotropy, the K
in Eq. (1) must be replaced by K/4.1141 Using Eq. (1) for the 12.5 nm Fe particles and t(, =
10-9 seconds, we predict TB L 34 K for a thermal relaxation time of 100 seconds (the calculated
relaxation time is 3x109 sec at 20 K and 18 nsec at room temperature).

An experimental blocking temperature can be determined from isothermal hysteresis
measurements using the vanishing of remanence and coercivity. Fig. 4 shows the remanent
moment and coercivity versus temperature for the 12.5 nm particles; both vanish between 50 and
60 K. This experimental TB is only 50% higher than the calculated value and the latter is
extremely sensitive to particle size and morphology. For example, 14 nm particles have a
predicted TB of 47 K which would agree with our experimental result. In addition, various
improvements to Eq. (1) have been suggested.[ 15] We have also studied a sample with 3.7 nm
aC-Fe particles and found an experimental TB of 15 K. The volume of these particles is only
2.6% of that for the 12.5 nm clusters, and Eq. (1) predicts a blocking temperature of 0.9 K.
The cause of this large disagreement between simple theory and experiment for these 3.7 nm
clusters is not understood. It may be that the assumptions of spherical particles and bulk
magnetic anisotropy are not valid for very small cluster sizes.
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Fig. 4. Coercive field and remanent moment versus temperature for 12.5 nm a-Fe clusters.

DISCUSSION AND CONCLUSIONS

Nanometer-sized particles of Fe, Co or Ni are promising for applications requiring a high
saturation magnetization and large coercivity. We have developed a novel synthetic procedure
for size-selected clusters between I and -18 nm in diameter. The nonaqueous synthesis under
anaerobic conditions produces clusters which are individually isolated within inverse micelles and
thus stabilized against agglomeration. Careful sample handling permits studies with minimal
exposure to oxygen or moisture. Magnetic data for the saturation magnetization Ms. , remanent
moment Mrem , coercivity Hcor and superparamagnetic blocking temperature TB of a sample with
12.5±0.5 nm a-Fe clusters differ considerably from literature values.

M,. t is --25 emu/g at 5 K from extrapolation of magnetization versus I/H or roughly 10% of
the 220 emu/g for bulk OX-Fe. Literature values range from 20% of bulk Fe for -10 nm
particles 15,81 to the bulk value for Fe clusters with 500 to 700 atoms 1161 (-2.5 nm diameter).
However, the 10 nm particles were oxidized 15,81 and the effects of an oxide shell on the
measured Msat of the a-Fe core are not clear. M,,, is at5 emu/g at 5 K and vanishes between
50 and 60 K for the 12.5 nm Fe clusters in inverse micelles compared to 30 emu/g at both 220
and 300 K for oxidized Fe particles with a 3.3 nm diameter metallic core 151. Again, oxidation
of the Fe clusters appears to drastically alter the superparamagnetic transition and remanence.

Coercivity varies strongly with particle size, reaching a maximum for -15 nm particles of Fe
and Co.[ 171 However, the origin of the coercivity is poorly understood, particularly the effect
of surface oxide. The maximum calculated H,., for single domain Fe particles is 50 mT due
to magnetic anisotropy while measured values are twice as large.1171 Oxidized O-Fe can have
H ..r up to 340 mT at 10 K for 6 nm particles 151 and 160 mT for 13 nm particles 161. The
latter is a factor of 20 larger than H... = 8 mT at 10 K for the 12.5 nm a-Fe particles studied
here (Fig. 4). More importantly, oxidized Fe particles with a1-Fe core diameters between 8.4
and 14 nm exhibited strong coercivities of 40 to 110 mT at room temperature 151, while the
coercivity of our 12.5 nm C-Fe particles decreases rapidly with increasing temperature and
vanishes between 50 and 60 K, i.e., at Ta (Fig. 4). In one experiment, Fe particles between 6
and 22.7 nm in diameter were synthesized by gas evaporation, collected on a Ag film and
covered by a second Ag film inside the evaporation chamber to minimize oxidation.151 These
samples exhibited large, nearly temperature-independent Hcoer [5), strikingly different from the
behavior of the present Fe clusters.
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Superparamagnetic blocking temperatures were 50-60 K for 12.5 nm clusters and 15 K for

3.7 nm clusters in inverse micelles. The former value agrees reasonably well with the calculated

TB based on cluster size and the magnetic anisotropy of bulk Fe while the latter value is

considerably above the calculated TB. Reported values ranged from 230 K for 5.3 nm Fe cores

to 120 K for 2.5 nm cores of oxidized clusters.151 Granular films with 3 to 9 nm CE-Fe particles

in a BN host matrix had a field-dependent blocking temperature between 35 and 40 K.171

However, particle interactions were evident in the strong dependence of coercivity on Fe

c"'rcentration 171 and these interactions may affect the measured TB.
Our novel synthesis technique for isolated, size-selected a-Fe clusters in the I to 18 nm range

provides an opportunity to test various predictions tor coercivity, remanence and saturation

magnetization as a function of particle size and temperature. The same synthesis has been used

for preparing size-selected Co and Ni clusters. The magnetic behavior of these particles should
identify the separate roles of thermal energy, magnetic anisotropy and surface versus "bulk"

atoms as the cluster size approaches a few unit cells, thus improving our understanding of
magnetic phenomena in this size range.
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SMALL ANGLE NEUTRON SCATTERING FROM NANOCRYSTALLINE
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ABSTRACT

Nanocrystalline (n-) Cu and Pd, prepared by inert gas condensation (IGC) and in siru
room temperature (RT) and elevated temperature (warm) compactions, have been studied by
small angle neutron scattering (SANS). Previous work [11 on room temperature compacted and
subsequently annealed n-Pd seemed to show that all the scattering could be accounted for by a
distribution of pores. Analysis of more extensive SANS measurements, together with the results
of prompt gamma activation analysis (PGAA), indicates that the SANS can be explained by the
presence of pores and hydrogen. Warm compaction reduces the hydrogen impurity level, while
increasing the bulk density and decreasing the pore size. This can lead to a dramatic hardness
increase in these materials.

INTRODUCTION

The presence of impurities and a variety of defects can have a strong influence on the
mechanical properties of n-metals [2]. In an effort to obtain and study the intrinsic properties
of these materials, an investigation has been undertaken to quantify the types of -xisting
imperfections, as well as to identify methods to reduce their prevalence. This paper reports
preliminary findings on the presence of hydrogen (I) and oxygen (0) impurities and their
influence on porosity and hardness.

PROCEDURE

The n-Pd and n-Cu were produced by IGC and compaction at Argonne National
Laboratory [3]. High purity (-99.999%) Pd wire or Cu shot was evaporated in 600 Pa of high
purity (-99.999%) He, and the resulting powder was compacted in vacuum for 10 min under 1.4
GPa of pressure at temperatures ranging from 20 to 300°C to form disks 9 mm in diameter and
= 0.2 mm thick. One of the Pd samples was electro-discharge machined into quarters, with one
quarter receiving no further treatment, while the other 3 were annealed at 100, 300, or 800'C for
100 min in high purity (-99.999%) flowing argon. The bulk density was measured using
Archimedes principle. Grain size was determined from broadening of the Ill and 222 x-ray
peaks using the Warren-Averbach method 141. The H level was measured by PGAA in the Cold
Neutron Research Facility at NIST 151, while the 0 concentration was found by fast neutron
activation analysis (FNAA) performed in the Department of Chemistry at the University of
Kentucky [6]. (PGAA and FNAA give no information on the chemical state of the

319

Mat. Res. Soc. Symp, Proc. Vol. 351. 01994 Materials Research Society



contaminants.) The SANS measurements were performed on the 30 m NSF SANS instrument
at NIST 171 over a q-range from 0.01 to 5.7 nm-'. (The magnitude of the scattering vector q is
(4wJX)sin 0, where X is the neutron wavelength and 20 is the scattering angle.) The reported
Vickers microhardness values were an average of ten measurements made with a 100 g load and
a dwell time of 20 s.

RESULTS

PGAA and FNAA measurements were carried out to determine the H and 0 impurity
leve6 in n-Cu and n-Pd. Interest in these measurements was heightened by the observation of
a pressure rise in the chamber just prior to warm compaction, possibly indicating that adsorbed
gases were being liberated. Also, recent SANS measurements extended out to large q values had
a high, constant background thought to originate from incoherent scattering from H. (H has a
very large incoherent scattering cross-section, while that of 0 is much lower.) The H and 0
concentrations from PGAA and FNAA analysis, as well as the H content calculated from the
SANS background level, are shown in Table I. The good agreement between the H level
obtained by PGAA and SANS shows that the SANS background can be attributed to incoherent
scattering by H. TschOpe and Birringer [81 reported 3.9 at% H and 3.0 at% 0 in n-Pt made by
IGC and compacted at 80'C, values that are in the same range as those found in n-Pd and n-Cu.

Table I. Impurities and Grain Size as a Function of Compaction Temperature
Temp. at% 0 at% H (PGAA) at% H (SANS) Grain Size (rn)

Pd 20'C 7.5 5.7 ± 9.5
Pd IO0 C 0.8 ± 0.3 4.5 ± 1.3 5.2 6.6 ± 0.5
Pd 300'C < 2.1 0.4 12 ± 0.6
Pd* 2001C 1.2 ± 0.2 < 1.1 9.2 t 0.3
Pdt 800'C 0.5 59 t5
Cu 20'C 7.7 7.7 ±: 0.3
Cu 100°C 4.1 ± 0.5 6.3 ± 0.6 5.7 8.9 ± 0.4
Cu 1501C 4.8 ±0.9 6.5 I1 ± 1
* powder warmed by heat lamp prior to 200°C compaction
tRT compaction followed by 800'C anneal

The SANS data were found to be dominated by Porod scattering, with some incoherent
scattering visible at high q, as mentioned above. The behavior predicted by Porod [91 is.

(q) = 2 (A ps , (I)

where I(q) is the differential scattering cross section, Ap is the difference in scattering length
density between the matrix and the scattering defect, S/V is the total surface area per unit sample
volume of scatterers, and I, is the incoherent background level. Equation I is valid for qR >
about 3. where R is the radius of the scattering entity. In a plot of Iq' vs q4, the slope yields the
incoherent scattering cross-section (I.) and the intercept is the Porod constant C, (C' =
2*(Ap) 2SV). A plot of this type for Cu is shown in Fig. 1, where it can be seen that the fits are
very good. Figure 2 is a plot of In I vs In q for the n-Pd data after subtracting the background.
The portion of the curve with a slope of -4 corresponds to the Porod region.
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The invariant Q was used to calculate the volume fraction of scatterers (V,) 191 where

Q 7 q2I(q) dq and V (I-V ,) Q (2)

0 2Wr( p) *

The data were extrapolated to q = 0 and q = o using the Guinier relation [9] and Porod relation,
respectively. Based on the work of Schaefer 10]. where voids in n-metals were identified using
positron annihilation, it was assumed that voids are the primary scattering entity in the SANS
experiments. Using Ap = p, or pc,, good correlation was found between the density obtained
by the invariant and that measured by Archimedes principle (Fig. 3a and b).

Using both the S/V ratio from Cv and the V. from Q, a characteristic void radius R, can
be obtained (R, = 3VJ(S/V)). The results of this calculation are shown in Fig. 4a and b. The
pore size in the RT-compated samples seems to scale with the grain size. These pores are in
the same size range as Schaefer's [10] "missing grain" voids. The number density can also be
obtained from this method, and it tends to scale with the number of grains in the RT-compacted
samples.

2 5 15
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Fig. I. Determination ofl. and C, for n-Cu. Fig. 2. SANS data for n-Pd.
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DISCUSSION

The H and 0 contamination discussed above could result trom the adsorption of water
vapor on the small crystallites after they are collected by the cold finger. Even though there is
i cold trap in the synthesis chamber, the cold finger can act like an additional cold trap during
the evaporation, a time when the system is not actively pumped, The data in Table I suggest
(within experimental uncertainties) that water vapor is driven off by warming the powder. This
hypothesis is supported by the order of magnitude lower H levels in the n-Pd sample compacted
at elevated temperatures. (The 0 data are too limited to verify this trend.) For the 300'C
compaction, where the powder was allowed to outgas in the hot die prior to insertion of the
piston, a H level of 0.4 at% was achieved (Table 1). Another sample, compacted at 2t)00 C after
warming the powder in front of a bakeout lamp, had a H content even lower than that of the
30(0C compaction with a smaller increase in grain size (Table 1).

The H concentration can also he greatly reduced by annealing, but at the expense of
extensive grain growth. This is demonstrated by the quarter annealed at 800C, where the H
level measured by SANS decreased from 7.5 to 0.5 at% while the grains grew from 5.7 to 59 nm
(Table I). Samples annealed at 100 and 3000C produced proportionately smaller reductions in
the H level, along with decreased grain growth.

The small discrepancy between the density as measured by Archimedes principle and
SANS may be the result of either a few large pores or surface roughness. The presence of very
large scatterers (> about 0.1 pm for the q-rage used in this experiment) can lead to substantial
errors in the volume fraction calculated from Q I1 I1, since the scattering from these defects may
be hidden by the beamstop. A few 1-5 ln voids, elongated perpendicular to the compression
axis, have been observed in fracture surfaces of RT-compacted n-Pd by scanning electron
microscopy (SEM). On the other hand, small surface flaws unable to be wetted by the fluid
(ethyl phthalate) used to make the density measurements could make the Archimedes density too
low. High resolution SEM images of the surface of warm compacted n-Cu and n-Pd reveal
valleys and holes between clusters in the range of 10 to 100 nm, as well as surface roughness
in the micrometer range.

Warm compaction produces increased bulk densities compared to RT-compaction and
annealing. At this time it is not clear if the reduction in gaseous impurities or the improved
sintering between particles is the main reason for the improvement. Despite the uncertainty in
mechanism, the pores in n-Pd compacted at 100C are approximately half the grain size, while
in the sample which was RT compacted and annealed at 100°C the pores are larger than the grain
size (Fig. 4a). As shown in Fig. 2, the slope for the sample compacted at 300'C changes from -
4 to -3, while the intensity is much lower. Perhaps the pores are no longer the dominant
scatterers (this is depicted in Fig. 4a by a downward sloping line from the 100°C compaction),
and scattering from another defect type (e.g. grain boundaries) has become detectable. The
behavior of the n-Cu clearly shows (Fig. 4b) the pore size decreasing with increasing compaction
temperature.

Preliminary results indicate that warm compaction can produce significantly higher
hardness in n-Pd. The sample compacted at 3000C hae , density of 96.4 %, a H level of 0.4
at%, and a hardness of 5.8 GPa. This is more than I GPa higher than other reported values for
n-Pd. Small amounts of elasticity (the sample has been reversibly bent slightly without breaking)
has also been observed. More work is necessary to confirm these results and isolate the causes.
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CONCLUSIONS

Hydrogen and oxygen contamination can be a significant problem in n-materials made by
IGC and compaction, but this contamination can be reduced by warming powders prior to
compactior or by subsequent annealing. Voids on the order of the grain size have been identified
in n-Pd and n-Cu by SANS. The size of the voids decrease (both absolutely and relative to the
grain size) with increasing compaction temperature. Preliminary results indicate that warm
compaction is much more effective for porosity reduction than room temperature compaction
followed by annealing. Lower H concentrations (possibly due to desorption of water vapor) and
higher densities produced by warm compaction may lead to large increases in hardness.
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ABSTRACT

The multilayer organization of sulfonated polyaniline/polyallylamine (SPAN/PAIl) films was
investigated by neutron reflectivity. Films were prepared by sequential adsorption of polycations
and polyanions from dilute solution. Scattering contrast was achieved by selective deuteration of
blocks of bilayers at varying intervals along the films. The internal organization of the multilayer
structure was found to decay significantly with increasing number of bilayer depositions. In
addition, a high degree of roughness was determined at the free surfaces of the films. Together,
these results suggest that both conformal and nonconformal roughness are present in the films,
i.e, defects introduced during individual layer depositions are to some degree transferred to the
surface of subsequently deposited layers.

INTRODUCTION

Molecular-scale processing techniques hold great promise for next-generation optoelectronic
device fabrication. Waveguides, light emitting diodes and anisotropic conductors have been
prepared via Langmuir-Blodgett and other molecular assembly schemes. Employing the
sequential adsorption method first developed by Dechert , Rubner and coworkers2 have fabricated
electrically conducting multilayer (ML) films using highly conjugated polyelectrolytes. The
technique involves dipping a surface-modified glass or silicon substrate alternately into dilute
polycation and polyanion solutions, depositing in each dip a monolayer of charged material which
serves as an attractive surface for the subsequent layer of opposite charge. A schematic
illustration of the system investigated is shown in Fig. 1. This comparatively simple method of
molecular-level assembly offers a novel means to fabricate complex thin film structures with
tunable optical/electronic properties. For example, the conductivity of multilayer thin films of the
materials used in this study were previously measured3 to be -10- 3 S/cm. However, little is
known about the uniformity or the extent of interpenetration of the deposited bilayers, structural
features which ultimately influence device performance. The aim of the current study was to
investigate layer organization as a function of film depth in conducting polyelectrolyte multilayers
assembled by sequential adsorption. Here we report results of neutron reflectivity studies from a
set of 40 bilayer films of sulfonated polyanilinetpolyallylamine, SPAN/PAH, each selectively
labelled at different depths with 8 bilayer blocks of SPAN-d7/PAH. The tec.Jique of neutron
reflectivity is highly sensitive to gradients in the scattering length density normal to the film
surface, thus allowing for a quantitative evaluation of the internal layer organization when such a
labelling scheme is employed.
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Figure 1. Schematic illustration of SPAN/PAH ML film prepared by sequential adsorption
technique.

EXPERIMENTAL PROCEDURE

Polished silicon substrates 10 cm in diameter and 0.25 cm thick with (100) planes parallel to
the surface were purchased from Semiconductor Processing Co. A series of films consisting of
alternating layers of the polyanion sulfonated polyaniline (SPAN) and the polycation
polyallylamine (PAH) were adsorbed onto the surface of the silicon substrates to produce films
-600A thick composed of 40 bilayers. Prior to the first monolayer deposition, the substrates were
immersed in a bath of H2SO4/H202 for 30 minutes, rinsed with deionized water and placed
immediately in a bath of boiling H20/NH40H/H202 for 1 hour. Afterwards, substrates were
rinsed thoroughly and left to soak in deionized water until used. This surface treatment closely
follows the procedure of Decher et al. Adhesion to the silicon oxide surface was promoted
through modification with the monofunctional coupling agent, 4-amino butyl dimethyl methoxy-
silane, prior to the first polyeletrolyte deposition,

To investigate the multilayer organization, 8-bilayer blocks were selectively contrasted at
varying depths within the separate films by substituting SPAN-d 7 for SPAN. In total, four 40-
bilayer systems were investigated with the following labelling schemes: 8D/32H (A), 16H/8D/16H
(B), 32H18D (C), 8D/gHD/101D (D), where D denotes bilayers containing isotopically labelled
SPAN and H represents the unlabelled bilayers. Sample D integrates the labelled regions of the
three other samples into a single film, and serves to test the reproducibility of the film structure
and consistency of our analysis. The periodic spacing of the labelled blocks should additionally
give rise to observable Bragg reflections in the measured reflectivity, if the film is sufficiently
ordered.

Neutron reflectivity measurements were performed on the BT-7 instrument at the National
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Institute of Standards and Technology (NIST) in Gaithersburg, Maryland. The experimental
setup and sample alignment procedure are described in previous publications.4,5 A graphite
monochromator delivers neutrons of wavelength X = 2.37 A and resolution AXA - 0.01 to the
sample surface. Reflectivity profiles are generated by rotating the sample 0 and the detector 20
degrees with reference to the incident beam. Data points were taken in steps of 0.01 ° in 0 out to
0. gor 0.07A-1 in neutron momentum, q, = 4z sin 0 /X, with an angle-dependent resolution of
AO/0 2 0.02 at the highest angles sampled. Background intensities were obtained by offsetting 20
by +0.250 . After background subtraction, the reflectivity was obtained by normalizing the net
intensity by the main beam intensity for identical slit conditions.

To fit the reflectivity data, scattering length density (b/v) profiles were generated by modeling
the films as adjacent layers of an assumed thickness and b/v value, with finite interflces (ai =
(2 X02)2 , where a is the rms roughness) between layers. The theoretical reflectivity was then
derived from the model blv profile and evaluated against the experimental data. Model
parameters (thickness, byv, ai) were modified iteratively until a best fit to the data was achieved.

RESULTS AND DISCUSSION

Figure 2a shows the measured reflectivity as a function of q, from sample A, which contains
an 8 bilayer block of SPAN-d 7/PAH adjacent to the silicon surface (a schematic illustration of the
labelling scheme is inset in Fig.2b). Oscillations in the reflectivity data arise from interferences
between neutrons reflected from the surface of the film and the internal interfaces created by
incorporating the isotopically labelled block. The o4cillations are seen to decay rapidly as a
function of increasing angle 0. Qualitatively this result implies that a high degree of roughness is
present at the film surface. The solid line in Fig. 2a represents the best fit to the data,
corresponding to the scattering length density profile shown in Fig. lb. A number of important
observations can be made on examining this result. First, the deuterated block is clearly
distinguishable as a region of high contrast next to the substrate. (Note that a thin oxide layer has
been incorporated into the profile at the Si surface.) However, the interface between this region

0.01 M 0. 05 0.07 0moo

Fig. 2a. Fitted reflectivity for SPAN/PAH ML film with 8 labelled bilayers adjacent to substrate.
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Fig. 2b. Model scattering length density profile yielding the best fit to the reflectivity data. Inset
shows a schematic illustration of labelling scheme in the film.

and the unlabelled portion of the film is quite broad, a i z 45 A. At least two interpretations can
be made of the observed interfacial width. Since the average bilayer thickness is approx. 15 A, the
broad interfacial region could suggest the interdiffusion of chains over several bilayers.
Alternatively, the broad interface could indicate a highly corrugated or irregular interface between
the labelled and unlabelled bilayers. Since the roughness at the silicon surface is expected to be no
greater than 5 A this internal roughness would have been introduced through uneven bilayer

depositions. The high degree of surface roughness apparent for this film (ai  95A) would
support this latter interpretation.

The conclusion that the surface roughness increases with increasing number of bilayer
depositions is supported by the reflectivity results on samples labelled at other positions along the
film. Figure 3 shows results for sample D, in which the labelled bilayer blocks are spaced
periodically within the film. The measured reflectivity (Fig. 3a) has a broad first order Bragg
reflection at qz - 0.026 A- , indicating that the multilayer structure induced by alternately
depositing 8-bilayer blocks of deuterated and hydrogenated SPAN with PAH is to some extent
preserved. The oscillations in this profile are notably weak, however, and again decay rapidly as a
function of increasing qz- Fig. 3b shows the b/v profile which yields the fit to the reflectivity data
represented by the solid line in Fig. 3a. With increasing number of deposited layers, certain trends
are evident in the b/v profile. A continuous increase in the interfacial width is noted between
labelled and unlabelled portions of the film on moving up from the substrate. After 32 bilayer
depositions the interfacial width between D and H blocks is found to be > 60A. Moreover, the
scattering length density of the deuterated blocks is seen to decrease substantially from the
substrate to the surface. The width of the polymer/air interface is again on the order of 90 A for
this system. This large surface roughness, coupled with the decay of the internal ML organization,
suggests that defects introduced by the deposition process are transferred conformally to the film
surface during subsequent layer depositions.

These observations are consistent with atomic-force microscopy (AFM) measurements
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performed on films prepared concurrently with the neutron reflectivity samples. For 32 bilayer
films of SPAN/PAHl AFM reveals an extremely rough top surface (- 80 A). The lateral length
scale of the surface corrugations appears to be 100-200 A.

!0 ------ I -

0.01 0.03 0.05 0.tl .0

o° ~q (R--11

Fig. 3a. Fitted reflectivity for 40 bilayer SPAN/PAH M4L film with blocks of 8 labelled bilayers
spaced periodically along the film

h
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Fig 3b. Model scattering length density profile yielding the best fit to the reflectivity data. inset
shows a schematic illustration of labelling scheme in the film.

329



We can compare our results to those of Schmitt, el al.6, who used x-ray and neutron
reflectivity to characterize self-assembled multilayer films of sulfonated polystyrene/
polyallylamine (SPS/PAH) on silicon, using a slightly different contrast method. The widths of
internal interfaces were found to be about 48 A, while at the free surface they reported ai - 33-
38A. It should be noted that x-ray reflectivity measurements of their films exhibited up to 25
thickness oscillations (Kiessig fringes) for films 1200 A thick, while preliminary x-ray studies of
our SPAN/PAM films exhibited at most two such oscillations. These observations are consistent
with the neutron data which suggest that the SPANPAH films display a much rougher surface
than the SPS/PA.H system, perhaps due to the relative stiffness of the highly conjugated SPAN
component.

Finally, the total thicknesses of the films investigated here were nearly identical (580-590 A),
showing that while layer adsorption may introduce surface irregularities, the average amount of
material deposited in each layer is very reproducible. Furthermore, the b/v values of the H blocks
are consistent (b/v - 2.Ox10-6 A-2) for the four films. However, these values are nearly twice
that calculated from the molecular structures of SPAN and PAM. It is possible that unknown
concentrations of counterions present in the films from the polyelectrolyte solutions significantly
enhance the b~v values in both the H and D blocks. We hope to address the issue of counterion
concentration in future investigations through optical and x-ray frequency absorption experiments.
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DETERMINATION OF THE BOND STRENGTH BETWEEN NANOSIZED
PARTICLES

ALFRED P. WEBER and SHELDON K. FRIEDLANDER
Department of Chemical Engineering, Univers,'y of California, Los Angeles, 405 Hilgard
Ave., Los Angeles, CA 90024

AB T

ctlod has been developed for determining the bond energies between nanosized particles
from the kinetics of the rearrangement of aerosol agglomerates. The method of calculation is
based on the change in Gibbs' free energy during restructuring. For Ag and Cu agglomerates,
bond energies between the nanosized particles are of the order of magnitude calculated from
bulk Hamaker constants.

INTRODUCTION

Agglomerates of nanometer particles formed in collision processes are held together by bonds
between the primary particles. Such bonds may range from van der Waals attraction to stronger
bonds such as ionic or covalent. Strong bonds between the primary particles may make powders
of these agglomerates more difficult to process in the fabrication of ceramic materials. Aerosol
processing can for instance be done by heat transfer (sintering). There are two extreme types of
sintering processes. On the one hand agglomerates of very strongly bonded particles (e.g. solid
state bridges) retain their general topology (expressed by the fractal-like dimension) during
sintering. In this case, the size of the agglomerates is decreasing while the mean size of the
subunits (e.g. thickness of the dendrites or primary particle size) increases during sintering [1].

On the other hand, agglomerates of weakly bonded primary particles tend to collapse first at
low temperature during heat transfer. Solid state diffusion between primary particles in close
contact starts at much higher temperatures [2]. The studies described in this paper were conducted
at much below this temperature. A model for the kinetics of rearrangement is discussed and
tested for silver and copper agglomerates. The main goal of this work was to establish a method
for the in situ measurement of the bond energies between nanometer particles.

KINETICS OF REARRANGEMENT

The arrangement of non-coalescing particles within a certain gas volume has two limiting
cases: the particles can be fully dispersed within the volume, subject to the Brownian motion and
non-interacting (see Fig. la). In this state which we will call "gaseous" state in analogy to a
gaseous species within another carrier gas, the Gibbs' free energy is maximum and the number
of bonds is zero.
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On the other hand, the
arrangement with minimum
Gibbs' free energy for
attractive particles is the
closed packed structure shown • 0
in Fig. Ic. Again, by analogy 109 00
to the condensation of a gas.. * 0 * *
this state will be called the 0
"condensed" state. From the 0 Is•
condensation of noble gases, * * Os
the coordination number c.
(number of nearest neighbors) a) DISPERSED b) INTERMEDIATE C) CONDENSED

STATE STATE STATE

is expected to lie between 8 fsw) ('drote)

and I1 [3]. The theoretically
possible coordination number,
about 12, for the close packed Fig. 1: Different states of primary particles.

structures in 3 dimensions [4]
has not been observed for aerosol agglomerates. However, the upper limit of c, can be

determined when better data are available. For our model only the relative change in the

coordination number is of importance and the influence of the upper limit of c. on the resulting
bond energy was found to be small.

In between these extreme states an intermediate state exists where the particles are bonded, but
the excess Gibbs' free energy drives the agglomerates to restructure towards the condensed state.

In the final stages of decay to the condensed state, the change in c, is assumed to follow a linear
relationship :

d c , _ L ( GO - a e )( )
dt

where c,: coordination number, G: Gibbs' free energy of the agglomerate, Gq: minimum Gibbs'

free energy (condensed state) and L: phenomenological coefficient which depends on the
temperature..

The Gibbs' free energy can be related to the coordination number by G = E -cN, where E is

the bond energy between two primary particles. Combining this relation with eq. (1) gives a

differential equation for cN. The bonds between the particles represent an energy barrier that has

to be overcome for rearrangement. In the analysis which follows, we assume (a) that the
probability that a particle overcomes a certain activation energy is of an Arrhenius form (L -

e-'- r) [51 and (b) the activation energy for the rearrangement of the agglomerate measured in this
way is equal to the bond energy. The Arrhenius form assumption cam be tested as follows.

Integrating eq. (1) from 0 to t and rearranging gives:

ini. In______~ cIk (2)

where the time t=0 corresponds to the initial unsintered agglomerate. This means that it is
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possible to caiculate the bond energy E from the knowledge of c(t, 7) during sintering. To relate
c, to a measurable agglomerate parameter, the concept of fractals is used; there is a power law
relationship between the average number N of primary particles per agglomerate and the
agglomerate diameter dp (e.g. mobility equivalent diametei):

N A -(3)

where A: proportionality constant, d, : primary particle diameter and D! : fractal-like dimension.
For D!1 the agglomerate

is string-like and the average
number of bonds per primary
particle is 2 (neglecting the
two particles at the end of the
string). In the other limiting
case, for D. = 3 the
agglomerate is sphere-like. As
mentioned above, the
coordination nuinbetr i c, N-I
expected to be between 8 and
11. Eq. (3) applies to Df-2 =A 2a -i-4

agglomerates only over a
limited size range and only in Fig. 2: Concept of fractal-like dimension.
a statistical sense. This power
law is considered to be an
empirical relation between agglomerate size and volume, and does not have to be a fractal in a
mathematical sense. However, in experiments it was found that eq. (3) holds down to only a few
primary particles [2]. This makes it possible to relate D1 and cN by scaling eq. (3) down to a

distance equal to twice the primary particle radius. Then, every particle that centers within this
volume counts as a nearest neighbor and the average number of bonds per primary particle is
obtained by subtracting the particle placed in the origin:

c, e N- 1 (4)

where for Df = I the condition c, = 2, and for D. = 3 the condition c, = 8 have to be fulfilled.
Therefore, A must also be a function of D, but a weak one: A(I) - 1.5 and A(3) = 1.125. In the
following, it is assumed that A is a linear function of D! which fits the two end conditions.

EXPERIMENTAL SETUP

A schematic diagram of the experimental setup is shown in Fig. 3. Copper and silver particles
are produced by heating a ceramic boat containing the material uf interest in a tube furnace. The
metals are evaporated at temperatures of 1200 °C for Cu and 1050 'C for Ag. Then, during
cooling the vapor condenses to form spherical primary particles. At the end of the furnace a sharp
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temperature decrease is maintained by reflecting the heat radiation from the furnace and by
cooling the quartz tube by a fan. Nitrogen of different purities was used as a carrier gas at flow
rates varying from 3 to 5 lpm. The primary particles agglomerated in a coagulation tube with
average gas residence times from 70 to 110 s.

To obtain agglomerates with D, 2 2, a preheater is installed after the agglomeration section.
In addition, samples for
transmission electron microscopy ,GCoWE1.,m,

(TEM) are taken from an aerosol
sidestream. catrm

After a bipolar charging of the
agglomerates in a "5Kr source (2.5
mCi), a certain size class is CIM

selected by a differential mobility .
analyzer (DMA) by applying an
electric field perpendicular to the
dikection of the gas flow. The counvTh RAGMEW

selected agglomerates, negatively SEPAKaAnTo SEPARn1

charged and unif )rm in s:_?, are Fig. 3: Experimental setup.
conducted through a heating
section. While the gas flow rate is
kept constant at 0.6 pm, the heating t nie and temperature are vanied. Then, the change in
agglomerate mobility due to rearrangement is detected with a second DMA in combination with
a condensation particle counter (CPC).

RESULTS AND DISCUSSION

The mobility equivalent diameter d, of Ag agglomerates is shown in Fig. 4 as a function of
the sintering temperature for four different initial size classes. A steep decrease occurs at 70 'C
and ends at 300 'C. For higher temperatures the size stays constant in agreement with the results
by Schmidt-Ott [2], who showed by TEM micrographs that at 300 °C the agglomerates reached
a close-packed state with D,= 3. In the following, the diameter of the close-packed clusters will
be called d, Assuming that the total number of primary particles per agglomerate N does not
change during the rearrangement (mass conservation per agglomerate), eq. (3) can be used to
relate the condensed state of the agglomerate to any lower density arrangement.

According to eq. (3), tht slope in a double logarithmic plot of d, vs. d gives 31D. Values
of D, for Ag agglomerates are shown in Fig. 5 as a function of the temperature for a sintering
time of 5.28 s at room temperature. Using eqs. (2) and (4), the natural logarithm of the relative

change in the coordination number is calculated and shown in Fig.6 as a function of ljkT for Ag
agglomerates. The slope of the curve gives the bond energy. The good correlation of the data
with a straight line is consistent with assumption (a) above. Data for Ag agglomerates which

differ only in the sintering time, fall on the same curve within the experimental error. This result
was also found for Cu agglomerates with different sintering times, consistent with our model.
Using the same procedure, the data for Ag and Cu agglomerates produced with a tube furnace
at various conditions were evaluated, and the results are shown in Table 1. The size distributions
of the primary particles were determined from image analysis of TEM micrographs. Geometric
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standard deviatic'ns for Cu and Ag particles were 1.03 and 1. 10, respectively. The diameters given
in Table I correspond to the count median diameter of the size distributions.

Fig. 4: Mobility diameter of silver Fig. 5: Fractal-like dimension of silver
agglomerates as a function of the agglomerates as a function of
sintering temperature for four different sintering temperature.
size classes.

The results for Ag agglomerates produced
by spark discharges [61 and for Ag
agglomerates [2] are also shown in Table I. -

Although the particles were produced by
different techniques, for nearly equ! primary
particle sizes the bond energies agree within
a few percent. No significant differences
between the bond energies of Cu particles C -

produced in high purity N2 (99.999%) and in
industrial N2 (99.7%) were found. We are
currently studying the effects of trace gas
concentrations and particle size on the bond
energy. It is interesting to note that the -'' :,oo ,-o2o
agglomerate size (or the number of primary
particles per agglomerate) did not affect the I, kT [1E20 1 J]
bond energies. This is consistent with the
assumption of short range interaction forces. Fig. 6: Natural logarithm of the relative
The values for the bond energies are of the change in the coordination number vs.
order of magnitude expected from the l/kT for silver agglomcrates.
Hamaker constant for bulk Ag and Cu. This is
consistent with assumption (b) above. However, for silver, experiments showing enhanced
coagulation rates for small silver particles, indicate that attractive energies are at least four orders
of magnitude higher than expected from the bulk behavior (7,81. Further experiments are needed
to determine the cause of these disagreements.

335



Table 1: , ,,,d ,:,ergies and PTYary particle diameters for Cu and Ag particles. The three
temperatures correspond to the three heating zones of the furnace.

material gas (purity 1%]) Tf,, ['C] d, [nmI EbA [10a" J1

Cu N, (99.999) 1146/1200/1200 10.8 - 8.0

Cu N, (9.7) 113811200/1148 6.3 - 5.0

Ag N2 (99.7) 644/1050/ 1050 15.6 - 10.6

Ag 121 N2  1000 15.0 - 11.0

Ag 161 Ar (99.999) spark discharges 8.5 - 5.7

CONCLUSIONS

An experimental method of determining in situ the bond energy between nanosized particles
has been developed and tested on Ag and Cu agglomerates. The experimental results are
consistent with a theoretical analysis of the kinetics of rearrangement. For both materials the
calculated bond energy is of the order of magnitude expected from Hamaker constant of the bulk
material. This means that the restructuring of weakly bonded primary particlcs is adequai,iy
described by our methox.
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GRAIN Bt )NDARIES IN NANOPHASE MATERIALS AND CONVENTIONAL.
POLYCRYSTALS - ARE THEY DISTINCT?

-S, C Meta and D. A. Smith, Department of' Materials Science arid Engineering.
Stevens Institute otfTechnology. IHohoken, NJ-07030)
1, Erb. Departmecnt kit Matertais -anid Metallurgical Engineering, Queens, Liniscrs[
Kingston, Canada K71. 'N6

ABSTRACT

Nanograined materials, wath grain sizes in the range of 1-21) nrn. .-hihH
,,gnificant enhancement of grain boundary dependent properties such as yield srirrvh.
rniergranular fracture toughness, grain boundary diffusivity, specific heat and thermal
expansNion coefficient. Measurements by indi. -1 ted i.uCS SUgge~it that the git
bounidaries iii nanophase mtaterials are structurally different from the boundaries in theii
:onis rntional po1N crystl counterpart,,. Exploratory HRTFM ohservaiions, on the other
hand, Indicate that the graini houndart' structure in nanophase materials is the -same as
that found in grain boundaries in conventional poiycrystals. This paper reports an
IIRTENI investigation of the miucrostrocrure in electrodeposited naniocrystalline (nel Ni-
lI' P alloy. These observations, reveal the presence oif about 8-1(0 vol. 14 porosity InI
the inicrosti ucture There is also evidence for the presence of orn amrorphous phase ai
some grain boundaries and triple junctions. A comparison of grain boundary structures

wth boundaries iii cons erional mnaterials utggests that grain botindaries in the ie NO,
alloy are, bor the mnost part. normal.

INTRODI( ClION

Nairograined materials exhibit enihaniced or niovel mnechariicai arid physical
properties such as as yield strength Ill, intergranular fracture toughness 121.
superplasticity j1.41. grain boundary diffusivity 15.61, optical 17,KI aird magnetic
properties IS- I l. TIhe nonj-equilibrium niature of the processing of these mraterials allovs
fOmnatroti of supersaturated solid solution and even) alloying among norally immiscible
components Ill 1-! 8. Thus a wide range of- solid solution alloys which cannot be
proiduced by convetitiotial routes Canl be made in nanocrvstalline form. B~esides being
teehtnolovic:aill importanit. these miaterials are also of' great academic Interest. Their
desirable properties hrave generated research interest in exploring the
ticrostrucueirica~Cl CorpstonpoesrtIrp relationships, of* these novel

materials.

Vat ous direct and indirect techniques of char'aereritatior have been used in
previous work ito probe the microstructure of natiocrvsmal line tn;'erials. Indirect
techniques include X-ray diffraction 1191, Positron Annihilation Spectroscopy (PAS)
121,. Mossbauer spectroscopy 1211. Small Angle Neutron Scattering f SANS) 1221 and
Extended X-ray Absorption Iine Structure IEXAFS) 1231. The results of' these indirect
,studies suggest that the nianocrystainec microstructure eonsists of small grains (if
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conventional crystalline material embedded in a large volume fraction of completely
disordered (lacking even short range order) material (fig. Il.

Fig. I Two dimensional atomic model of the structure of a nanocrystalline material. The
atoms in the centers of the crystal are indicated in black. The ones in the boundary core
regions are represented by open circles 141.

However, direct microstructiral studies by lattice imaging using the High
Resolution Electron Micros-.)pe (VIREM) are very few in number 124. 251 and
inconsistent. The FtRTEM studies of Wunderlich et al. 1241 on as-prepared nc-Pd.
produced by the inert gas condensation technique. suggest a highly non-equilibrium
nicrostructure with large internal stresses as manifested by a large dncsity of dislocations
((15/m2), twins, low angle grain boundaries and extended grain ioundaries. The low

density of nc-I'd was attributed to the residual porosity in the tnicrostriicture even after
processing and to the extended grain boundary structure. However upon annealing, the
low angle grain boundaries completely vanished and therefore tht dislocation density
decreased. This explains the one possible role of processing and post-process treatment in
influencing the microstructure and therefore the structure dependent properties in
nanograined materials. The IHRTEM results of Thomas et al. J251 on nc-Pd. also
prepared by the inert gas condensation technique, are contrary to the previou,,
observations 1241. Their study 1251 suggests that there is completely normal, relaxed
grain boundary structure ;n nc-Pd. The inicrostructure was also found to be free if
dislocations or any residual elastic strain.

Further evidence for the non-equilibrium nature of microstructure in materials
produced by the inert gas condensation technique is available from the work of Tschope
el al. 1261. Their calorimetric measurements on as-prepared nc-Pt suggest the presence of
unrelaxed grain boundaries and/or internal strains in the microstructure in agreement
with the IIRT M results of Wunderli:h et al. 1241. There is still a lack of understanding
as to how the different structural features such as non-equilibrium nature of grain
boundaries, residual strain, porosity, solute segregation, texture etc. influence the
properties. In most case,, the microstructural characterization is not performed on the
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same material which is used for property tests thus further complicating the task of
gaining fundamental understanding. As a result, ambiguities among the
mechanical/physical property data are prevalent and the structure-property-processing
relationship in nanograined materials is still far from complete. There is also a dearth of
data on microstructural characterization and property measurements in nanograined
materials produced by other techniques.

This paper reports HRTEM observations of microstructural features in nc Ni-
I wt, % P. produced by electrodeposition.

EXPERIMENTAL

The nc Ni-lwt.%P samples used in this study were made by electrodeposition.

The thin TEM foils of these samples were prepared using the twin jet electropolishing
technique at a temperature of -20 C. A solution of nitric acid and methanol mixed i 1:2
ratio was used as an electrolyte. The microscopy work was pertbrtned using a .3(9 LV.
Philips CMO High Resolution TEM.

RESUL'i S

Fig. 2(a) is a low magnification micrograph providing an overvie% of th.
mnicrostructural inhomogeneities present in nc Ni-I wt.%P alloy.

Fig. 2 (a) Microstructural inhomogeneities in nc Ni-lwt.%P showing contrast feature,.

marked as S, which may be voids or amorphous inclusions, and a pocket of amorphous
phase embedded in the tr4ple junction, marked as T. ib) An enlarged view of the inset in
fig. (').

The microstruciure has, a granularity with a length scale of the order of 5tnr. It
consists of crystalline regions showing lattice fringes, and other ,. -. ast modulations.
These contrast modulations such as that marked S are round in shape and could be open
porosity or more likely regions of amorphous phase. These contrast features occupy
between about 8 to 1017 of the microstructure of the nanocrystalline material. Also
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shown in the micrograph is a pocket of amorphous phase embedded in the triple junction
marked U. Fig. 2(b) shows an enlarged view of the region T marked in the fig. 2(a). It
has been found that small pockets of amorphous phase randomly dispersed in the
microstructure are commonplace in this material.

Fig. 3 (a-d) show the HRTEM images of a variety of grain boundary structures II
nc Ni- I wt. % P alloy.

Fig. 3(a-d) HRTEM micrographs of grain boundaries in nc Ni-1 wt.%P.

Micrograph 3(a) shows two grains (labelled as A and B respectively) separated b1.
a low angle grain boundary. A set of 111) planes is imaged, these are misoriented hy
about 9 degrees. The electron beam direction is close to <110> in both grains. It can be
seen that the (I 1) lattice fringes in both grains extend all the way upto the edges of the
grain with an abrupt change of orientation across the grain boundary. There is no direct
evidence for an extended grain boundary region. Fig. 3(b) from a thicker region of the
sample shows a 29/(221) symmetrical tilt grain boundary (shown by an arrow). The
parallel fringes observed in the adjacent grains are from the (11) p!ane% The
micrograph also shows several sets of moire fringes due to the overlap of grains along
the beam direction. Fig. 3(c) is an HRTEM micrograph showing several low angle grain
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boiundarics and the aNsOx.uiacd dislocations. Micrograph t(d) shows a latice di loclliin
and fringe bending arising from tich displaceientt field a s ciated with it,

The average grain suie of Ni-lwt.%P alloy as measured by the liticar intciccpt
method was about 1l nm. I lowever, a significant degree of inhoinogeneity in the grain
size was observed. Grain sizes ranged from Snm upto 20 nrn. The diffraction pattern of
Ni-lwt,%P gave sharp rings of the f.c.c. Ni. The absence of diffraction rings

corresponding to Ni3P reflections suggests that phosphorus is present either in the solid
solution form in the nickel or resides in segregated form along grain boundaries. The
equilibrium solid solubility of phosphorus in nickel at room temperature is less than 0.01
wt. %. A simple calculation indicates that segregation of a monolayer of phosphorus
along the grain boundary in 10 nm average grain size material would accommodatc
phosphorus level of only 0.3 atomic percent. It therefore appears that most of the
phosphorus exists in supersaturated solid solution.

DISCUSSION

The observations described above show that a wide variety of features are various
kinds of microstructural inhomogeneities in the Ni-lwt.%P alloy. The existence of
porosity and/or amorphous phase along grain boundaries and triple junctions are likely to
affect significantly the grain boundary dependent material properties such as yield
strength, fracture toughness, creep and grain boundary sliding.

HRTEM observations show an abundance of low angle grain boundaries in the
microstructure of nc Ni-Iwt.%P. These have the dislocation structure expected from the
Read-Shockley model. This is also consistent with the HRTEM observations of

Wunderlich et al. 124]. The 'Y9/221) symmetrical tilt grain boundary appears structurally
very similar to coincidence related boundaries in conventional polycrystals 127). There is
no evidence for an extended region of decreased coordination in the grain boundary
region as was obser.'-d in a previous study 1241. The observation of a lattice dislocation

within a grain is pottially significant since it has sometimes been argued that in
nanocrystalline material th,. irains are too small for lattice dislocations to be present. The
investtgation of the mobility o' the observed dislocation remains an important issue. Also
shown in fig. 3(d) is a small fact of ( 111) coherent twin boundary. There is a perfect
matching of atoms along the twin plane as expected. Multiple twins were also
occasionally observed Such multiple twins are common in isolated icosahedral islands
but unusual in continuous solid films. Thus, apart from microstructural inhomogeneities
such as porosity and the presence of an amorphous phase. the grain boundary structure in

nc Ni-lwt.'7P is perfectly tornial.

CONCIUSI)N

The I1RTIFM bservatins show'd cotrast f attures suCgget ing the e SICtIte Of
innorphltl Itltlim in, aind/r po rity itt the nlcrostnrctire. Pockcts of an oinilll puha

alon,_ _rain bountdarics and triple juctnions in the micnrorttnurc of N i-.I ,'; I allon
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were also observed. The presence of low angle grain boundaries and latti-.e dislocations
indicate a normal mode of relaxation. The HIRTEM study of grain boundaries in nic Ni-
lwt,%P suggests that gralsi boundaries in nanophase and conventional material are not
distinct apart from the presence of amorphous films at some triple junction', and coating
sotme boundaries.
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ATOMISTIC SIMULATION OF VAPOR-PHASE
NANOPARTICLE FORMATION.

Michael R. Zachariah and Michael J. Carrier, National Institute of
Standards and Technology, Gaithersburg, Md; and Estela Blaisten-
Barojas, George Mason University, Fairfax, Va

Abstrat
In order to understand from a fundamental view how nanoparticles form and grow,

classical molecular dynamics simulations of cluster growth and energy accommodation
processes have been conducted for clusters of silicon ( < 1000 atoms), over a wide
temperature range. Simulations involved solution of the classical equations of motion
constrained with the three body Stillinger-Weber potential. The results show the large
heat release and resulting cluster heating during a cluster-cluster collision event, and the
corresponding time evolution of the internal energy to a more stable state. Dynamic
effects associated with the temperature of the cluster and the impact parameter are also
clearly evident. In particular, clusters show a large sensitivity to temperature in the rate
of coalescence, particularly at low temperature. Calculated diffusion coefficients are
significantly larger than surface diffusion constants stated in the literature. Phonon
density of states spectra do not seem to show size effects.

Introduction
Nano-scale materials have the potential for accessing material properties that can be

varied through control of particle size. One of the limitations in rapid use of such
materials is an understanding of the size dependent properties such materials have . The
other limitation is the relative difficulty in the characterization of very mall clusters and
the ability to control their growth. Vapor phase growth of small clusters is perhaps the
most robust method of producing bulk quantities of such materials [1-4]. However.
many questions and challenges remain, including control of growth, and a knowledge
of chemical reactivity and transport properties.

Computation Method
The approach used in this work is to apply an atomistic simulation using classical

molecular dynamics (MD) methods [5-7]. Computations were conducted using the
three body formulation of the silicon potential proposed by Stillinger and Weber (SW)
[8]. The three body formulation provides the mechanism by which the directional
nature of the bonding can be realistically simulated. While many potentials are available
to simulate silicon, the SW potential was chosen because it accurately predicts bulk
melting characteristics. Because most cluster formation processes occur at high
temperatures, liquid like characteristics should play an important role in any description
of cluster growth. Classical MD was conducted by solving the Newtonian equations of
motion with a time step of 5.7 x 10-4 ps. All simulations were started by first
equilibrating the appropriate size cluster to a specified temperature prior to cluster
collision. Each cluster was then given a bulk cluster velocity so that the collision
kinetic energy along the line of centers of the clusters corresponds to twice the thermal
energy. Both head-on and large impact parameter collisions were included.

Bulk vs Surface Proberties
The size dependent properties of clusters can be thought to arise as a result of the

rapid change in the surface to volume ratio. The cluster energy can be fit to an
expression that involves a bulk and a surface contribution to the total energy, ET.
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ET = i (Potential + Kinetic Energy) i=l-N (1)

Bulk Surf
E.= -Eb N + Es N2/3 (2)

Fig 1. shows the result of fitting the total energy to a bulk and surface energy
contribution as expressed in equation 2. The results clearly show that the calculated
results can be fit quite nicely to such an expression. The bulk energy term becomes
more negative as the cluster size is increased (becoming more stable) while the surface
term shows a shallow positive term. The ratio of bulk to surface energy for the two
temperatures indicates the relative importance as a function of both temperature and
cluster size. The results show that increasing temperature causes a decrease in the
E(Bulk)/E(Surf) as average bond length increases and results in an increase in the bulk
energy (potential energy ). Increasing cluster size decreases the surface to volume ratio
and results in a decrease in the relative importance of the surface energy. Under all
conditions calculated here E, - 0, which implies the cluster was always stable.
Extrapolating the 2000 K results to ET = 0 occurs at N < 1; i.e all cluster sizes below at
least 2000 K are unconditionally stable.

0- -________

- E(BulkMlESurr) GOOK 10
E

-:X.50000- -- -

tME(Bulk)/E(Surt) 2000K 8 ~

W -100000.

I--6

-1500(0 -E-- Bulk Energy at 2000K -.

w*-Bulk Energy at GOOK
A Surface Energy at 2000K 4S-*--surface energy at rOK V" 1

100 203040So
Cluster Size (N)

Fig. I Contribution of bulk and surface energy terms to the total cluster energy at
600 K and 2000 K

The approach to bulk behavior is one of the most interesting aspects to the
understanding of nanostructured materials. These would include mechanical, optical,
and chemical properties. One aspect of this approach to bulk behavior is the average
binding energy of atoms as a function of particle size. Fig 2. shows the approach to
bulk behavior as the derivative of the potential energy per atom with respect to cluster
size. This effective gives a measure of the incremental increase in binding energy upon
addition of an atom to the cluster. As seen in Fig. 2 the atomic binding energy in the
cluster rapidly reaches an asymptotic behavior by 1000 atoms. This is one measure of
the approach to bulk behavior.
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Fig 2. Approach to bulk binding energy

Fig 3. shows the phonon density of statcs as a function of cluster size at a
temperature of 2000 K. The spectra show the two dcminant modes found in bulk
silicon (acoustic - 150cm-1; optical- 400 cm-1). However, we do not observe any size
dependent structure and in fact the spectra basically track what is observed for bulk
silicon. In contrast, some of our prior calculations on temperature dependance have
shown a softening of the modes to lower fieuci-xies as temperature increases [7].
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Cluster Growth
Cluster aggregation processes have been investigated by colliding equilibrated

clusters at various temperatures and sizes ( 15 < N < 480; 600 < T < 2000 K). Cluster
collisions were conducted under thermal energy collision conditions, i.e. clusters were
given relative collision energies commensurate with the temperature of the cluster. The
result of a cluster-cluster collision is the formation of new bonds for surface atoms. The
decrease in the number of surface dangling bonds lowers the potential energy and
through conservation of energy, results in heating of the cluster (increase in thermal
energy of the atoms). The extent of cluster heating is shown for different cluster sizes
as a function of initial cluster temperature in Fig 4. The general trends observed are that
smaller clusters have greater heat release resulting from a higher fraction of unsatisfied
dangling bonds. Clusters with higher initial temperature have greater heat release. This
is probably due to the higher energy state of the surface atoms in a hotter cluster.
Grazing collisions result in smaller heat release as sonic of the eii ,y goes into the
angular momentum of the resulting cluster. In all cases, the collisions were reactive; i.e
sticking coefficient = 1. This is in contrast to small cluster nucleation which can show
nucleation kinetics that are well below gas kinetic collision rates [9].

2'400
-a-60 atom cluster
0-- 120 atom cluster

-4- 240 atom cluster
-N- 40 atom cluster

,300 -- 060 atom clutter

9200-
E

0o

600 S00 1000 1200 1400 1600 1800 2000
Initial Cluster Temperature (K)

Fig. 4 Cluster temperature rise during cluster gi owth; head on encounter

One of the most important issues facing vapar phase growth of nano-particles is the
problem of aggregate formation. The most desirable morphologies are spherical or soft
agglomerates. Since coalescence (sintering) processes are ongoing during nucleation
and growth, control requires an understanding of the time scales and basic physics
behind sintering of nanoparticles. Our dynamic simulations can track the evolution of
particle morphology during a cluster-cluster encounter. The results can be expressed in
many forms. For the purposes here were show in Fig. 5 the time required for two cluster
to coalesce, as a function of particle size and initial temperature. The results clearly
indicate that cluster coalescence is very temperature sensitive. Coalescence times at the
lower temperatures are very size sensitive, with the larger clusters showing the slowest
coalescence rates. At higher temperatures (above 1200 K) cluster coalescence times are
independent of size. In general, melted or near melted clusters coalesce spontaneously.
While not shown here, calculations show that the melting temperature is well below the
bulk value.
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Fig. 5 Cluster coalescence times as various cluster sizes and initial temperature.

Cluster morphology changes resulting from sintering processes can be thought of as
occurring through movement of atoms via atomic diffusion. Molecular dynamics
computations lend themselves naturally to the calculation of diffusion constants.
Figure 6 shows calculations of the mean square displacement (MSD) of atoms in a 480
atom cluster (at 600, 1200 and 2000 K) as a function of time. The diffusion coefficient
can then be calculated from the initial slope of the MSD curves by the usual Einstein
Iciatiolt eq. 4).

MSD = < Ir, ( t) - ri (0 ) 12 >  (3)

D = 116 [initial ;lope of MSDI (4)

x10-
1 4

1.5
2000K Cluster

J _ 600K Cluster0.0 0 2.03E-7 cm2isec

. . . 1 . . 2 . . .3 4. . . 5 . . . x10-11
Time (sec)

Fig. 6 Mean square displacement of atoms as a function of time; D=slope/6
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Because clusters of this size are essentially composed of surface rather than volume
type atoms, comparison with experiment is most appropriate with surface self-diffusion
data. Unfortunately such data is scarce and of questionable accuracy. T, 1, ;t direct
measurement has been made by Makowiecki and Holt [10] who rep.e.9 : silicon
surface diffusion constant of 4xi0- 8 cm 2/s at 1000 K. A crave fit of our data showed a
diffusion constant at 1000 K of 5 x 10-6 cM 2/s which is significantly larger than the
experimental results. At this time there is no obvious way to access this discrepancy.
Certainly, it is well known that the Stillinger-Weber potential under predicts the binding
energy in bulk silicon. This would tend to decrease the computed surface diffusion
coefficient constant.

Conclusion
Atomistic simulations utilizing classical MD methods have been used to characterize

the characteristics of equilibrium and kinetic properties of large silicon clusters
undergoing growth via cluster-cluster collisions. The results show that the binding
energy of clusters increases with cluster size and decreases with cluster temperature.
Phonon density of states for liquid silicon clusters were found to be insensitive to size
and similar to the bulk. Cluster kinetics indicate that significant heat release occurs as a
result of new bond formation. Cluster morphology effects similar to those observed in
nanophase particle processing are also evident. In particular, cluster coalescence is very
sensitive to temperature below 1000 K. Mean square displacement calculations have
been used to deduce diffusion constants, a comparison of which with experimental
results for surface diffusion shows considerable discrepancy. Future work will be aimed
at correlating these observations to scaling laws that can be appl;-d to
phenomenological models of particle growth.
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STRUCTURE AND PROPERTIES OF STRAINED
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ABSTRACT

\ ve present a computer simulation tudy of thin crystalline multilavers constructed froim
t,wo FCC solids with differing lattice ccnstants and binding energies. Both materials are
described by Lennard-Jones interatomic potentials and initially have the same orientation and
coherent interfaces. We have studied systems in which interfaces are perpendicular to the
common [ 1001 and lII I I I directions. respectively. A novel technique for analyzing local diomic
ordering. Common Neighbor Analysis, is used to identify structural characteristic-, in these
ss szems. We have found several structural changes in the layers of smaller atoms, including an
FCC to HCP transition In a system with (11) texture, a coherent interface to incoherent
interface transformation is observed. Calculations of elastic constants of these multilayer
structures show that elastic anomalies are associated with the structural variations.

INTRODUCTION

Recent ine,,tigations of possible enhancement of mechanical, electrical and magnetic
properties ot composition-modulated superlattices, including the so-called "super-modulus
effect" 1l-61, have ciieratcd a great deal of interest in metallic multilayers. Due to the small size
and complicated geometry, experimental study of the structural properties of these materials is
difficult. The nanoscale dimensions of these systems, however, provide an excellent opportunity
for applying computer simulation methods such as molecular dynamics which, due to the large
amount ot computation involved, have to he uscd on systems that are either naturally or
artilicialny reduced to a manageable size.

Structural phase transitions in single crystals due to external stress have been studied
extensively [7- 10. When two different crystalline materials with different lattice constants are
brought tooether to form an interface, a certain amount of strain exists to accommodate the
different sizes of these two atomic structures. This strain .an affect, or even alter, the structure
and properties of the layered materials. This is, to some degree. similar to the structural phase
transitions in single crystals subject to external stresses. The characteristics of layered materials,
however, are intimately related to the planar geometry and nanoscale dimensions of the
interfaces. Experimentally, Pizzini et al. [ 11 have found that, for a Co/Cu ( I I I) textured
multilayer system. as the modulation wavelength is increased past about 70 A the initially ordered
FCC structure of the smaller Co atoms begins to develop stacking faults and associated local
HCP structures. For a Co-Cr superlattice, Vavra et al. [121 found an abrupt structural transition
from a close-packed structure to BCC in the Cr layers. When Co is layered with Pt. at a thickness
of greater than 4 A. it transforms to an HCP structure and lattice coherence between layers is lost
with a great number of defects in the layers. The lattice mismatch in this case is about 11% [131.
A considerable amount of work has been done to elucidate the relationship between structural
properties and elastic anomalies in metallic superlattices 114,151.

Computer studies involving an embedded-atom empirical potential (EAM) for a Au/Ni

alternating layer system with a lattice mismatch of 13% have shown that the Ni layer undergoes a
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structural t ranstormation from its normal FCC structure to an HCP structure 1161, A Cui/Ni
lacred ,, with a 2.7% lattice mismatch, however, shows no such structural anonai., In
,rdCr h, elucidate the effects of lattice mismatch on the structure and elAstic properties of
riultilasers in a ssstemnatc manner, we have earned out molecular dynamics sitmulations of| model
inultilaer sy,,stems using a generic Lennard-Jones-type pair potential and monitored our systems
throtgh a range of lattice mismatches from 0(: to 2(1.%. For the systems 'Aith ( 0()) texture. sse
arc able to identify several significant stru:tural changes involving creation of slacking faults at
/cro tetmiperature in the layers of smaller atoms for mismatches ranging fitn ' to 1114 Around
14' miismatch. a transition to tlCP associated with a dramatic relict of strain is observed in the
material of smaller lattic.' parameter, In a system with ( I I I texture, on the other hand, sse havc
ohser\ed a transition from coherent interfaces to incoherent ones with significant disordering in
the lavers of intaller atoms. The calculated elastic constants of these svsicnis also dtrectls reflict
these strictural variations.

1 HE SYSTEMS

The multilayer Sstem in our simulation of the (!I ) texture consists of 1152 atom s
arranged in an FCC configuration consisting of 36 iayers with 32 atoms per laver. Alternating
materials 24 and 12 atomic layers thick, hereafter referred to as materials A and B respectively.
ire assembled with no relative crystallographic misorientation. The interfaces are perpendicular to

the .onlnon I(Xl directions. Periodic boundary conditions are used in all three dimensions. For
the Studs of I I I ) textured itultilavers. two systems are used. Fhc first is a system of 36 atomic
planes wth 40 atom, per laser. Again, the altemating materials N\ ec of 24 and 12 atomic layer,
thick. The second had 27 atomic planes, each having 50 atoms. The thickness ratio of the
alternating la.sers is also 2:1. Both systems are assembled with the interfaces perpendicular to the
common I I 1 dicction,.

For the Lennard-Jones potential we have used. the cutoff radius, re, is chosen to he 2.30.
The %alue of the energy parameter EAA) is chosen to be twice that of E(BB) to ensure that
material A. the material with the larger lattice constant, remains .;olid at the elevated temperatures
in our study 1171. although only results for zero temperature are reported here. The lattice
mismatch between the two materials is created by increasing the length parameter o(AA) up to
20; with a I% increment while holding crtBB) constant at a reduced value of 1.0. This approach
allows us to study systematically the effect of lattice mismatch on the two materials. The length
parameter of the unlike interaction, a(AB), is chosen as the average of cF(AA) and O(BBI

RESULTS AND DISCUSSION

Structural Variations and Elastic Propeties of( 100' Textured Multilayers

For the system with the interfaces perpendicular to the 11001 orientation, with a lattice
mismatch between layers less than 8%. the structure remains characteristically unchanged despite
an increase in the strain energy of the system. However, when the mismatch is greater than 8%,
there is a significant variation in both total energy and volume of the system, indicating a
structural change in the layers. Using the Common Neighbor (CN) analysis 1181, we are able to
identify the structural change corresponding to generation of stacking faults in the layers of B
atoms.

The creation ot stacking faults is well demonstrated in Figure I for the system with a 9%
mismatch. Because layer A maintains its original FCC structure, for a better illustration only the
structure of layer B is shown, viewed in the original 1011 direction. Atoms with different local
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IIi I i,i .I% Indicated fly fihe (N analysis are represe m ed in di t-Iercut sh ade s soli 511id 11I iL
OLIC rrelhud it, fihe stretched honds identified by a subpcak in the radial distribution tuiction
I I) Al ile sv Th is is a structure with periodic stacking faults, whose stacking sequence

may he deeribeil as - -ABCA A( ABCA BCAB---. where A represents a fauilt. We have verified
lI i e h 'in atio n 4I ti i% eti-cre is not si ,e depenident.

li'reI-liltistrattori ofl the B3 laver fin the svstemi at 9% mismatch. viewved in thle I10 1
diteci in. lack sphe'res represent atomns ident ified by thie ('N analvsis as, in an lI~p
cnm mirnilntand g~ray ones aire those in an FC('environment.

As thle ininatch is Itirther Increased, more stacking fiaults are created tintii thle slackingi
'-Cquitiece ik -.A3AAI1AA I.A A 11A.-, which is an I ICP stacking. though much (distorted, with its
basal planec along thle original fI II direction.'Then around 14(,% mismatch, [the layer u'-J.ergoes at
dramiat ic rranlslirmation. Figure 2 shows the atomic configuration ol' the system at 14%,( mismatch
viewed Ii the 1o00 direction of thie untransformed FCC laver A. The structure of* the layer B3 has
cleairly changed its orientation such that thie basal p~lane ((W) is now parallel to the FCC (010)
pl;'e. and thie 12 EIO) plane to thle ( I(X)) planle of thle A layer. Accompanying this orientiolliW
change i% also a %igniticant dr]op in volumne and energy of the systemn.

A simnilar stuctural phase iransfarmation Ii thle layers of' smaller atomns has also been
I if-served in a previous computer simutlation of a Au/Ni nmultilayer system (with 13 7t mismlatch)
using file many-body FAM potential f161. In that study, thle Ni layer was Gtiund to have changed
to an I I11 structure when its thickness was inecased beyond fiur monolayers. while the Au
Liver maintained it% FCC structure. Correspondingly. thle elastic Constants, suIch ats CI I and
Youngfi % rinluluu, were also l*01inul to increase dramatically while C.14 weakened once thie
sir ildto a change til thue Ni layer too k place.

III tisl study, we have also Calculated CI 1 ol'the systemn using at linite strain method. IThe
rests are plotted in Figure 3 ais a1 fl'ntion of mismatch. Initially, as the miismiatch increase. CII
dcreases,. T'hen correspionding to thle generation of' %tacking faults al ft misumatehles greater than

W; CI I increase s andI liuti ra~tec lute It) life st nicti ira I variations in t his reg imte. B~eyondu thle14'



Figiz rc 2 - Illustration of the system at 14% mismatch. The B atoms in the center layer which
are identified as HCP atoms are in black, the A atoms are white. Viewed in I(0)0] direction of
the FCC structure.

26 -- T-r-r-v Fr-
imismatch where the layer B hastransformed to an HCP structure, the 25

elastic constant has a steady' increase.
indicating a strengthening of CI I. 24

similar Lennard-Jones system by Phillpot Uo 2
and Wolf (21 in a study of the "super- /
modulus effect" of metallic multilayers. 2t 7
They also fo~und similar behavior of the
elastic constant as lattice mismatch 20V
changes, 9hich had a turnabout around
12.5%. Although no structural correlation 19
was shown and discussed in that study.
this phenomenon is consistent with what 18 - . . -. _we have ohserved i our simulations. 0 2 4 6 8 10 2 14 16 18 2'0

Further evidence for the relationship % MISMATCH
between structural variations and elastic
ancinalies has been found in experimental Figure 3 - CII1 vs % mismatch for (100)
studtes c14,151. textured multilayers

Structural Variations and Elastic Propeies of (111) Textured Multil5yers

For a (I) textured multilayer system with an initial 5x8 planar atomic arrangement and
th W B layer 12 monolayers thick, there isa structural transformation that occurs in the layers of
smalier atoms for mismatches larger than e1%. Figure 4 shows the structure of a system at 15%
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Figure 4 -llhustration of system with interface perpendicular to thle [li i I direction a; 15%
muisnmatch. Figure shows incoherent interface along with stacking faults and local disorder
within the B3 material. Black spheres represent local FtCP structure, white FCC. and gray
disordered interfacial struicture. f . . .

mismatch. The initially coherent interface 34

nlow b-ecomes incoherent with considerable/
attomic disorder in the region. Within the
hulk of the B layer, there are s;tacking 32faults generated, similar to those discussed /9':

above. We note that associated with this 30-
characteristic structural change beginning
alt around I!% mismatch is a dramatic
drop in the energy of the system. 28

Figure 5 shows the effect that the 26 ',

coherent to incoherent interface transiti,-n
has on ihe mechanical properties of the 2
systetm. H ere, CI I, shown as a function of 2

mlismnatch, has a qualitative change of
behnavio r when the transformation occurs at 22 , __t_
I1% mismatch. This indicates that the 0 2 4 6 8 0 12 14 16 18 20
incoherency and disorder in the interface % MISMATCH
region contribute to the elastic *. I %ikiitl I)
strengthening of the multilayer. consistent Figure 5 -. .v isa for (I i1
with eairlier studies 14,151I. textured multilayers

I lowcver, this strutncural change is not unique. It is depcndciit on the atomic arrangement
atid system site. In our sitmulation of1 a different system withn 15% tiistmatch where the B3 layer is
'1 ai ~inic planes thick arid the initial plhnar arrangement as 5x 10, an ItCP stnicturc is formed fo~r
mihe It laye'r. siiiilanr to what we Inave observed ahoe fo'r (1(X)) lcxturcd multilayers at mismtches
lanrger than I,!%. The basal plane is rmow parallel to the I:CC (211).
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SUMMARY

In this work we have carried out a study of the structure and elastic properties of nanoscale
multilayered systems. We used a Lennard-Jones system with differing sets of parameters, for the
two materials to demonstrate systematically the generic effects of lattice mismatches on the layer
structure and corresponding elastic responses.

For the (100) textured multilayer systems, we have seen stacking faults developing in the
lavers of smaller atoms, which eventually transformed into an HCP structure at even larger
mismatches. For the (I 1) textured multilayer systems, we have found in one system a transition
around 11% mismatch from a coherent interface to an incoherent interface, together with the
creation of stacking faults and disorder, while in another system of diffent sizes, a transition from
FCC to HCP in the layers of smaller atoms, which is associated with considerable shearing of the
whole system.

Accompanying these structural changes, there is generally a strengthening in the elastic
constant. C II, of these materials. Calculations of more elastic constants using a lattice dynamic,
method are currently underway in order to obtain more comprehensive knowledge of these elastic
responses. Further studies will continue to provide insight into the relationship bctsseen structural
variations and elastic anomalies in metallic multilayers.
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APPLICATION OF FRACTALS AND KINETIC EQUATION IN MODELLING
CLUSTER AND ULTRAFINE PARTICLE SIZE DISTRIBUTIONS

J. CItAIKEN AND JERRY GOODISMAN
Department of Chemistry and the Solid State Science and Technology Program, Syracuse
University, Syracuse, New York 13244-4100

ABSTRACT

We briefly describe a model which seems to be applicable to a variety of coalescence growth
systems. Spanning cluster growth, particle growth and hillock formation in thin metal films, this
model is based on the Smoluchowski kinetic equations and fractals. We describe how this model
has been able to suggest the effect of translational to internal energy conversion in coalescing
systems in determining the shape of particle size distributions. We also suggest how this model
can be employed to account for the behavior of hillocks in supersaturated alloy films under
thermal annealing conditions.

INTRODUCTION

One of the more enticing materials science oriented applications of laser chemistry is the
synthesis of cluster and ultrafine particles using organometallic [1] precursors. Clusters and
ultrafine particles are predicted [2,31 to have a variety of unique electrical and optical properties
which allow revealing investigations of the scaling of fundamental properties and could also
allow important applications. Models [4,51 exist which connect the distribution of cluster sizes
present in a bulk sample, and the microscopic properties of the clusters, to the electrical,
mechanical and optical properties of the bulk material. A model [61 is needed to connect a
particular distribution produced to the particular set of reaction conditions used to synthesize
those clusters. Although numerical treatments [7,8] have been in existence tor some years we
desire an analytic model which may be of intuitive value in addition to empirical value. The
problem is complex because of the importance of multiple kinetic pathways in the synthesis of
any cluster containing more than a few monomers. We report progress in exploring the utility of
a model based on the Smoluchowski equations. As an illustration of its potential generality, we
also mention recent progress in exploring the applicability of the same model to hillock formation
and growth in thin metal films.

The model is presented in detail elsewhere [91 so only the general concepts will be described
here. The basic idea is contained in the Smoluchowski equations (1) which were introduced [101
;n the context of colloidal aggregation and solved in the limit of clusterlparticle growth in

dnk 1dt 2 j=l jkjninkj - nk 7 K1,kn(
jt 2l=1(1)

chemical solutions in 1916. Only binary collisions are considered and reaction rates are calculated
as collision frequencies using number densities and cross sections, or in the particular language
of fractal coalescence studies, number densities and "kernels". These kernels have the form of
second order rate constants which connect the number densities of the different cluster sizes to
the rate of coalescence of the clusters per unit time. A given cluster size is only formed by the
coalescence of smaller clusters and is destroyed only by its coalescence with other clusters to
form still larger ones. This is a mean-field type treatment in that no spatial correlation is
presumed to exist between different cluster sizes.

The information mediating the various interactions involved in aggregation chemistry is contained
in these kernels. There are essentially three analytical approaches which have been applied to
cluster and particle formation. Each leads to a theory which relies on basic input parameters taken
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from one limit in the problem. Using a thermodynamic approach(e.g. the Kelvin equation) [ I]
and employing homogeneous nucleation theory [121, in which aggregation occurs by addition of
monomers, one bases the parameters of the model on the energetics of bulk materials.
Alternatively, one can begin in the opposite limit and attempt to approach understanding the
kernels based on the properties of the individual monomers [8,13,14] which are calculated and
extrapolated using quantum chemical calculations. The third approach, our approach. is to focus
on the scaling of the properties of the clusters and particles and the reacting system from the
microscopic regime to the bulk regime.

To illustrate the physical content of scaling, we refer to the following example. In some
agglomerating systems, the so-called "ballistic" regime, the clusters' mean free path is long
compared to their own size. As the number of monomers in a cluster is increased, the cluster's
size increases. In our model of this case, the probability per unit time that a particular cluster will
interact with, and agglomerate with, another cluster increases with size because the amount of
space explored per unit time increases with increasing size. However, for a constant temperature
system, the more monomers in a cluster, the greater its mass and the slower it moves, thereby
exploring less space per unit time in the reaction medium for coalescence partners. Do the rate
constants, i.e. kernels, increase with increasing sizes or d .fcase due to the competing
tendencies?

Which tendency prevails in a particular agglomerating system depends on the shape, i.e.
represented in terms of the fractal dimension, of the growing particles. A particle can grow in
various ways such that its average crossectional area increases in correspondingly different
ways. Which tendency prevails also depends on how quickly the clusters slow down with
increasing size. Exothermicity or endothermicity of agglomeration, evaporation effects, as well
as the efficiency of conversion of center of mass translational energy and angular momentum into
internal energy and angular momentum can affect the distribution of velocities and thereby, mass
transfer rates. Thus, the scaling of the kernels with increasing cluster size, i.e. number of
monomers in the cluster, is the issue in our model. The actual values of the kernels [151 are
important for connecting a particular simulation or analytic rceault based on (1) to a particular set
of reaction conditions.

Rigorous calculations in the ballistic or diffusion-limited mass transfer regime suggest that the
scaling of kernels should be represented as (2).

Kxixj = X2(oKii (2)

There is an implicit assumption in the literature that the scaling varies smoothly as reaction
conditions are changed from the ballistic to the diffusive regimes. Using (3), which is equivalent
to (2), absolute values for all kernels can be calculated within a single constant multiplicative
factor from the number of monomers in each of the interacting clusters and the scaling parameter,
(o. We have already described (151 how to obtain this constant factor from appropriate
experimental measurements.

Ki~ Kl~~J t  (3)

We have showed how to determine wo from experimental data.

When (2) is obeyed, the kernels are said to be homogeneous. For homogeneous kernels, Jullien

1161 found an asymptotic solution for the Smoluchowski equations, (4). Here, a=-2(o and b
depends on t.

nk - A ka e -bk (4)
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Jullien's solution (4) and the well-known lognormal distribution function are very similar.
Using a Taylor's series expansion of (4) about the most probable cluster size, it is possible to
show 191 that (4) and the lognormal distribution are nearly identical. The lognormal distribution
has long been associated with coalescence growth [61 but the only mathematical justification has
involved random numbers and the Central Limit Theorem.

There have been many empirical uses of the lognormal distribution over the last century and a
half 1171 including particle size distributions relating to objects created by breaking down larger
objects. For this, the Rosin-Rammler probability density distribution function [ 181 has also been
used extensively. Both of these distributions can be seen to resemble Jullien's rigorous solution
to the Smoluchowski equations. In the case of breaking down phenomena producing particle
size, i.e. fragment size, distributions, we suggest that coalescence growth is again the ultimate
cause. In this case we suggest that a substantial portion of the net breakdown process occurs at
grain boundaries. These boundaries are mostly determined by the process mediating the growth
of the grains.

Determination of the to corresponding to a particular set of cluster or particle size data can be
accomplished in a variety of ways. For experiments involving mass spectrometric determination
of cluster size distributions or others for which a set of non-zero populations exist, equation (5)
is advantageous. A plot of ln(nk) can be fit to a bilinear form in k and Ink, and thereby yield a
and b directly . Data from other sources is often represented using "bins" to produce histograms.

In(nk) = In A +In k -bk (5)

(k) = a+1 =2w-
km b 2o) (6)

When some of the bins contain zero observations of a given cluster size or size range, fitting the
cumulative distribution is advantageous. This can be fit to also give a and b directly which is
tantamount to knowledge of (o. Earlier [9] we employed the lognormal distribution to estimate the
average cluster size, <k>, and the most probable cluster size, km, for a particular set of data.
Given these values and (6) we calculated (o.

We have calculated and compared values of to from a set of nozzle -- am ex ,nsion-produced

cluster size distributions. We have since recalculated to values from J, a which are
somewhat different from those earlier published values 191. Since the value of to depends on
reaction conditions in addition to the nature of the monomer, comparability across various
experiments is not immediately assured. It was observed, however, that its value is usually more
negative than anticipated by the theory. Simulations show that significant loss of all coalescing
species from the reacting system, e.g. by diffusion out of the reacting volume, leads to size
distributions having more negative values of to. Alternatively, this general observation may
saggest that all clusters slow down faster with increasing cluster size than predicted based on the
kinematics of the conversion of center of mass translational energy to internal energy. Based on
this idea it was possible to rationalize the values of to obtained based on the position of the
monomer in the periodic table.

Simulations [9,221 based on integrating (1) suggest that the value of wo obtained from a particular
size distribution is nut affected if only a subset of kernels is arbitrarily changed from the
homogeneous values. The existence of a "magic number" cluster would seem to affect only a
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subset of the total set of kernels whereas evaporation or diffusion could directly affect the
populations of all cluster sizes. When all sizes are affected, the perturbation is "global" and a
different to is manifest. Based on the ability of a homogeneous set of kernels to represent actual
data and the existence of multiple kinetic pathways for producing any cluster with more than a
few monomers, all clusters which are not magic number clusters probably exist in a range of
different structures that for the purposes of kinetics are indistinguishable. Magic number clusters
are the only ones with unique structures and in all likelihood have coalescence kernels which are
smaller than that predicted by homogeneity.

Depending on deposition conditions, e.g. substrate temperature and deposition rate, metal films
can be deposited which possess structures known as "hillocks" because of their appearance in
election micrographs [19). Backscattered and secondary electron studies at variable angles of
incidence can be used to study these objects and determine their morphology and locations in the
films. It is thought that material at grain boundaries moves under the influence of compressive
strain and participates in some type of coalescence growth. This leads to a temporal variation in
the distribution of hillock sizes. We have attempted to apply our coalescence model to the
formation and growth of hillocks using the published data of Vook 1201 and coworkers.
Although this particular study involved hillock chemistry stimulated by thermal annealing, we
hope to extend this approach to electromigration [21] induced hillock chemistry.

Although this study will be described in detail in a separate publication [22], certain conclusions
are forthcoming. One test of the model is to show that Jullien's solution is better than other
functional forms in representing the data for pure metal. In fact, no other form is better at
representing it although very similar forms, e.g. the lognormal distribution, represent the data
equally well. The data for one alloy film is slightly better represented using the lognormal
distribution although it should be noted that our model is applicable only to pure clusters,
particles or hillocks. Another aspect of the model involves the time evolution of the b parameter.
While it is expected that b should vary in time so as to be proportional to t/(2at), a is expected
to be time independent. Application to Vook's data gives a value of o that does vary in time.
Notwithstanding this discrepancy, if one uses the average value of to obtained over the time
series, it is true that the b parameter varies more or less as expected.

We are errouraged by these observations in so far as the experiment was not designed to isolate
the types of comparisons we have attempted. The particular alloy being used for the time
evolution experiment was supersaturated in one component with respect to other so that a
precipitate was being formed which could affect the value of to. The experiment was not able to
clearly observe the smallest objects contributing to hillock growth and Vook pointed out that
these smallest entities were important. Observations on the largest spatial scales are also limited.
Given these potential sources of experimental artifacts and competing physical processes not
contained in the Smoluchowski treatment, it seems remarkable that the model discovers any order
in the data at all. This study suggests that a study can be designed which could unequivocally
discern whether the model is uniquely suited to modelling hillock formation and growth. As a
practical matter, the model already suggests that the interpretation of the effect of background
gases on the formation of hillocks during deposition needs to be reexamined.
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CHEMICAL VAPOR SYNTHESIS OF NANOSTRUCTURED CERAMICS
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ABSTRACT

A modification of the conventional inert gas condensation apparatus for making
nanostructured powders, wherein as evaporative source is replaced by a chemical source.
is described. The new chemical synthetic process, called chemical vapor
condensation(CVC), combines rapid thermal decomposition and expansion of a
precursor/carrier gas stream in a hot tubular reactor with rapid condensation of the
product particle species on a cold substrate under a reduced inert gas pressure of 1-50
mbar. The process has been used to synthesize loosely agglomerated nanoparticles (6 to
10 nm) of n-SiCxNy, starting from hexamethyldisilazane (HMDS) as precursor
compound. The phase, morphology, and composition of n-SiCxNy powders can be
modified by heat treatment. O3-SiC particles with grain size less than 10 nm form after
annealing at 13000 C in flowing Ar. In a 1:1 NH3/H 2 mixture n-SiCxNy powders transform
into or-Si3N4 whiskers, with 11001 growth direction.

INTRODUCTION

Nanostructured materials with average grain size or other structural domain size
less than 100 nm have shown different properties from. and often superior to, those of
conventional materials that have grain structures on a larger size scale.' A variety of
synthetic techniques have been developed in recent years to synthesize nanostructured
materials.2 Among those methods inert gas condensation (IGC) is the most applicable
method for the synthesis of loosely agglomerated metal or ceramic nanoparticles with
uniform size, size distribution, and low impurities. 34 In most gas condensation systems, an
evaporative source is used to generate ultrafine particles which are convectively
transported to and condensed on a cold substrate. The key to the formation of non-
agglomerated nanoparticles is the reduced chamber pressure and rapid quenching of the
gaseous species. Meanwhile the challenge of scaling-up the inert gas condensation process
is being addressed, using a forced convective flow system for continuous processing of
powders. and a multi-kilowatt electron beam for achieving high evaporation rates.
However, many useful ceramics and low vapor pressure metals cannot easily be produced
by such an evaporation method, so some other approach is needed. In the present study,
we have taken a conventional IGC system and adapted it for the purpose of synthesizing
nanostructured ceramic particles from metalorganic precursors.' In this new process,
called chemical vapor condensation (CVC), a heated tubular reactor decomposes the
precursor to form a stream of clusters or nanoparticles entrained in a carrier gas.
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Hexamethyldisilazane (HMDS) is used as the precursor compound to synthesize silicon-
base nanostructured ceramics because it is chemically stable and nontoxic. By selecting
different carrier gases, the pyrolysized product can be SiC, Si3N4 or SiC/Si 3N4
composite. 6

A wide range of metalorganic precursors is available commercially, all of which
can, in principle, be utilized in this new process. Thus, it appears that, by appropriate
choice of precursor compound and carrier gas, the CVC method can be used to synthesize
nanostructured powders of oxides, carbides, nitrides, borides, and their composites.

EXPERIMENTAL METHOD
Powder synthesis

A schematic of the CVC apparatus is shown in Figurel. It consists essentially of
two separate components: a reaction chamber that is maintained at a pressure ef 1-20
mbar by high speed pumping, and a precursor delivery system operating at ambient
pressure. The two components are connected via a needle valve, which continuously
monitors and controls the flow rate of the precursor/carrier gas stream from the gas
delivery system into the reaction chamber. A Mo-wound furnace tube of high purity A1203
provides a heat source for controlled decomposition of the precursor. During the short
residence time of the precursor in the heated tube, the HMDS precursor decomposes to
form small clusters or nanoparticles. At the outlet of the furnace, rapid expansion of the
particles formed in the gas stream serves to mitigate particle growth and agglomeration.
Finally, the particles condense out on a liquid nitrogen cooled rotating substrate from
which the particles can be scraped off and collected.

(I-A*., r)

-a-

Figure 1. Schematic of the chemical vapor condensation (CVC) processing apparatus

The characteristics of the powder product will depend on the carrier gas, the
precursor concentration in the gas stream, and the residence 6me of the precursor
compound in the tubular furnace, i.e. the flow rate of the gas stream, chamber pressure,
and pyrolysis temperature. In a series of experiments He was used as the carrier gas with
flow rate fixed at 8.55xlo-3 mole/min by means of a MKS mass flow controller and the
leak rate was fixed to maintain a constant operation pressure in the chamber. Under these
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conditions the HMDS concentration was about 16.5 mole% in the gas stream. The furnace
temperature was varied over the range 1100 to 1400C in 1000C steps and the chamber
pressure was varied over the range 3 to 12 tort in 3 tort steps. The stand-off distance of
the cold substrate from the hot reactor tube was set at about 2", in order to ensure rapid
quenching of the particles.

Post-annealing treatment
Different gas atmospheres, such as Ar. NH 3 , and H, were used for post-annealing

of as-synthesized powders. Samples were annealed at temperature in the range 400 to
150) 0C in the flowing gas streams.

Sample characterization
X-ray diffraction (CuKa radiation) was used to study the phases present in the as-

synthesized and annealed samples. Density of the powder was determined by He-
pycnometry. Specific surface area of as-synthesized and annealed samples was measured
by single point BET. Scanning electronic microscopy, TEM, and HREM were used to
characterize the microstructure and morphology of as-synthesized and annealed samples.
To prepare the TEM samples, powders were first dispersed in meth)l alcohol to form a
solution by ultrasonic vibration. Then, a copper grid coated with a holy-carbon film was
dipped into the dispersed solution and dried in air immediately. Chemical compositions
were determined using Rutherford backscattering spectroscopy with 2 *',' 1le-ions. -he
experimental composition profiles were fitted using computer program RUMP.

Table 1. Some properties of as-synthesized SiCjNv powder
Sample Reactor Powder density- Powder Surface area* Particle size Partce size
name TerperartueC) (g/cm3) appearance (m2/g) from BET (nrn) from TEM (m
S-I 1100 2.614 brown 568 4 10
S-2 1200 2.737 dark-brown 555 4 10
S-3 1300 2.781 brown-black 360 6 8
S-4 1400 2.783 jet-black 272 8

RESULTS AND DISCUSSION

The residence time calculated from the gas flow rate. pyrolysis temperature, and
chamber pressure is less than 0.1 second. In a deposition time of 30 minutes 2-3 grams of
powder was collected. X-ray diffraction analysis showed that all the as-synthesized
powders were amorphous. A waxy powder product with light-brown color and polymer-
like properties forms at pyrolysis temperatures < 10000C. By increasing the pyrolysis
temperature the color of the powder deposits change from brown to black (see Table I),
clearly indicating different degrees of pyrolysis during the short residence time of the
precursor in the heated tube. The average particle size from TEM range from 6-10 nm
with the smallest particle size corresponding to the highest pyrolysis temperature. In
contrast the measured particle size from BET increased with the reaction temperature over
the range 4-8 nrm. This suggests that the particles determined by TEM, at least at the
lower pyrolysis temperature, are actually composed of small clusters. In this case it is not
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easy to resolve the clusters in the 10 nm particles by TEM because of the low contrast of
the amorphous structures.

P .a.~, 1 T 140C

| "--

Figure 2. Specific surface area of as-synthesized n-SiCXNy powder
(a) effect of pyrolysis temperature (b) effect of pyrolysis pressure

Figure 2 shows that the specific surface area of as-synthesized powders range from
270-570 m2/g with increasing pyrolysis temperature and pressure. The density of the
nanoparticles, shown in Figure 3, increases with increasing reaction temperature and
pressure. The surface area and density data at the lowest reaction temperature are
consistent with the formation of nanoparticles composed of aggregates of very high
surface area clusters. All the density of "ie particles increases with the reaction
temperature and pressure, which probably reflects the higher degree of precursor
pyrolysis, i.e. conversion of the precursor to SiCxNy phase.

, 10C' .

Figure 3. Density of as-synthesized n-SiCN v powder
(a) effect of pyrolysis temperature (b) effect of pyrolysis pressure

The effect of annealing in flowing Ar at temperatures in the range 1000- 1500(C is

shown in Figure 4. As-synthesized n-SiCxNy powders start crystallizing at temperatures
higher than 12000C and -SiC particles with grain size less than 10 nm are formed at
13000C. There is a little change on the surface area of the powder annealed at
14000C(Figure 5). The particle size measured from BET is close to the grain size
calculated from the X-ray line broadening. It is believed that the presence of excess carbon
in the crystallized powders inhibits grain growth.5

Figure 6 shows the effect of heat treating amorphous n-SiCxNy powder in flowing
NH 31H2 (1:1 mixture) at temperatures in the range 800-14000C for 5 min. Crystallization
into hexagonal a-Si 3N4 occurs at 14000C. The oa-Si3N4, shown in Figure 7, is in the form
of iutowhiskers with diameters varing from 30 to 60 nm and aspect ratio as high as 500:1.
As HREM image of the whisker shows a high degree of single crystal perfection, Figure 8.
The growth direction of the whisker is 11001.
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Table 2 Chemical composition for
samples annealed in NH 3/H2

- T9-w X Y Z

N- I H W OA6 0.25

NH-2 = 53 0357 023

411, 9W .23 77 0.33

NH Nt 0.91 0m 053

Figure 10. TEM image of thick a-Si3N4
whisker

CONCLUSIONS

(1) Nanostructured amorphous SiCxNy powders with particle size less than 10 nm can be
synthesized by the chemical vapor condensation method.
(2) Critical to success of the chemical vapor condensation method atc: (i) low
concentration of precursor in the carrier gas; (ii) ,apid expansion of the gas streani
through an heated tubular reactor in a reduced pressure, and (iii) rapid quenching of the
gas phase nucleated clusters or nanoparticles as they exit from the reactor tube.
(3 The surface area of as-synthesized powders was ii the range of 240 to 570 m2/g.
which is higher than values reported in the literature.

(4) By annealing in Ar, n-SiCxNy powders transform into P3-SiC particles with grain size
less than 30 nm. In flowing iN H3/H2 (1:1 mixture) a-Si3N4 nanowhisker W,h high aspect
ratio are formed. The growth direction of the whisker is [ 1001

ACKNOWLEDGMENT

Support for this research has been provided by the Office of Naval Research under
grant number N00014-91-J-1828. An equipment grant from the Advanced Technology
Center for Surface Engineering Materials and Center for Ceramic Research in Rutgers
University are also gratefully acknowledged.

REFERENCE

R. W. Siegel. Nan,. uouredMateriali. 3. 1993)
2H. Glitter. Provress in Materials Science. 33 19)0)

H. Hahn. J. A Eastern and R_ W. Siegel. Ceranu( rran.satons IB Ceramoo Powder Scienre, 1115
:988)

1H. Hahn and R. S. Averback. J Appl Phs - 67. 1113(1990)
5
W. Chang. G. Skandan. H. Hahn. S. (" Danfornh, and B Kear. Nanostrua(tured Materials. 4. Nol( 19941
'A. Samaguch. K. o;da. and K Nithara. J .m (A'ram Sot .74 151 1142-44 (1991)
-W Chang. H Hahn. and B Kear Iit) he puhlished)

368



Characterization of Nanoscale Particles Produced by Laser
Vaporization / Condensation in a Diffusion Cloud Chamber

M. Samy El-Shall, W. Slack, D. Hanley and D. Kane
Department of Chemistry, Virginia Commonwealth University
Richmond, VA 23284-2006

ABSTRACT
Nanoscale metal oxide particles have been synthesized by using a *',vel method which
combines laser vaporization of metal targets with controlled condensation in a diffusion cloud
chamber. The following oxides have been synthesized: ZnO, SiO 2, Fe20 3 , Bi 20 3, PdO,
NiO, AgO, TeO, Sb20 3 , TiO2 , ZrO2, A12 0 3 , CuO, 1n203, SnO 2 , V2 0 5 and MgO. With
this method, the size of the particles can be conveniently controlled by careful control of the
degree of supersaturation which is accomplished by adjusting the temperature gradient, total
pressure, and partial pressure of the metal vapor generated by laser vaporization in a
diffusion cloud chamber. The microscale structures of the SiO2 and A1203 particles exhibit
interesting web-like matrices with a significant volume of vacancies. These materials may
have special applications in catalysis and as reinforcing agents for liquid polymers.

INTRODUCTION

Nanoscale particles possess several unique properties such as large surface areas,
unusual adsorptive properties, surface defects and fast diffusivities (1-31. The
characterization of these properties can ultimately lead to identifying many potential uses,
particularly in the field of catalysis 14). For example, nanoparticles of metal oxides and mixed
oxide such as SiO2/TiO 2 exhibit unusual acidic properties and are used as acidic catalysts
151. Recently we described a novel technique to synthesize nanoparticles of controlled size
and composi,;on 161. Our technique combines the advantages of pulsed laser vaporization
with controlled condensation in a diffusion cloud chamber under well defined conditions of
temperature and pressure. The present work demonstrates the advantages of this method in
control ng the composition and the properties of the nanoscale metal oxide particles.

EXPERIMENTAL

In the experiments, a modified upward thermal diffusion cloud chamber is used for the
synthesis of the nanoscale particles. This chamber has been commonly used for the
production of steady sidle supersaturated vapors for the measurements of homogeneous and
photo-induced nucleation rates of a varietq of substances 17,8). A sketch of the diffusion
cloud cl'amber with its relevant components's shown in Figure I-a. The chamber consists of
two. horizontal, circular stainless steel p!.tes, separated by a circular glass ring. A metal
target of interest sets on the i.wer plate, and the chamber is filled with a carrier gas such as
ie or Ar containing a known coi-,iosition of the reactant gas (e.g. 02 in case of oxides, N 2

or NH 3 for itrides, CH 4 or C2 H4 for carbides, etc.). The metal target and the lower plate
are maintained at a temperature higher than that of the upper one (temperatures are controlled
by circulating fluids). The top plate can be cooled to less than 120 K by circulating liquid
nitrogen. Nichrome heater wires are wrapped around the glass ring and providt sufficient
heat to prevent condensation and fogging, The large temperature gradient between the bottom

369

Mat. Res. Soc. Symp. Proc. Vol. 351. 01994 Materials Research Society



and top plates results in a steady convection current which can be enhanced by using a heavy
carrier gas such as Ar or Kr under high pressure conditions (1-103 torr). The metal vapor is
generated by pulsed laser vaporization using the second harmonic (532 nm) of a Nd-YAG
laser (15-30 mJ/pulse). Laser vaporization typically releases more than 1014 metal atoms per
pulse (2x10- 8 s). The hot metal atoms react with 02 (in the case of oxides syntheses) to form
vapor phase metal oxide molecules which undergo several collisions with the carrier gas thus
resulting in efficient cooling via collisional energy loss. Under the total pressure employed in
these experiments (100 - 800 torr), it is expected that the metal atoms and the oxide molecules
approach the thermal energy of the ambient gas within several hundred microns from the
vaporization target. The unreacted metal atoms and the less volatile metal oxide molecules are
carried by convection to the nucleation zone near the top plate of the chamber. The
temperature T, partial pressure P of diffusant, saturation pressure Pe, and supersaturation, S
= P/Pe vary with elevation in the chamber in the manner demonstrated in Figure 1-b. By
controlling the temperature gradient, the total pressure and the laser power (which determines
the number density of the metal atoms released in the vapor phase), it is possible to control
the size of the condensing particles. This is the basic principle of our method.

COOI ED PLATE

(a) OLAS H.
Vapo rization

ATE Laser
Sample

Rod

a:

S 1.0
'C) - o.a

X 0.2

Figure 1 (a) : Sketch of diffusion cloud chamber with relevant components indicated.

(b) Typical courses of diffusant partial pressure P, saturation pressure Pe,
temperature T, and supersaturation S in a diffusion cloud chamber.

RESULTS AND DISCUSSION

Figure 2 displays SEM micrographs obtained for ZnO and A120 3 particles synthesized
using 20% 02 in lie at a total pressure of 800 torr and top and bottom plate temperatures of
- l000C and 20 0 C, respectively. It is clear that the particles exhibit a unique agglomerate
pattern which appears as a web-like matrix. Based on the TEM analyses of these, individual
particle's sizes are estimated between 10-20 nn.
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Figure 2 (a): SEM mnicrograph of ZnO parficles.

Figure 2 (b): SEM micrograph of A1203 particles.
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The Raman spectrum of the TiO2 nanoparticles synthesized in Ar (shown in Figure 3)
exhibits the characteristic peaks of the nanoscale anatase phase of TiO2 (the low temperature
phase) [9, 101. By varying the experimental conditions such as the partial pressure of 02 and
the carrier gas we were able to synthesize both the rutile and anatase phases of TiO2 61.

1000.000

- 396

638

Cl) 516ca.

.4

C

0.O0000- .. - . .

Raman shift (cm-f)

Figure 3 : Raman spectra of TiO2 particles synthesized in 0 2/Ar mixture.

To illustrate the effect of the 02 / carrier gas mixture on the ratio of the oxidized-to-
nonoxidized metal particles, we measured the x-ray photoelectron spectra (XPS) of the
particles prepared under different experimental conditions. Figure 4 illustrates the results for
SiO 2 particles synthesized using different concentrations of 02 in He. By decreasing the 02
concentration in the carrier gas the Si 2 p peak ( - 99.5 eV) is enhanced due to the unoxidized
Si particles. From the data presented in Figure 4 (a, b, c), the SiO 2 / Si ratios are estimated as
0.99, 0.76 and 0.60, respectively. Therefore, the data demonstrates the control of the
compositions of the nanoparticles. The oxide / metal ratio in the nanoparticles also depends
on the type of the carrier gas as well as on the 02 concentration. By using different carrier
gases containing different concentrations of 02, it was possible to affect the efficiency of the
oxidation process. In this way, nanoparticles containing more than 99% oxide molecules or
more than 60% unoxidized metal have been synthesized.
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Figure 4 : XPS spectra of SiO 2 particles synthesized using: (a) 30% 02 in He, (b) 7% 02
in fie, (c) 2% 02 in fie.

CONCLUSIONS

The results of this study appear to demonstrate the feasibility and the promise of the laser
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vaporization / condensation method in the synthesis of nanoparticles with well defined
properties. The combination of the laser synthetic approach and the spectroscopic
characterizations of the bulk and surface properties of the nanoparticles will lead to significant
results particularly in two areas: (i) the synthesis of specific catalysts (e.g. metal/metal oxide
systems) of controlled sizes and compositions and (ii) the design of new nanomaterials such
as mixed oxides/nitrides or carbides/nitrides and other refractive, semiconductor and
superconductor materials.
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A BSTRA(T

Nano iompositcs of copper with low concentrations of dispersed fullerenes were
s\ nthesized by simultaneous sputtering of copper and sublimation of fullerenes. Post
deposition heat treatments at 400 and 800 0 C were performed to assess the thermal stability of
the microstructure and the effect on the Vicker's microhardness. The as-deposited copper-
fullerene composite has submicron-scale granularity, in contrast to pure copper which has
conventional columnar growth Grain growth in the heat-treated fullerene-containing
specimens is suppressed and the microhardness enhanced relative to pure copper

INTRODIC'ION

One possible application of buckminsterfullerene is as a reinforcement in structural
materials Fullerenes dispersed in a metal matrix, for example, could result in dispersion
strengthening via the Orowan mechanism[, and because a fillerene molecule is of nanometer
sue, with the carbon molecules on a 0.7 nm diameter in the case of C60, they could be more
effiective reinforcements than conventional micron-scale dispersoids. Additionally. fullerenes
could act as grain-boundary pinning centers, thereby inhibiting thermally-activated grain
growth 2 , which causes loss of strength by increases in grain size according to the empirical
Hall-Petch relation 3. Furthermore, sicL fullerenes are hollow, with a 0.35 nm diameter open
interior volume, they also could be used to reduce density of a composite, yielding important
strength to weight ratio advantages,

The principal argument against the large-scale application of fullerenes as structural
reinforcement has been a common notion that fullerenes are much too expensive for such uses.
While the very first commercially available fullerenes were quite expensive, the cost of
fullerene extract, the C60 , C70 mixture, has dropped from S 3000 per gram a few years ago to
around S 80 per gram currently. New continuous-mode processing methods are being
developed4 which promise to be higher-yield and higher-throughput than the labor-intensive,
batch-mode research-scale carbon-arc method. These new manufacturing-compatible fullerene
production methods are expected5 to lower the cost of fullerenes to $ 15 per gram by 1996. and
to under $1 per gram by 1998 If a viable, large-scale practical application for fullerenes could
be demonstrated, that would drive further development of manufacturing-compatible fullerene
production, and could lower the cost to the point where fullerenes are competitive with other
structural reinforcement materials. It is with these issues in mind that the present study of
metal-fullerene structural nanocomposites has been initiated.
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[he simplest way to make a composite of fullerenes and a metal is by cons entional
powder metallurgy methods lowever, in work done thus far on fullerene-metal composites b%
poder metallurgy processes,., 7

,
8 it has been found that, due to the very strong van der Waals

bonding between fullerene molecules, they tend to agglomerate and cannot be dispersed in the
metal, regardless of various mixing and slurt methods that have been tried

Codepositmon via sublimation of fullerenesq and evaporation or sputtenng of a metal is a
processing route that does allow homogeneous dispersion of fullerenes. It has been shown that
fullerenes can be dispersed in thin films of copper and tin8 by this method

'o obtain "bulk" pellets of dispersed copper-fullerene composites for the present work.
sublimated fullerenes and X sputtered copper were codeposited onto a large, rotating, liquid-
nitrogen cooled substrate, shown schematically in Fig I. Fullerenes were sublimated from a
ceramic coated, resistively heated boat at 6000(C after high-temperature vacuum degassing. To
aoid "spitting" of the powder during degassing, the fullerene extract was pressed into small
pellets The substrate is scraped following deposition, and the material, in the lbrm of a line
possder consisting of small flakes of thin film, is collected, transported in-situ to a uniaxial cold
press, and compacted under pressures of about 500 MPa to make solid pellets. [he pellets are
typically 80 0 of tLeoretical density. This deposition system and the procedure is described in
more detail elsewhere 8.10

RESUIt1TS AND DISCUSSION

As described abose. the as-deposited material is a powder consisting of small flakes of
thin film, consequentlY. the pressed pellets consist ofa compact of these thin film flakes For

ROTATING
LN2-COOLED
*COLD FINGER'

DC S PU T-TER S OURCE- --

SCRAPER

RESISTIVE LY-HEATED
EVAPORATION BOAT FUNNEL \VTO COM~PACTION SYSTEM

Figure 1. Schematic diagram of the codeposition system used for
the physical vapor deposition of copper-fillerene composites
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both the codeposited copper-tullerene and for pure copper samples, the large-scale
microstructure of the flakes is that of columnar thin-film growth, as expected However. high-
magnification scanning electron microscopy (SEM) reveals, as shown in Fig. 2, that in the
codeposited material, the columnar growth possesses a submicron granular substructure, v% ith
average particle sizes of 50 rim. No carbon agglomerates are visible, which suggests that the
fullerenes did in fact disperse uniformly on length scales less than the resolution of the SIM

Energy-dispersive spectrometry (EDS) in the SEM was used to confirm that carbon is
present in the granular structure of Fig. 2(a), but not in the pure copper Fig. 2(b). The total
carbon concentration detected is approximately I wt.%, which corresponds to approximatelk
4 vol 0 if present as isolated fullerenes. That fullerenes are present in this codeposited material
,.as confirmed by hot toluene extraction performed on some uncompacted powder When
fullerenes are dissolved in toluene, the solution takes on a deep red color Since the molar
absorptivity of fullerenes in toluene is very high, this simple test is quite sensitive The solution
also was analyzed by Fourier Transform Infrared Spectrometry (FTIR), further conlirming the
presence of fullerenes by the presence of C60 absorption lines at 527 and 577 cm-I

Pieces of the copper-fullerene and pure copper specimens were annealed in one
atmosphere of flowing hydrogen for 2 hours at 400 and 8000C to determine the thermal
stability of the microstructure. For the 4000C annealed specimens, sho ,n in t 1i1 3, the
submicron granularity of the copper-fullerene composite has disappeared However. the flakes
in the copper-fullerene have not sintered and coarsened to the same degree as those in the pure
copper Although the submicron scale granularity is not stable. the presence of the small
concentration of fullerenes inhibited micron-scale thermal grain growth to some degree

After annealing at 8000C. the flakes have all sintered and the microstructure densified in
both the copper-fullerene and the pure copper specimens as shown in Fig 4 [he aerage grain
sizes are smaller in the annealed copper-fullerene (I 2 jAm) than in the pure copper t 2 4 im).
again indicating grain growth suppression

(a) Cu + Fmrones. AsOIpo.ItWd (b) Cu, As-Depo"uod

Figure 2. Scanning electron micrographs of copper-fullerene and
pure copper in the as-deposited condition.
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(a) Cu *Fuliwone., AnneaWe 400 ~C(b) Coo. Annead 400 -C

Figure 3 Scanning electron micrographs of copper- fulIlerene and
pure copper after annealing in hYdrogen at 400U0C for _' hou!_

.,[-%! 11) measurements confirmn that carbon is present in the 4001V~ annealed
,pecirnen al about the same concentration as that in the as-deposited specimen In the 9011(_
,peciinen. hoNeser, no carbon IDS signal signilicantl abose background Ie~els Could be
tound l-ullerenes could not be detected in thle annealed samples b% the toluene extraction and

I IR mnethods. hut it's likel% that fullerenes embedded in and surrounded b% a copper mnatrix
could not dissols e in the tolUci

(a) Cu + Fullernne Ann*&We 600 ~C(b) Cu, Anneale O0W C

Figure 4. Scanning electron mtcrographs of copper- fu Ilerene and
pu re copper a It r annca Ii nL i n hN drogen at 80O00C for 2 hours.
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Vt a eltigt -dspe sis pectrometer% viith anl electron microprobe N~a, used to contirtl
the piesence ot lullerenes in the codefoitved copper-fullerene: specimens". both as-depiosited
and heat-treated to 4000lC iligh-resolution transmission electron mitoscops could. in
principal. be used to exuamtne the fullerene dispersion directix - ho%%eter. this technique is not
wusefnl r e:harawcriatton of huilk materials, %%hich is the ke - issue in the present case i. earls
nes an,! :}pro\ ed methods tt detecting, and measuring tullerenes emibedded in metal', vsil tic
needed wcornpletelN characterize bulk metial-fullercrne composites

est-, wth loose fullerenie posNder indicate that fullerenes are stable sshen annealed int
hNdroieen at 40IC, but sublimate at a wer htgh rate abote 6000tC and decompos: 1

2 at Soottt
his is consistent k%ith the IDS results As the specimen temperature is increased to W101i),

-,in\ tullerenes present that could escape due ito the porosit\ of the specitinens suiuld sublintiatt:
and be carrici awa\ in the hsdroieen stream An% that remain \%ould likel\ decompose wi
,arbon compounds %kere cx dent in \-ra\ diffractomlcter sCans. althoili a small arnoun oft

carbide reaction \sith the copper canl not be ruled out
b e Vieker's rnicrohardness o%<the specimetns is shossn in Ftv i I lic codeposiled ~oppet -

fullerene specimens ao: iuidet than the pure copper in all conditions I he hardness
enhancement in the as-deposited condition is about 101o. tOr a fullerene content estimated toiibc
around 4 'uol.'a Because of the porosit of the samples, meaningful Comparisons to dispersion-
hardenig theor\ or to the liall-Petch relation are not possible, but these results do qualitati\0cl
demionstrate rein tjirLCmnent oft metals %iith fullerenes I he hardness enhancement of the
ciudeplosted material relatis e to copper is more pronounced for the beat-treated coniditions Ior
4000Coi annealing, the codeposited material is iooi% harder thtan pure copper, us bile for 900(
annealing. it is 90"it higher than pure coppet [or the 8011 C annealed spiec iniens. for Vt hrIk
distinct grain sues could be measured ltor both specimens s a SI 1, the dillerence itt hardnes

140 ~

C/) 120

'0 100

2 80

_ 60 '~--Copper+ Fullerene

40I

0200 400 600 800 1 OOCI

Annealing Temperature ('CI

Figure 5 Vicker's microhardness of copper-fullerene and pure
Copper rersus annealing temperature
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is ieairl' three tim,.- gicater tnan is expected on the basis of' lall-Petch behavior alone
aithouch ii', possiAble that this enhancement Is, due to dispersion hardening b% carbides it
decomposition of the ful lerenes occurred at XIII )('

(YN( 1. SIONS

i*odcposrtion of tullereiics i,%ith copper \ ields a submicron granular microstructurv Vpon
annealing. grain growAth is suppressed and the microhardness is enhanced compared to ljirc
copper Improved methods otecharacterizinge fuIlerenes embedded in metals are needed
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ABSTRACT

The v( Sill stretching absorption band is known to be sensitive to the local environment,"
the silicon atom The presence of Sil groups on silicon carbide surfac z calt be taken advantage
of to evaluate the oxidation degree ofthis ceramic powder

rhe surface analysis of a SiC nanosized powder was performed by FT-IR spectrometr
I he e',olution of the v(SiH) absorption band. followed m situ under controlled temperatures and
oxvgen pressures. consists in a frequency shift toward higher wavenumbers when oxidation
proceeds The resolution of the Silt absorption range into four subbands corresponding to the
HSiO\C,(_ possible surface groups showed the relative evolution of the different species Ab
milio SCF MO calculations on molecular models gave evidence of the charge transfer to the
more electronegative oxygen atom, making the silicon atom more positive and seemingiv
,,ii, theoing the Sill bond and thus inducing an upwatd shitl of the v(Sill) frequency

INTRODUCTION

Silicon carbide is widely known for its chemical inertness, heat resistance and hardness
Although the silicon carbide surface can easily oxidize, its oxidation leads to the formation of a
protective laver of silica However. the presence of oxygen in silicon carbide-carbon composites
may drastically weaken their mechanical propertiest On another hand, the the'nal stability of
silicon carbide hich is better than the alumina's one, makes this material a prefet ential catalyst
support For this latter application, the superficial oxygen content plays a major part in the
optimization of the metal particles dispersion2 Therefore, the determination of the oxygen
content in the ,er\ first atomic layers of a silicon carbide surface is of critical importance "or tlie
different required properties of this ceramic

The Fourier transform infrared (FT-IR) spectrometry is a powerful method to learn about
surface species provided that the specific surface area of the powder is high enough

The goal of this work was to get a thorough knowledge of the chemical composition of
the first atomic laver by using the frequency variations of the v(SiH) stretching vibration in the
SiH surface species Indeed, according to Lowl, the v(SiH) absorption band can serve as a
probe of the local environment

In the experimental approach, we performed a controlled superficial oxidation of the
powder The variations of the infrared spectrum were followed in min, versus temperature,
oxygen pressure and oxidation time Then, in order to discriminate between the Ht-SiO\C 3.,
surface species contributions, we resolved the v(SiH) stretching range into four subbands. Ab
0m0o calculation, using the self-consistent-field molecular orbital theory (SCF-MO), gave the
quantum mechanical aspect of the v(SiH) evolution
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EXPERINIENTAL

The silicon carbide powder was prepared by laser driven reaction from a Si1 4/(_',
mixture following the method previously reported 4 The specific surface area. 62 m2g-1, was
determined by BET n.4;asurements The powder was slightly non-stoichionietnc with silicon in
excess (C/Si-0 85) The oxygen ccwtent was determined to be 2 2 wt% by chemical analysis

The infrared spectra were recorded using a Nicolet 5DX spectrometer in the 4000-400
C1- 1 range with a 4 cm- 1 resolution

The powder slightly pressed into a self-supported pellet, was placed inside a vacuum ctll
described elsewhere'5 This cell allowed to analyze a Sample at different temperatures and under
controlled pressures of gases Prior to start an experiment, the SiC pellet was activated The
activation consisted in heating the sample at 870K under dynamic vacuum (10' mbar) for two
hours and in cooling it down to room temperature while kept under vacuum This activation
made the sample surface free of all pollution. The evolution of the IR spectrum was followed in
vti while the sample was submitted to different oxygen pressures at 670, 770 and 870K

INFRARED DATA

In figure 1, the infrared spectra of the activated SiC surface are comparpri hetie and aflr
oxid-tion A p:c-.iousl, ieponea anaiysis ot the oxidation pointed out the strong increase of the
3747 cm- band assigned to the v(OH) stretching vibration in Si-OH species on silica-like
surfaces along with the appearance of CO, in the gas phase6 In the following, the discussion
%sill deal with the v(Sil) absorption range, namely 2400-2000 cm-1

Figure 2 shows the v(SiH) absorption range at two different temperatures for the same
oxygen pressure, whereas figure 3 compares the effect of two different oxygen pressures for the
same temperature In both figuics, spectra are given versus oxidation times

Prior to oxygen addition, two bands are located at 2262 and 2142 cm-1 This latter band
has already been assigned to the v(Sili) stretching vibration in the SiHx surface species on free
silicon particles whose presence is confirmed by the C/Si ratio in the present sample

4000 3400 2800 2200 1600 1oo 460
Wavenumber

Figure I Infrared spectra of the silicon carbide surface.
activated (bottom) then oxidized (top) at 770 K, under 80 mbar 02 during 5 h.

382

I



5 h 7 h
4 h a 5h

3h 
5 4h

2 h 0- / / 32h

.0

0 a 3 3ih

Imin 1min
0 _ _ _ _ _ _0

2400 2oo 2000 2400 2200 2000

Wavenumber Wavenumber

Figure 2 Infrared spectra of Si-I-I absorption range versus oxidation time
Oxidation under 48 mbar O at 870 K (left) and 670 K (right)
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Figure 3. Infrared spectra of the Si-H absorption range verus ';ation time
Oxidation at 170 K under 48 mbar 02 (left) and 10 mbar 0, (right)

The oxygen action makes this 2142 cm-I band shift downward to 2110 cm -1 This latter
frequency can be assigned to the v(SiH) vibration in monohydride SiH surface groups on silicon
particles This is probably connected to the formation of Si-OH surface species as above
mentioned6 .7 (Fig. I)

The 2262 cm -t has been assigned to the v(SiH) vibration in H-SiOC3-. surtace groups 7

Under oxygen, its absorption maximum shifts toward higher wavenumbers (for example, up to
2297 cm -t at 870K, 48 mbar 02, 5h) We can relate this evolution to the effect observed by
Lucovsky el al.8 in SiOxH alloys. Indeed, those authors showed that the v(SiH) frequency
depends on the local electronegativity around the Si atom. As a result, different environments of
the silicon atom imply distinct SiH stretching bands.
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Considering the Sill chemical species in the present sample, the silicon atom is bonded to
carbon atoms from the bulk When oxidation occurs, those carbon atoms are steadily replaced
by oxygen atoms leading to the formation of H-SiOC,., mixed species (x-l, 2 or 3) whose
%jSiR) frequencies vary versus x values The greater electronegativity of oxygen compared with
the carbon one should result in an increase of the %'(SiH) absorption waverumber

SIMULATION ANALYSIS: RESOLUTION OF THE 2270 cm-1 BAND

Each H-SiO,,C,, species (x 0, 1, 2 or 3) contributes to the -2270 cm-1 band rherefore.
we intended to resolve it into four subbands corresponding to each H-SiOC 3-,

The analysis was perforted by using the FOCAS program (Full Optimization Curve
Analysis Software, from Nicolet Inc ) In agreen n :erature data8 ,", we assumed a
Gaussian shape for all the subbands with a ban, rily fixed at 50 cm-1 which is
roughly the width at half maximum absorbance of a H.." ,d) band in similar compolunds"'
During the first step, the frequencies of the four absorptd aaxna were estimated in order to
get on average the best fit for all the experimental bands Then, the calculation was run keeping
those frequencies constant The intensities of the subbands varied so as to fit the -2270 cv - I
band at best

In this way, the SiH absorption range was resolved into four , onents at 2232. 2268,
2 300 and 2317 cm-1 , corresponding respectively to H-SiOC_, species wv:h x6. i. _' er ' As
an example, the relative intensities of those bands are given in Table ' several oxidation
degrees Figure 4 compares the evolution of the experimental spectra wth t e .-r- of the
modelled spectra reconstructed from the four subbands

Table I Resolution of the -2270 cnr 1 band into four subbands
The relative area (A) of each subLz.,d is giscai versus oxidation time, for an oxygen pressurc of

48 mbar at 770K

oxidation time 0 1-5 min 30 min I h 2 h 3 h
A (2317 cm-1)  8 23 31 30 28 31 32
A(2300cm') 3 8 I 1 5 115II
A (2268 cm-1) 86 60 59 64 60 58 54
A (2232 cm 1 )  3 8 9 4 7 5 4

5 h
3 h
2 I

0

2400 2300O 2200- 24 00 2300 2200
Wavnuibr Waivenumber

Figure 4 Comparison of the evolutions of Si-H absorption range under oxidation-
experimental spectra (left) and reconstructed spectra from the four subbands(right)
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Ihe concomitant increase of the 2317 cm - I band corresponding to the H-Si0j sptAes with
the decrease of the 2268 cm-1 band (H-Si,_20 species) proves the superficial oxidation As lbr
the other two species, it is hard to find a precise evolution due to their weak intensities
However, a fact is worth mentioning. prior to any oxidation, the predominant species are not the
1I-SiC 3 ones, but the H-SiC,O ones. This could be related to the presence of oxygen in the raw
SiC powder Moreover, the intensity of the 2232 cm-1 band assigned to those scarce H-SiC3
species does not seem to decrease An attempt of explanation could be that those species would
not be on the surface but inside the bulk instead, which would be consistent with the fact that the
HiD isotopic exchange on the SiH species does not reach completion

AB INITIO CALCULAI IONS.

The v(SiH) frequencies depending on the number of oxygen atoms bonded to silicon were
calculated using the ab initio SCF-MO method with the restricted Hartree-Fock (RHF) 3-21G
basis set (GAUSSIAN 92 package' 1 ) Since a model representing the surface species had to be
chosen, pseudo-molecules were constructed based on the trimethvlsilane molecular geometr, 1 2

and literaturc data1 Geometries were optimized in order to get the equilibrium energies under
the restraining condition of frozen CHI groups, given that the rotation of those groups should
hardly influence the v(SiH) frequencies

In those above-defined systems, results show that the v(SiH) stretching vibration is clearly
isolated from all other vibrational modes of the pseudo-molecules In Table I1 are reported the
\'(SiH) frequencies along with summarized results regarding the corresponding Si and 11 atoms

Table 11 Summarized results of the 3-21G calculations

P.eudo-molecule (CHI)ISi-H (CH )(OH)Si-H (CH 3 )(OH)2Si-H (0H)Si-H
Svmmetrv C v C, CC

Frequency v(SiH) 2216 (A,) 2306 (A') 2351 (A) 2407 (A)
(cm-1)

SiH force constant 3 008 3.263 3 392 3 739
. (mdyn.A') _

SiH bond length ( ) 1497 I 482 I 47b 1.458
H atomic charge -0.230 -0250 -0.288 -0295
Si atomic charge +1.494 +1 600 + 1.681 1 763

It is well known that this method of calculation overestimates the frequencies' 2 if we
consider the experimental v(SiH) frequency in trimethylsilane' 4, namely 2116 cm-1, as a
reference, the resulting scale factor is 0 955. Applying this scale factor to the other frequencies,
we obtain the following corrected ones 2202, 2249 and 2355 cm-1 . The striking feature among
these results is the negative charge on the hydrogen atom on one hand, and on the other hand
the positive charge on the Si atom which greatly increases with the number of neighboring
oxygens An explanation can be found in the higher electronegativity of the oxygen atoms which
draw charge away from silicon when substituted to carbon8. The strong increase of the silicon
charge along with the shortening of the SiH bond length are consistent with the Sanderson's
model 15 quoted by Hasegawa et al. in SiO:H alloys analysis 16. As a consequence, the SiH force
constant increases as the v(SiH) stretching frequency does. This increase of the calculated
frequencies is strong compared with the experimental values. Indeed, the calculations,
performed on isolated pseudo-molecules, do not take into account silicon's second-neighbor
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atoms which should reduce the electron transfer Nevertheless, these results clearly show the
charge transfer caused by the carbon-oxygen substitution

CONCLUSION

The investigation of the v(SiH) absorption range by FT-IR spectrometry along with
simulation analysis and ah intuo SCF-MO calculations prove the v(SiH) stretching frequellcy to,
be a good sensor of the oxidation degree of the silicon carbide surface

Under contiolled oxidation, oxygen steadily replaces carbon in the H-SiOCj_, surlacc
mixed species The greater electronegativity of oxygen causes a charge transfer resulting in a
more positive silicon atom, a shortened SiH bond length, a stronger SiH force constant and thus
a higher v(SiH) frequency Consequently, the frequency of the maximum absorption of the
v(SiH) band allows us to identif, the nearest neighbors, oxygen or carbon, of the silicon atoms
on the surface
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ABSTRACT

The gas-condensation technique is used to produce the nanocrystalline W0 3 .,, PtfWO. x and

PdAVO . powders under different atmospheres and pressures. High resolution electron
microscope shows there exists well bonded interface between Pt or Pd and WO3. x The WO,-,,

Pt/AVO,_, and Pdf'V,'O3 . nanocrystals grow into needi shape with plate inside when these as-

tvaporated powders are compacted and sintered at 900'C for two hours The plate grows

pretferentially in {201 plane along <00> direction. However, the mean particle size of
nanophase Pt and Pd only increases from less than 10 nm to 30 nm and 50 nm, respectively. The
gas chromatography results show that nanophase PtIWO 3., powders have better catalytic effects
in converting CO to CO2 than nanophase WO,., and Pd'WO 3.. powders

INTRODUCTION

The rate of product formation in a catalytic reaction depends on extrinsic parameters (which
can be varied for a given catalyst) such as partial pressures, temperature, flow rate, etc., as well
as on 'intrinsic' parameters which are defined by the nature of the catalyst itself The steady-state
rate of catalytic reaction is in general a consequence of a rather complex series of elementary
steps consisting of adsorption, desorption, surface reaction, and migration processes. The
reaction mechanisms of catalysis were well discussed and many models were proposed in many
papers.[ 1-22]

In the absence of diffusion limitation, the rate of a catalytic reaction should be proportional
to the surface area of the active sites To maximize the surface area, it is necessary to make the
particles as small as possible, i e to maximize the fraction of the atoms that are on the surfaces.
This is particularly important with the noble metals of Group VIIi which are expensive but of
high catalytic activity.

In this investigation, gas-condensation technique(23] was used to prod'tce the
nanocrystalline Pt or Pd coated nanophase tungsten oxide (WO 3.) powders. The advantages of

having the nanocrystalline(NC) metal particles on the support are as follows:
(1) They make the handle of catalyst easier and safer.
(2) They may be used in a variety of reactors.
(3) They may be recovered by filtration, when used in a liquid medium.
(4) They are hard to grow by sintering when heated to high temperature because the

particles are well separated from each other.
(5) They provide a means of bringing promoters into close contact with the metal.

387

Mat. Res. Soc. Symp. Proc. Vol. 351. 01994 Materials Research Society



Ihe objectives of this study are first, to study the interfacial properties between
nanocrystalline metal and oxides so as to evaluate the performance of the applications, and
second, to study the catalytic activities of compacting nanocrystalline W01x, Pt/WO,_x and
PdiWO'. powders for CO oxidation

EXPERIMENTAL

The gas-condensation system consists of a high vacuum chamber with a pressure of about
3x10 5 mbar[231. The starting materials are evaporated using conventional methods but kent in a
constant high purity oxygen (or mixed with helium) pressure During the evaporation in the
oxygen (or mixed with helium) atmosphere, the particles are carried by convective gas flow from
the resis'ance-heated source to a cold trap where the particles are collected The size of
nanocrystalline particles can be controlled by setting different chamber pressures The pure
tungsten was evaporated in 02 atmosphere of 10 mbar to produce the nanophase WO 3. powders

first The resulting nanophase tungsten oxides were deposited on a rotary cold trap with a
diameter less than 100 nm Then, the pure Pt or Pd was directly evaporated under lie
atmosphere of 3x10-5 mbar and nanophase particles were formed with diameters of less than 10
i ni onto the surface of ns-ophase tungsten oxides.

Hitachi 800 TEM/STEM images of as-evaporated powders are used to determine the mean
particle size Interfacial properties of nanocrystalline Pt ( or Pd) and tungsten oxide are
examined by JEOL 4000EX high resolution transmission electron microscopy (HRTEM). Those
powders are compacted with polyvinyl alcohol (PVA) into a disc shape of 4 mm in diameter and
0.5 mm in thickness under 1.5 GPa pressure Then the compacted specimens are sintered at 600
'C, 750'C, and 900'C, separately, for 2 hours in an argon atmosphere of 0 5 atm to obtain
different struc'ures and grain sizes

The surface morphologies of these sintered samples are analyzed by Akashi Beam
Technology ABT-55 scanning electron microscope (SEM). The composition and the noble
metal distribution of Pt/WO3 .x or PdIWO 3 x were cnalyzed by energy dispersive X-ray

spectrometer in ABT-55 SEM Gas chromatography is used to analyze the carbon monoxide
conversion rate of compacting nanocrystalline WO3.A, Pt/WO 3-X and Pd/WO., powders at
various temperatures in a space velocity of 12000 ml h-t and 10000 ppm CO/Air atmosphere.

RESULTS AND DISCUSSION

Figure 1 shows TEM images and diffraction patterns of as-evaporated WO3.X, NC Pt-coated,

and NC Pd-coated NC WO 3A particles separately The particle size of WO3. is about 100 nm

or less and the shapes are spherical, rhombic, and hexagonal. The diffraction patterns indicate
that the crystal structure of NC WO,., is tetragonal. Image also shows that the doped NC Pt

and Pd have mean particle size of less than 10 nm and that they are well dispersed on the surface
of NC WO ,.x

Interfacial bonding of metal with oxide is a preliminary requirement for WO3,_x supported Pt

or Pd catalysis. HRTEM images in figure 2 show that a good interfacial bonding between the
nanocrystalline Pt or Pd and nanocrystalline WO 3A is achieved. This demonstrates the possibility

of synthesizing the nanocrystalline metal/nanocrystalline oxide particles by the gas-condensation
technique with good metal/oxide interfacial bonding.
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Sintered NC PtAVO,. x particles present

an interesting phenomenon. Figure 3
indicates that the particle size does not
change too much at low sintering
temperature such as 600 °C or 750 °C
However, for sintering at higher
temperature, the particle size and shape as
shown in figure 3 would change
dramatically. When sintering temperature
reaches 900 'C , the particles grow into a
needle shape with crystal plates inside.
Streak lines can be seen in the diffraction
spots. Streak lines in diffraction patterns
arise from the crystal plates lying parallel to
the electron beam. This indicates that the
plate shape has a preferential growth plane e

and direction. The electron diffraction
pattern is effectively a cross-section of
reciprocal space. The overall effect is to
produce either streaks or satellites. When 0
the deviation parameter S is equal to zero,
the precipitate streaks in the plane of Ewald
sphere are visible in the diffraction pattern. Figure (
lHowever, w!,--. S * 0 the Ewald sphere (a) and (b) are TEM image and

cuts the precipitate streaks at an angle and selected area diffraction pattern of NC WO3-X,

forms satellites. The results of diffraction respectively, (c) and (d) are TEM image and

pattern and image of NC PtIWO3x indicate selected area diffraction pattern of NC Pt/WO,_x ,

that the crystal plates are in the 12 ) respectively, and (e) and (f) arc TEM image and
platne long a < t 00-1a>reti. Sintred NC selected area diffraction pattern of NC Pd/WO. x ,plane along < 001 > direction. Sintered NC

\VO3.x or Pd-doped WO3 _ particles also respectively.

show the similar results as the NC Pt/WO3A ones.
Nanophase Pt or Pd particles did not grow into a thin film or big particles at high

temperature such as 900 'C. Actually, the growth of nanophase Pt or Pd particles on the surface
of WO'_x is not very significant The mean particle sizes of nanophase Pt and Pd particles are

only increased to around 30 nm and 50 nm respectively after being sintered at 900"C for two
hours It is believed that the minor growth of nanophase Pt or Pd particles is due to good
dispersion of nanophase Pt or Pd particles on the surface of WO3,- particles.

SEM images of surface morphology of WO 3.x in figure 4 indicated that lower sintering

temperature causes less porosity. No pore structures are observed when sintering temperature is
below 750 'C. whereas clear pores of network structure appear when the sintering temperature
reaches 900'C. The presence of a network structure is due to the fact that the WO3,, grows into

needle shapes and large pores form as sintering temperature is 900 *C. When W0 3., is doped

with Pt or Pd, the same results are obtained as shown in figure 4. This indicates that even at
sintering temperature as high as 900"C, the NC Pt or Pd is not sintered. The good dispersion of
Pt or Pd prevents the growth of small Pt or Pd particles. The results of SEM observation prove
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this speculation. X-ray mapping of Pt and Pd shows that NC Pt and Pd particles are
homogeneously dispersed on the surface of W0.,

Measurement of the amounts of Pt and Pd dcping - .
by EDS shows that they are 5.3 wt% and 1..5 wt%, a
respectively.

Figure 5 shows the CO conversion rate of
WO Pt/WO 3 x PdIWO 3 x and filler at different

reaction temperatures with a space velocity of
12000 ml h-i, 10000 ppm CO. It is obvious that

the CO conversion rate of Pt/WO3 x catalysis is
better than the one of PdWO3.x  This is probably

due to the particle size effect. As the particle size
of Pd gets bigger than the one of Pt after being bVb

Figure 2: (a) HRTEM images of nanophase
Pt/WO 3A (b) HRTEM images of nanophase

Pd/WO 3

100
90 PtTungstn oxidesgoqS9Pd/T'ungsten oxides

e "A"Tungsten oxidesu¢

Figure 3 •(a) and (b) are TEM image and selected 3 20!
area diffraction pattern of NC PtIWO3.x sintered 10o

at 600°C for 2 hours, respectively, (c) and (d) are o
TEM image and selected area diffraction pattern 0 100 200 300 400 500 600 700
of NC Pt/WO3.x sintered at 750"C for 2 hours, Temperoture(*C)

respectively, and (e) and (f) are TEM image and Figure 5 •Catalytic activities of CO
selected area diffraction pattern of NC PtIWO3.x oxidation for WO3.x, Pt/WO3 .x, and
sintered at 900°C for 2 hours, respectively. Pd/WO3 .x catalysts.
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sintered, the number of active sites ot Pd decreases Also, the catalytic activity of Pt is better

han the one of I'd in CO conversion The acti ity of a catalyst is expressed by T, where r, is
the temperature for which the conversion level is X% The catalytic activities of PLIWVO,.
PdiWO ,, and WO,. are shown in table I For the same catalytic activity, the Pr/WO,- always
shows a lower reaction temperature The lower reaction temperature of PrIWO,- is attributed
to the smaller size of NC Pt particles

aq~

* W ,2.

38AC >60 0C 60k

an SM icogaps Pd/W 3-x sitre2o0 2husCt() u* (h)~ >60 0 C ad()90

PtIW0 3-X loot 280'C 50oot
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CONCLUSIONS

Nanocrystallne WO _, PtIWOl- and PdIW'Oj catalysts are synthesized by gas

evaporation method The results show a good interfacial bonding between the Pt or I'd and
wo.3 particles Sintered at 901)C, thle NC' W0 1\, particles grow into a needle shape wkith thle
plate structure inside while a network structure is formed. The plate grows preferentially in thle

Spt~me along < )ol > direction NC Pt or P'd doped WO,., possesses the sanme feature due

to the fact that the NC Pt or P'd is well dispersed on the surface of WO,, NC Pt or Pd particles

do not grow dramatically even when sintered at 900*C. This is an advantage of NC Pt or P'd
doped oxide NC Pi/WO,-, shows better CO conversion rate than NC PdPWO,- How~ever tb(r
the same conversion rate, the PtIXWO,_ has a lower reaction temperature
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ABSTR.ACT

As reported previously, perfect facets can be achieved at the side walls of submicron silicon
mesa structures grown by molecular beam epitaxy (MBE) with micro shadow masks [I]. An
essentially self organizing, three-dimensional growth was observed. In this paper we present
the results of the epitaxial growth on (001) substrates using long (>1 lpm) , lineshaped mask
apertures, which put constraints on the formation of facets. At a growth temperature of 500'C
SIII ' facet formation is hbserved for lineshaped mesas onented along the <110> direction of

the substrate Side walls with a length of I pim arc perfectly plane, while mesas with a length
of 10 kun and more show rough sidewa:![ This is explained by a limited silicon adatom
diffusion on the facet For higher flux rates the facet formation is suppresed. This can be
understood in terms of a reduced adatom diffusion.

-\ cr-ssover from I I I 1t 113'- facet formation is observed ai growth temperatures above
5N, t .\ model f.,r tb- temperature dependent fotmation of i 111 } and I 13 facets is given.

INTRODUCTION

Nonplanar epitaxial growth allows the fabrication of extiemely small, low-dimensional
electronic devices without high resolution lithography [2,3,4]. Various methods are reported in
thc literature on how to achieve controlled iacet forfiation. In Ill-V materials epitaxial growth
on vicmal substrates [51 and on patterned substrates has been investigated [3,61. Facet
formation of silicon has been observed for selective epitaxial growth on silicon dioxide
patterned silicon substrates (7[ and for local epitaxial growth with micro shadow masks [1].
Both ultra high vacuum chemical vapor deposition (UHV-CVD) and molecular beam epitaxy
iMBt) have been utilized for epitaxial growth. UHV-CVD has different growth rates on
ditlerent surface orientations due to different reaction rates for the decomposition of silane or
diilane. On the other hand for MBE the sticking coefficient of silicon is equal to one,
independert of surface orientation . However, a local variation of growth rates at a mesa sur-
face can be achieved by geometrical means such as shadow masks. Different growth rates of
different facets lead to changes in the size of the facets. The slowest growing facet is preferred
at L onvex edges, while at concave edges the fastest growing facet is formed. Simulations based
c these assumptions agree with growth experiments on nonplanar GaAs substrates [8].

AI opposed to other techniques, the concept of micro shadow masks allows to grow
freestanding mesas with crystalline perfect surfaces. Epitaxial growth with micro shadow
masks at a low growth rate (- 0.1 nm/s) and a growth temperature of 470'C leads to {111}
facet formation ( 1]. For square mask apertures with a side length of 350 nm the mesas take the
shape of a pyramid with a tip radius of less than 10 nm. The base lines of the pyramid are
oriented parallel to the <I I 0" axes of the substrate, independent of the orientation of the mask
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aperture. In this case both shape and orientation of the mesa are determined by the orientation
of the substrate anr -,-! y tle mask.

To determine the limits of such selforganizing growth, we investigate here facet formation
of lineshaped mesas depending on the length and orientation of the mask aperture We also
show the influence of flux rate and growth temperature on the fazet formation.

EXPERIMENT

The growth experiments were performed in an indigenous MBE system The base pressure
was 3-IU " mbar rising to 2 10 mbar during evaporation. Before MBE growth a micro
shadow mask was built up on the substrate [9]. (001) Si substrates were thermally oxidized at
1050'C up to I .tm oxide thickness. In an LPCVD process a 100 nm thick silicon nitride layer
was deposited at 700'C onto the oxide layer. Electron beam lithography in combination with
CF4 - plasma etching was used to pattern the nitride film. After the etching the PMMA was
renoved with boiling aceton and the oxide was etched by hydrofluoric acid. By underetching
the nitride layer the shadow mask was formed. After a final RCA clean the substrates were
transferred to the MBE system. The natural oxide was desorbed at 900°C for 5 minutes. For
most of the experiments a growth rate of 0.08 nrn/s was chosen. The growth rate relates to the
poly silicon layer on top of the nitride. The growth temperature was varied between 500 'C
and 730'C. The temperature was determined by pyrometry.

For the investigation of the mesa growth SEM analysis was performed at cleaved edges.

RESULTS AND DISCUSSION

By depositing silicon atoms through the mask aperture of the shadow mask, mesa structures
grow locally on the '001) substrate. Among the possible facets, which can be formed on the
surface of the mesa, the (IllI facet (Fig. 1) is preferred due to its lowest surface energy of
1.23 J/m2 [10]. For {100), (113} and j110} facets this energy amounts to 1.36 J/m2 , 1.38 J/m
and 1.43 J/m2. However, as MBE growth works in supersaturation, equilibrium properties like
the formation of a thermodynamically stable surface do not necessarily occur.

At first we investigate mesa structures aligned along the <110> direction. I 4-m long, line-
shaped mesas grown at 500C essentially exhibit I I l l) facets at the side walls and a (001) sur-
face on top (Fig. 2a). Although the mask aperture has a roughness of 50 nm due to overgrown
poly silicon grains, the side walls are perfectly plane. Mesa structures with a length of 10 pm
(Fig. 2b) and more show rough side walls, which consist of many, small sections of tIlI,
facets. Slight misorientation of the mask towards the <110> direction of the substrate, defects
and contamination at the substrate surface or locally varying growth rates due to fluctuations

tOO] 10011

(IIII/a 1113) plawt
10101 1010]

F" inclination angles of the (113) and ( I II) crystallographic planes
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a - )b)

SEM micrographs of cleaved micro shadow masks oriented along the <I I 0> direction
of the (001) Si substrate. The a) 1pim and b) 10 pm long mesas were grown at 50OC.

Eij SEM micrograph of a cleaved Si Ei4 SEM micrograph of a cleaved Si
mesa. Mask aperture oriented along mesa. Mask aperture oriented along
<100>. Growth temperature: 500C, < 100>. Growth temperature: 5OO,
Growth rate: 0.08nm/s. growth rate: 0.27 nm/s.

in the mask aperture width can lead to this roughness. For small structures diffusion of the
adatoms obviously smooths out any steps at the side walls. Structures exceeding the diffusion
length for adatoms in the direction of the mesa orientation will in general not show a single-
facet side wall. Even long, lineshaped mesas oriented along the <100> axes of the substrate
exhibit Illl1 facets (Fig. 3), which again proves the preference of the J III surfaces.
However, the different orientation of mesa and facet leads to a very ragged side wall.

The facet formation can be suppressed by a higher growth rate of 0.27 nm/s (Fig. 4). This
indicates the importance of a relaxation time for the facet formation. We discuss this by the
following model for the mesa growth with micro shadow masks including diffusion of
adatoms under the shadow mask.

In the initial growth stage of the first few monolayers the deposited Si atoms will experience
a rather rough substrate surface due to the previous HF-dip or a slight miscut of the (001)
substrate (±1"). They will immediately be built in at steps of the substrate and a further
diffusion is suppressed. The initial width of the mesa should be close to the width of the mask
aperture. Determining the ratio of the growth rates of the (001) top surface layer and the { 11 )
facet to 3.8 from figures 5a and 5b, the initial width of the mesa can be estimated to be 330
nm. This agrees well with the measured width of the mask aperture of 310 nm. The edges of
the mesa are located under the shadow mask. Thus the growth of the (Il 1 } facet depends on
the Si adatoms diffusing from their place of deposition to the edge of the mesa. This will in
general be a slow process, which enables the side wall to form a thermodynamically stable
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)c

b))

Ei SEM micrographs of cleaved Si mesas grown with a 310 nm wide micro shadow mask
at a growth temperature of 500T. The growth is stopped at different stages.

l facet. At a growth temperature of 5OOC the low diffusion-limited flux of adatoms also
leads to the smaller growth rate of the ( I I l facet. Thus the extension of the { I I I } facet in-
creases relative to the (001) surface while growth proceeds (Fig. 5b). At a mature growth stage
of the mesa the (I I } facet will extend from an area underneath the shadow mask into the
window of the mask (Fig. 2a). Still the growth rate of the side wall facet is lower compared to
the top surface, because Si atoms deposited on the part of the facet inside the mask aperture
have to provide the material for the growth of the whole facet. Finally the (001) top surface of
the mesa vanishes and a sharp ridge is formed (Fig. 5c). If the part of the facet underneath the
shadow mask equals the diffusion length for Si adatoms in the direction to the mesa basis, no
mass transport can occure beyond this length at the { Ill } facet. A steep wall appears at the
bottom of the mesa side wall.

The prerequisite for such an evolution of the mesa is a sufficient flux of Si adatoms under
the shadow mask by diffusion. The grown surfaces seem to be smooth enough to allow a
transport of adatoms on the { I l l) facet up to a distance of 100 nm beyond the edge of the
mask aperture. However, at higher flux rates of impinging Si atoms a fast nucleation of
adatoms can occur near the place, where they have been deposited. These atoms are bound in
dimers on the (001) top surface (11] and do not contribute to the diffusing adatoms forming
the side wall facet. Facet formation is suppressed and steep side walls as a projection of the
mask are formed. Thus both facets and steep side walls can be fabricated depending on growth
rate and, by the diffusivity, on growth temperature.

The temperature dependence of facet formation is studied for I 4im long mesas. It shows a
crossover from { Ill facets to { 113) facets at a temperature of about 570*C (Fig. 6). At
500'C only the { I l facet is detected. The kinks at the edges of the (001) top surface layer
are due to surface diffusion [8]. For higher temperatures the extension of the { 113) facet
increases, while the I I I l) facet vanishes. From the equilibrium point of view the vanishing of
the { I l l) facet as the surface orientation with the lowest surface energy, is unexpected. An
exclusive { 1131 facet formation has also been observed for UHV-CVD selective epitaxial
growth at T=550"C in oxide windows [7]. Although the growth rate of the I 111 } facet was
determined to be about a factor 2.5 lower than the growth rate of the { 113) surface, no J I Il
facet formation was detected. Hirayama et al. explained the dominance of the { 113} facet by a
reconstruction at the (001) terrace edges minimizing the formation energy of the tilted side
walls [12). However, in our experiment the shape giving parameter seems to be neither the
surface energy nor the formation energy. As the surface energy of a ( I l l } facet is lower
compared to the { 113) facet, the disappearance of { I ll} facets (Fig. 6d) contradicts a hypo-
thesis of a dominating influence of the surface energy on the shape of the mesa for our growth
conditions. On the other hand, if the formation energy determines the facet formation at the

396



a)

e) +d)

Fig SEM micrographs of cleaved Si mesas grown with a 400 rn wide micro shadow mask
oriented along the <110> axis of the (001) Si substrate. The growth temperatures were
a) 500'C, b) 570'C, c) 630'C and d) 730'C.

side walls, the size of the j113 ) facets should increase with decreasing temperature, because at
lower growth temperatures the metastable state of a formation energy minimum can more
easily be frozen in. However, the opposite is observed.

We propose a model for the simultaneous appearance of { 113} and J I I I) facets during
epitaxial growth in micro shadow masks, based on a temperature dependent growth rate of the
facets. As discussed previously, the I 11 } facet is formed underneath the shadow mask
Initially its growth depends on Si adatoms diffusing from the projected edge of the mask
aperture to the edge of the (001) top surface of the mesa. As temperature is increased the
diffusivity of the Si adatoms is increased, too. More adatorns will reach the { I l facet. Thus
the I 11) facet will grow faster. At the same time these adatoms are missing for the growth of

Si Si

a) poly silicon b)

. nitride ..

(90t (0)1
()/ oxide (1) , 13)/

(001) substrate (001) substrate

Fig. growth model for MBE growth with micro shadow masks at a) low and b) high
temperatures

397



the top layer, especially in the area close to the mesa edge. A J113 facet can be formed
between the Ill1} facet and the (001) layer, growing slower than the (001) top surface

Fig.7). The higher the temperature the higher the growth rate of the I I 11) facet. Thus rising
temperature will decrease the J I ll) and increase the ( 113) facet. The base width of the mesa
will also increase (Fig. 6 a-d). In a situation, where the growth rates of { I I I and ( 113 } facets
are comparable (T=630°C), random fluctuation in the facet length can occur ( Fig. 6c).

SUMMARY

We have investigated the growth kinetics of lineshaped, submicron wide mesas in micro
shadow masks. Mesas with a length up to I am exhibit plane side walls formed by a single
facet. Longer mesas show rough side walls. These observations may be explained by diffusion
of Si adatoms on the facets, smoothing out growth irregularities.

For MBE growth with micro shadow masks a facet formation at the side walls of free-
standing mesas can only occur when Si adatoms can diffuse under the shadow mask. High flux
rates suppress the facet formation by reducing the amount of freely diffusing Si adatoms. It is
suggested that diffusion plays the essential role for the transition from 1113 ) to I I l) facet
tormation, too. Higher temperatures lead to a higher flux of adatoms under the shadow mask.
This modifies the growth rates of the different facets and thus their extension.

It has been shown that by adjusting the growth parameters flux and temperature, steep side
walls as well as perfect facets can be achieved. Thus MBE growth with micro shadow masks
offers a chance for the construction of zero- and one-dimensional electronic devices without
high resolution lithography.
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BLUE LIGHT EMISSION FROM SILICON ULTRAFINE PARTICLES
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The University of Electro-Communications, Department of Communications and Systems,
1-5-1 Chofugaoka, Chofu-shi. Tokyo 182, Japan

ABS',RACT

[he oxygen-containing silicon (Si) ultrafine particles have been deposited onto Si and SiO 2
substrates by evaporation of Si powder in an oxygen-containing argon atmosphere. The as-
deposited Si ultrafine particles exposed to the ultraviolet light emit blue light, which is strong
enough to be seen with the naked eye. The blue light emission is associated with a broad
phooluminescence (PL) peak at 2.7 eV, which is attributed to radiative recombination via a
radiative recombination center. The proposed model with one radiative and two nonradiative
recombination centers well explains the temperature-dependent PL peak intensity.

iNTRODUCTION

The recent discovery of visible light luminescence from porous Si by Canham [1] has
attracted wide attention because of their potential application to Si light emitting devices.
Although he proposed an ultrafine quantum wire structure to explain visible light emission, it is
now widely understood that crystalline Si ultrafine particles remaining in the texture of the
porous layer are the origin of the light emission [2]. The detailed mechanism still remains
obscure. It is, however, clear that the Si nanostructures posses electrical and optical properties
different from those of bulk Si.

We reported orange-red light emission from the ultrafine particles deposited by evaporation
of Si powder in an argon atmosphere and associated the luminescence with the quantum size
effect [3]. The atmosphere during the deposition was found to affect the size of Si particles and
then the luminescence color. In this paper, we report blue light emission from the Si ultrafine
particles deposited by evaporation of Si powder in an oxygen-containing argon atmosphere and
discuss the mechanism of the blue light emission.

EXPERIMENTAL

A conventional gas-evaporation technique was used to deposit Si ultrafine particles onto Si
or S'2 substrates. As shown in Fig. 1, after evacuating the chamber, argon gas containing 1 %
oxygen was introduced into the chamber. When the total gas pressure reached 6 torr, high-purity
Si powder or small pieces cut from Si substrates in a boron-nitride (BN) boat was heated in an
oxygen-containing argon atmosphere. The total pressure of the atmosphere was kept constant
at 6 torr during evaporation. A typical film thickness was about 0.5 Irn after 5 minute
evaporation.

A sample for transmission electron microscopy (TEM) was prepared by collecting the Si
ultrafine particles scratched off from the substrate onto a mesh. A JEOL-2000 FX electron
microscope operating at 200 kV was used for TEM studies.
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Photoluminescence (PL) measurements were carried out with a mercury lamp as an excitation
source from 20 to 292 K.

c- SUBSTRATE HOLDER

SUBSTRATE

Si Powder BN BOAT

Ar 99%

1 HEATER PUMP

AC -600W

Fig. 1 Gas-evaporation apparatus to deposit the oxygen-
containing Si ultrafine particles.

RESULTS AND DISCUSSION

The TEM micrograph in Fig. 2 shows intertwined chain-like nanostructures containing
spherical particles. A similar structure was reported for the oxidized Si microcrystalline particles
by Kawaguchi and Miyazima [41. None of Si crystalline particles has been detected in the
sample as shown in the Si2p ESCA (electron spectroscopy for chemical analysis) spectrum in
Fig. 3. The spectrum shows only SiO.. Nevertheless, the ESCA result is not a conclusive
evidence for absence of microcrystalline Si. The detailed microstructure in the Si ultrafine
particles to exhibit blue light emission is under stud), and will be published elsewhere.

Sio

U /

0

2,400

N si

120nm S'0
,_, 110 105 100 95

Binding energy (eV)

Fig. 2. TEM micrograph of the oxygen- Fig. 3. Si2p ESCA spectrum of the oxygen-
containing Si ultrafine particles, containing Si ultrafine particles.
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Figure 4 shows two PL spectra measured at 20 and 292 K. it is interesting to note that the
PL peak energy and the half width at half maximum are almost the same. Both PL spectra are
well fitted to Gaussian curves shown in solid curves in Fig. 4. The broad peak at 2.7 eV
contributes to the blue light emission. The above features in the PL spectra are true for all
temperatures from 20 to 292 K. Similar temperature-insensitive peak position and linewidth
were observed in the PL spectra of chalcogenide glasses 15]. The luminescence intensity,
however, strongly depends on temperature as shown in Fig. 5. The temperature dependence
originates from a nonradiative process with rate p,, which is competitive with the radiative
recombination, according to

I, = Ap/(p, + p,.), (1)

where A is a constant, and p, is the radiative recombination rate. The observed blue light
emission from the Si ultrafine particles is hard to be explained by the quantum size effect
because a diameter of 10 nm in the microstructure shown in Fig. 2 is considerably greater than
the particle size required for blue light emission by the quantum size effect [6]. Therefore, the
blue light emission is more likely to be associated with radiative recombination via a radiative
recombination center.

Wavelength (nm)
800 600 500 400 350

- 20K "

2r
202

Ci ,00,
2.5

2 3 4. 0 10 200 300
Photon Energy (eV) Temperature (K)

Fig. 4. PL spectra of the Si oxygen- Fig. 5. Temperature-dependence of PL peak
containing Si ultrafine intensity at 2.7 eV.
particles at 20 and 292 K.
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We use the same model to describe recombination in amorphous materials, originally
proposed by Street 17J. As illustrated in Fig. 6, we assume one radiative and two nonradiative
recombination centers and the escape of a portion of the trapped electrons from the radiative
center to the nonradiative centers by one-directional tunneling. These assumptions are reasonable
if the nonradiative recombination centers are deep-level centers and the nonradiative
recombination rates, p., and p.., are larger than the radiative recombination rate p,. Following
the tunneling theory between two recombination centers by Street, the transition rate from a
radiative to a nonradiative center via tunneling is given by

p. = poexp(Tro) (2)

with

po = vpkexp(-2aR) (3)

and

T. = (4ay2k) -1 , (4)

where v, is a frequency of order 10'2 sec -', a the tunneling parameter, 1k the spatial separation
of two centers, y the shape of the parabola, and k the Boltzmann constant [71.

EXCITED
S TAT EI

Pl I P2 I P3

II

II
II

l Pnrl IPnr2

II

- _ _ _ _ GROUND

STATE

Fig. 6. Model of the recombination process.
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Applying eq. (2) to the model in Fig. 6, the transition rates from the radiative to the
nonradiative recombination centers via tunneling, P4 and ps, are given by

p, = p,.exp(TflT,,) (5)

and

p5= p~exp(TTT). (6)

The excited electrons can be trapped either by the radiative or the nonradiative recombination
centers. The number of electrons at the excited state trapped by the radiative recombination
center n, is then given by

n, = Ap,/(p, + P2 + P3) (7)

where A is a constant. Since a portion of the electrons trapped by the radiative recombination
center may escape to the nonradiative recombination centers via tunneling, the total number of
electrons contributing to luminescence is now

n, = Ap,/(p, +p2 +p3) * p,/(p, + p, + p5)- (8)

Here we make assumptions: (1) a direct transition from the excited state to the ground state is
neglected; (2) the energy levels of all recombination centers are about the same; and (3) p, is
much less than p4 or P5. The first assumption is made because the direct transition from the
excited state to the ground state is temperature independent and should not affect the observed
temperature dependence of the PL peak intensity. The second is reasonable by considering
tunneling between the centers. The last is justified by a low luminescence efficiency. Then, eq.
(8) will be simplified to show the temperature dependence using eqs. (5) and (6):

I, = ljp,.exp(T/T. ) + p5,exp(T/T_,)}, (9)

where 1, is a constant. Note that p, is temperature independent.
The obtained temperature dependent PL peak intensity is best fitted to eq. (9) by setting the

adjusting parameters, p,,., p , T,, and T.,, to

P,,o = 0.015, (10)

T, = 3000 K, (11)

and

T5. = 90 K. (12)
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In our analysis, we also considered the model with one radiative and one nonradiativ¢
recombination center, but the experimental data could not be well fitted to the model. Therefore,
we conclude that the model requires one radiative and at least two nonradiative recombination
centers for the best fit between the experiment and the theory. We, however, admit that the
model empirically explains the experimental data and that there is no physical explanation for
the nature of the recombination centers. Further study is needed to identify these recombination
centers.

CONCLUSIONS

We have fabricated the Si ultrafine particles by evaporation of Si in an oxygen-containing
argon atmosphere and observed blue light emission. The TEM study reveals that the sample
consists of chain-like nanostructures with a mean diameter of 10 nm. The blue light emission
is associated with the broad peak at 2.7 eV. The peak cannot be simply explained by the
quantum size effect because the size of the nanostructure is too large.

The temperature-dependent PL intensity was best described by the model with one radiative
and two nonradiative recombination centers based on the tunneling theory between two centers
proposed by Street [71. The nature of these centers is not well understood. One may have better
physical understanding of the centers by studying dynamics of tunneling by time-resolved
photoluminescence measurements.
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IR-VISIBLE PHOTOLUMINESCFACE STUDY OF NANOMETER-SIZE
AMORPHOUS SILICON POWDER PRODUCED BY

SQUAR -WAVE-MODULATED RF GL)W DISCHARGE.

ICOSTA. P.ROURA, G.SARDIN. J.RMORANTE. E.BERTRAN.
Departament de Fisica Aplicada i Electrbnica. Universitat de Barcelona.
A% l)Dagonal 647, E08028 Barcelona. Catalonia (Spain).

-%BSTRACT

Amorphous silicon powder exhibiting microstructural properties such as nanorneter size.
large presence of silicon-hyd-ide groups and high surface/volume ratio has been produc -d in
a plasma enhanced chemical vapor deposition (PECVD) reactor using pure silane gas and lok
frequency square-wave-modulated (SQWM) rf power (13.56 MHz). The possible crystallinity
of nanometer-size domains embedded in the amorphous network was studied with Ramat)
pectroscopy and electron diffraction analysis.

Photoluminescence (PL) in the near IR-VIS region was excited by an Ar laser. The Pt-
intensity exhibits very unusual properties: a supralinear dependence on excitation power and
an exponential decrease with pressure (below 50 Pa). The analysis of Pt- dynamics led us to
propose a mathematical model of excitation of the PL. This model involves the existence of an

intermediate step, with an extremely long lifetime, that controls the Pl dynamics

INTRODUCTION

The formation of silicon powders (pwd-Si) during PErVD processes has stimulated
many reports' -'due to its involvement a-, a contaminant during hydrogenated amorphous silicon,
a-Si:H, thin film deposition or etching. Furthermore, pwd-Si produced by PECVD is a
promising new material for sintering ceramics, for making nanoscale filters or supports for
catalytic surfaces.

The special characteristics of powder obtained by PECVD are its nanometer-size,
microstructure, high purity, its chemical reactivity and the possibility of preparing alloys by
mixing precursor gases. Some of these characteristics, such as size, composition and
microstructure can be controlled by the technological parameters of the plasma processing."'
One of the relations between the discharge parameters and the microstructural properties of th,_

Si powders has shown the dependence of powder size on plasma-on periods (when ihe

square-wave-modulation, SQWM, of the rf power was used). 6 Compactness and hydrogen
concentration of the samples can also be controlled by the SQWM frequency of the incident
power and by the gas residence time in the reaction chamber.-6'

Photoluminescence (PL) of Si nanostructures has attracted much interest in recent yoars

because it lies in the visible region. PL of porous silicon (PS)'" and other silicon structures like
small crystallites produced by sputtering9, skeleton clusters"', evaporated particles", or siloxene
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compounds", have been the object of many reports. Although there is no clear evidence that
the PL. is due to the same cause in all these materials, thete are two main explanations: tht
increase of the optical gap due to the quantum confinement of the electrons", and the presence
of ,lioxe;e-type compounds'?. In -pite of the strong microstructural similarity between the Si
posder produced by PECVD and the structures described above, we report unusual PL
properties of Si powder.

In a previous study" we showed the visible PL emission of Si powders and the
dependence of PL intensity, Itp, on both laser intensity and gas pressure inside the cryostat,
at pressures below 50 Pa. In that case we found an exponential decrease of IM when we
increased the pressure (1p = 1. exp (-pip,). where p. was of about 1.5 Pa). A gas pressure
increase fiom I to 15 Pa decreased I by four orders of magnitude. The dependence on laser
powser. 4. was strongly supralnear (Iipl cx V. where m ranged between 4 and 61.

In this paper we report the preliminary results of a more extensive study of the PL ot

Si powder. which includes the determination of the near IR-VIS PL spectra at different laser
intensities and the study of rise, r,, and decay, T., lifetimes. Extraordinarily long lifetimes.
of about several hundred ms are shown for both rise and decay. The PL is modeled as an
excitation process of at least two steps, one of which is responsible for the unusually long
lifetimes.

Furthermore, in order to elucidate the existence of small crystals in the Si powder,
which might be responsible for the PL emission, we performed Raman spectroscopy and
electron nanodiffraction analysts.

EXPERIMENTAL

Silicon powder was produced inside the reaction chamber of a capacitively coupled rt
reactor." The reactor was kept at room temperature, the silane plasma was modulated at lo,
frequency (0. 1 Hz) with 50% duty cycle; the SiH 4 gas flow was 20 sccm, the pressure 65 Pa
and the rf power density, 200 mW/cm 2. The sample was kept under the atmosphere for abou!
three months.

The PL was excit-:x by the 488 nm line of an Ar laser which produces a spot ot about
4 mm: on the sample surface. The incident laser intensity ianged between.5 and 5 mW. A
0.5 m monochromator was used to obtain the spectral feature of PL. The emitted light was
detected by an InAs photodiode cooled to 770K, and analyzed with a 0.5 in monochromatot.
The reported spectra were corrected by the transfer system function. Saniples were mounte
inside a closed-circuit helium cryostat, where the surrounding gas pressure was held at 10 ' Pa.
All PL measurements desc-ibed I'. re were carried out at room temperature and under vacuum.

Micro-Raman analysis was performed with the 488 nm line of an Ar laser that produced
a spot of about 2 um in diameter on the Si powder sample. We used a weak laser power.
1.2 mW measured on the sample, in order to avoid the laser anneuling of the particles.

Electron nanodiffraction analysis was carned out with a Hitachi HT-800-NA
microscope. The electron spot used was 2 nm in diameter.
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RESt'LTS AND DISCUSION

Previous transmision .

electron microscopy studies of Si

px)wder were used to deduce
particle sizes ranging between 10 ,

and 200 nm.' The Si-H bond .'

configuration was estimated from I

the Fourier transform infrared

(FTIR) spectra. The FTIR analysis C

rexealed the predominance of

SiH. groups (2100 cm). in front

of Si-H (2000 cm') bonds, in a a

highly polymeric form (850 and

8 cm).' The appearance of 50 250 450 650 850

both 2180 and 2250cm I peaks wavenumbers (cm - )

indicated the spontaneous Figure.1 Micro-Raman spectra of Si

oxidation f the samples exposed powder. Totally amorphous, a); and with

t, :he atmosphere. " Thermal crystalline evidences, b).

derption spectrometry. TDS.

showed the predominant presence of weakly bonded hydrogen, which evolves at about 300 C,

and th, large hydrogen content of the silicon powder particles (above 30 %)."
X-ray diffraction showed

no crystallinity of the samples.
Furthermore, micro-Raman
spectroscopy indicated the

amorphous character of the

powder in almost every

measurement (Figure 1.a). Only
in few cases did sample zones

4.2 rl/rm2 produce a Raman spectrum with
.,W/,m/evidence of crystallinity (Figure

9:Lb). Then, the c-Si peak, usually

(L) centered at 520 cni', appeared

superposed to the amorphous
curve, and it was shifted to

MWIM 22 mWW/mm~II!shorter wavenumbers; (510 cmi)
2 mW/mm2  indicating the small size of these

' -Zordered regions. Electron

5nanodiffraction never produced

wavelengh (nm) any diffraction image, giving
clear proof of the absence of

Figure 2. PL spectra of the Si powder crystals larger than the electron

for two laser intensities, spot (2nm). We can conclude
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from these two analyses that the Si powder is mainly amorphous. Moreover, the PL dynamics
itudy we describe here rules out the possibility of electron quantum confinement as the cause
of Pl. in this material.

Figure 2 shows the normalized PL spectra of Si powder, for two different incident laser
-,sities. In both cases, PL emission starts in the visible region (600 nm) and rises

continuously until 2500 nm. Unfortunately, we are not able yet to correct the spectrum to the
detector limit (3.1 gm), but our
measurements show that the PL
emission continues beyond this
limit. The structureless shape of
PL spectra and the fact that the
emission at higher energies
increases for the sample
illuminated at higher power, ;
suggest that the PL emission is
caused by a multiplicity of a
electron states. "j10

The study of transient .

phenomena, excitation (-r,) and
decay (r,) lifetime, as well as the
PL intensity (In) dependence on
laser intensity (*,), were obtained 1 _0_________ . ......
by integrating the PL emission 1 m )5
between 1.9 and 3.1 pm. laser intensity (mW/m

Figure 3. Supra-linear dependence of PL
The lp dependence on 0 intensity on incident laser intensity.

is non-linear. In Figure 3 we can
see that it varies with the incident light power following a supra-linear dependence, ip, = V,
where m ranges between 2 and 3. Below 0.8 pm this exponent is greater ( m = 4 - 6)". This
fact is consistent with the evolution of the spectral shape with laser intensity shown if figure
2, where the PL intensity increases with laser power. faster at lower wavelengths.

Figure 4 shows the time response of PL of Si powder to a laser pulse. Although there
is no pure exponential rise or decay. but a distribution of lifetimes, we can estimate the rise
time, of about 400 ms, which is longer than the decay time, around 50 ms. The PL we observe
does not have any faster contribution. Both the rise and decay times are about four orders of
magnitude longer than the longest times reported for porous silicon""I.

The key of the PL dynamics analysis is the fact that the PL emission has a null
derivative close to t = 0 as shown in the inset of Figure 4. This behavior cannot be explained
according to the usual direct excitation from a ground state, where the dynamics would be
described by the following equation:

d nPP n_ L (I)

where n, is the population of the ground state, or is the optical cross section, 4 the laser photon

48



fluxe and r, the lifetime of the excited state. As Ipa. is proportional to the luminescent state
population (nn). from eq. 1 it is clear that at t=O the PL emission derivative should be
proportional to oNO. Thus the null derivative implies that n. must be 0. This leads us to
propose a multiple step model which assumes the presence of intermediate states, whose
occupation increment is caused by the light excitation of the preceding state.
We can describe the process as

follows:
LASER -
OFFdn, oo nl - -

dt

dn,/
1 0 20 40

- - time (Ms)

dL nPL-l PL- ~ PL____dt A 
e  °t- --

0 1000 2000 3000

A more detailed study of time (ns)

the model, to be published, gives Figure 4. PL response to a laser
the following results: t) The excitation pulse. The first 40 ms of the
exponent m (from the !, - V curve is shown in the inset. Excitation

and decay lifetimes are about 400 and
dependence) is a lower value of 50 ms respectively.
the number of steps needed to
reach the luminescent state, and b) While the PL emission decay depends on the effective
lifetime of the luminescent state, 7K. the excitation, 7a,, is dominated by the slowest
intermediate transition, leading to the difference between r,, and r_, (rP. < -r_). According
to this model, our experimental results imply that the states emitting at 2 um occupy at least
the third level of the sequence (m = 3), whereas the PL emission near the visible region
corresponds to a level m t 6. These findings reinforce the hypothesis of many different states
contributing to the PL spectrum.

Concerning the possible causes of the Si powder PL, the amorphous character of the
samples and the long PL lifetimes rule out the electron quantum confinemet hypothesis in small
crystallites. Although siloxene-type compounds may be present in our Si powder samples as
its spontaneous oxidation might allow, the investigations of Ch. Hollenstein and coworkers on
in situ PL measurements in dusty silane discharges,' 9 where no oxygen is present, also rule out
this possibility. The multiple step excitation process and the unusual PL dependences on gas
pressure and power indicate that we are faced with a qualitatively different PL emission.
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ABSTRACT

Structural characterization of phenylacetylene dendrimers (PADs) makes it possible to
explore the rcel:ionship between molecular architecture and condensed phase organization. The
size and geon-iiry of the PAD series is precisely controlled, with phenylacetylene units emanating
from a central phenylene in the manner of a tridendron. The branched molecule rapidly increases
in size with each synthetic generation. The "shape-persistent" nature of the phenylacetylenc
molecule makes it ideal for use in the construction of self-assembling supramolecular systems.

Transmission electron microscopy (TEM) has been used to identify the crystal structure of
lower generation PADs, and wide-angle X-ray studies confirm the decrease in crystallinity with
size. Hot stage optical microscopy studies of thermal transitions reveal melting points for lower
generation PADs, and an apparent glass transition for the amorphous higher generations. This
type of structural information is essential to the rational design of self-assembling materials.

INTRODUCTION

The design of engineering materials has traditionally relied on the interactions of either
individual atoms, often inorganics, or high molecular-weight organic macromolecules. However,
fabrication of nanoscale structures from an atomistic level can be unwieldy and time-intensive.
especially so with complex macromolecules. Modular, "shape-persistent" units of tens to
hundreds of atoms provide a middle ground for the construction of larger molecular assemblies.
Strong covalent bonds maintain the rigid architecture of these molecules, while weaker forces like
hydrogen bonds and van der Waals interactions can result in large-scale molecular organization.
The phenyl ring and the acetylene rod are two such rigid units that can be used in molecu!ar
engineering, and together they comprise the phenylacetylene dendrimers (PADs) used in this
study.

Dendrimers are a specific class of molecules identifiable by their highly branched topology.
The first dendrimers were flexible, branched polymers like the "starburst" poly(amidoamines) [II
of Tomalia et al. Chemical routes for various flexible dendrimers have been developed by other
groups [2-51 and recent advances in the large scale synthesis of poly(propylenimine) dendrimers
[61 portend the widespread commercial use of these materials. The PAD molecules differ from the
aforementioned dendrimers in that the rigid nature of the substituent units is retained throughout the
structure, creating a well-defined architecture. Additionally, the synthesis of these dendrimers
involves a repetitive scheme that can produce high molecular weight molecules in relatively few
steps [7]. Generations of the PAD molecule branch out from a seed phenylene, and contain tertiary
butyl groups on the periphery of the molecule to enhance solubility. PAD-4, named for the
number of phenyl rings, is the base member of the PAD family (Figure 1).

t Current Address: PPG Industries Inc.. Advanced Research Center,
4325 Rosanna Dr., Allison Park. PA 15101

413

Mat. Res. Soc. Symp. Proc. Vol. 351. 01994 Materials Research Society



PAD-4

PAD. 0

IJC~PAUb

MA. 1652 (&rmolo) 20

Fig.1 Schematics of lower generation PADs Fig. 2 Powder X-ray diffraction

EXPERIMENTAL

The synthesis of the PAD family, like that of most new organic molecules, is a time
consuming process that yields small amounts of material. Synthesis of PAD-4 and PAD- 10
follows a convergent route, meaning that the three arms of the molecules are synthesized as
wedges, and then coupled to a central core. For PAD-4 and PAD-10. the central core is a 1,3,5-
tribromobenzene. Higher generation PADs follow this same convergent scheme, with varied
leaving groups on the core phenylene. Although not used in this study, high molecular weight
PADs have been prepared using a modified convergent method in which the central core has up to
seven phenylenes [7].

Samples for TEM consisted of crystallites nucleated out of a dilute solution or microtomed
bulk crystals. A dilute solution of PAD molecules in a 50 w/o toluene-NMP (l-methyl-2-
pyrrolidinone) was deposited on amorphous carbon coated mica sheets and allowed to dry under
room conditions. Toluene is a better solvent for the PADs than NMP, but its low boiling point
made the addition of the less volatile NMP necessary in order to grow larger crystallites. The
carbon film and the crystallite layer was floated off the mica substrate in deionized water and
collected on copper grids. Gold was evaporated onto the samples as a calibration standard for
electron diffraction and to improve contrast at intermediate magnifications. Samples for high
resolution imaging were left uncoated. Cross-section samples of PAD-4 crystals were prepared by
nucleating crystallites from dilute solution onto a glass slide. These crystallites were embedded in
an epoxy droplet that was then cut and positioned in a larger epoxy block suitable for microtomy
using a Reichert-Jung UltraCut E.

Low dose electron microscopy techniques allow imaging of these organic samples despite
their sensitivity to the high voltage electron beam. The total end point dose (TEPD), Je, is defined
as the dose required for a diffraction spot to disappear as monitored visually, and can be given in
terms of the operating parameters of a microscope by:

Je =js M2 t (1)
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where Js is the current density at the screen (pA cm- 2), M is the magnification, and t (sec) is the
time it takes for a diffraction spot to fade. The TEPD was measured for all samples by observing
the time required for a particular reflection to become diffuse and indistinguishable from the
amorphous scattering of the carbon film (Table I). In general, the dose rate was kept below 85%,
of the TEPD. Diffraction patterns and intermediate magnification images of PAD-4 were collected
on a Philips EM 420. operating at 120 kV. Diffraction patterns of PAD- 10 were obtained on a
JEOL 4000 EX at 400 kV by searching the sample grid at a low dose rate, as measured at the
screen hOpproximately 10-5 C cm -2 sec-1 ) while recording the session on VHS tape through a
YAG-video system [8] used with an image intensifier and video camera. Patterns recorded on tape
were then digitized with a SCION LG-3 frame grabber and analyzed with IMAGE 1.54 on a
Macintosh Quadra 700. High resolution imaging was performed on the JEOL 40WM using
magnifications from 25 kX to 35 kX. The larger lattice spacings of the PAD molecules, on the
order of 2.0 nm. made high resolution imaging possible at these lower magnification,.
Additionally, qualitative observations of thermal transitions were made using a GATAN hot stage
and a JEOL 2000 FX at 200 kV, which is also equipped with a video imaging system.

RESULTS

The powder X-ray diffraction data in Figure 2 indicates a trend of decreasing crystalline
order with increasing generation. Observation of thermal transitions using a Linkham TH150W hot
stage on a Leitz Ortholux II optical microscope indicate melting points for the PAD-4 and PAD- 10
molecules and "softening" points for all higher order dendrimers (Table I). Softening is defined as
the visible relaxation of surface roughness on the solid molecular aggregates. All generations of
the PAD family undergo a thermal degradation above 300'C, even in a dry nitrogen atmosphere.
indicated by a color change to orange-brown. The lower generation PADs will not recrystallize
when cooled from this point. The crystallites of PAD-4, shown in Figure 3, can have aspect ratios
as high as 40:1, and appear to have a roughly rectangular cross-section. PAD-10 crystallites
grown from solution in conditions identical to those of PAD-4 are generally smaller, 10 microns
long as compared to 50 microns for the PAD-4 crystals. They retain the same general morphology
as PAD-4, with aspect ratios of 8:1 (Figure 4).

Hot stage TEM of the thermal transitions of PAD-4 and PAD-10 show the crystallites
dissociating laterally only slightly as they melt, while losing the majority of their length rapidly
before they enter the liquid phase. The larger crystallites of PAD-4 consist of individual, smaller
rod-like crystals bound together laterally. The first step in melting is the separation of these smaller
crystals. These crystals then melt at a rate of approximately 2.5 pm/sec along the long axis,
compared to a rate of 0.02 gIm/sec in the lateral direction.

Electron diffraction of the PAD-4 crystallites (Figure 5) show characteristic spacings in the
long direction of the crystal of 0.64 nm, and a lateral dimension, perpendicular to the long
direction, of 2.05 nm. Diffraction patterns obtained from a microtomed cross-section of a PAD-4
crystallite (Figure 6) show spacings of 2.05 nm and 1.91 nm, with an included angle of 90'.
There are no observable systematic absences in either of these patterns. Electron diffraction
patterns of PAD-10 show a spacing in the long direction of the crystal of 0.62 nm, and a lateral
dimension of 1.6 nm (Figure 7). High resolution microscopy of PAD-10 (Figure 8) reveals lattice
fringes of 1.6±0.2 nm.

Table I
Physical Properties

TEPD (C cm-2 ) TM (0C)

PAD-4 1.3 X 10-2 220
PAD-10 1.2 X 10- 3  180
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Fig. 3 Optical micrograph of PAD-4 crystals Fig. 4 Optical micrograph of PAD-10 crystals

Fig. 5 (010) Zone Axis of PAD-4 Fig. 6 (001) Zone Axis of PAI)-4

DISCUSSION

Molecular simulations (9] of individual PAD-4 and PAD- 10 molecules indicate that these
two lowest generation members of the PAD family maintain a planar conformation. This planarity
is lost on the higher generation molecules, as they adopt more spherical conformations, with a
large excluded volume in the center of the molecule. Despite the rigid nature of the phenyl rings
and acetylene rods, there is a considerable amount of rotational motion about the covalent bond
available to the outer branches of the larger molecule. This is evident from the many low energy
conformations that the outer arms of the molecules can adopt during minimizations, depending
upon the initial configuration of the molecule. Thus, crystallinity decreases as a function of
generation due, at least in part, to the potential non-uniformity of the higher-order PADs.

The crystal structure of PAD-4 can be solved using the data collected from the diffraction
patterns and molecular simulations. The lack of systematic absences and the 90' angles lead to an
orthorhombic unit cell. The positions of the molecules inside the unit cell can be refined by
comparing the relative intensities of simulated diffraction patterns with the collected data. Table 1I
is a summary of the proposed unit cell for PAD-4, in which a= 2.05 nm, b= 1.91 nm,
c= 0.64 nm, i= --y 90'

. A geometrical evaluation of the unit cell predicts that the molecules can
take on various low energy configurations, but the only one that replicates the weak reflections
along the ((XI) axis in the experimental patterns is one in which the geometric axis of each PAD-4
is tilted at approximately 660 with respect to the c axis. The PAD-4 molecules take on a motif
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resembling stacks of tilted, interdigitated molecules when the energy of the unit cell is minii,,ed
(Figure 9). Support for this configuration comes from the strong (5011) rcflctikin. in Figure 6.
which correspond to a real space dimension of 0.35 nm. This is the distance of closest approach
of the central phenylene ring of one PAD-4 with the planar core of the next PAD-4. as shown in an
off-axis projection of a stack of PAD-4 molecules (Figure 10).

Just as PAD- 10 crystalliles are morphologically similar to PAD-4, the electron diffraction
patterns of PAD-10 (Figure 7) show a geometric similarity to those of PAD-4. In both patterns.
the scattering vector perpendicular to the long axis of the crystal, k1 , extends farther out in
reciprocal space than its counterpart along the axis, k2 . The ratio k2/k, = 0.6 indicates greivel
order perpendicular to the long axis of the crystal between the interdigitated molecules. This is
corroborated by observation of the melting of these crystals in the hot stage TEM. Thus, disorder
in the c direction of the crystal can be associated with the high energ\ if the (M8)1( crystal faces.
and the subsequent preferential melting along that axis. The lattice fn in the HREM of PAD-
10 appear to curve around defects, indicating that the lateral Wnuir on can accommodatc
imperfections more readily. However, the lower TEPD and fewer rellco:tions for PAD- It0 support
the thesis of decreasing crystallinity with increasing molecular size.

Fig. 7 (010) Zone Axis of PAD-I0.
captured using video system

Fig. 8 (001) projection of PAD-4 unit cell

Fig. 9 HREM of PAD-t0 Fig. 10 0.35 nm separation of stacked PAD-4
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Table 11
Proposed PAD-4 Unit Cell

crystal system orthorhombic
space group P 2 1 21 21

a 2.05 nm
b 1.91 nm
c 0.64 nm

CONCLUSIONS

Structural analysis of the lower molecular weight generations of the PAD family pruvid
some insight into the use of the rigid phenyl and acetylene molecules as modular units in the
construction of macromolecules. Identification of an orthorhombic unit cell for PAD-4 in which
the molecules are oriented as tilted stacks of planar molecules with interpenetrating arms reveals a
distance of closest approach for the face-to-face packing of the molecules of 0.35 nm. Although
the molecules themselves are planar, they associate more strongly with one another by the
interlocking of their arms than by stacking. The higher generation PADs, with various potential
conformations of their peripheral branches, cannot take advantage of this spatial arrangement,
making condensed phase organization difficult. Substitution of charged groups on the periphery of
the molecules could enhance the interaction of the dendrimer arms, and make self-assembly more
likely.
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A MOLECULAR APPROACH TO ULTRATHIN
MULTILAYERED FILMS OF TITANIUM DIOXIDE

ELAINE R. KLEINFELD AND GREGORY S. FERGUSON'
Department of Chemistry, Lehigh University, Bethlehem, PA 18015

ABSTRACT

We have used solution-phase inorganic chemistry to form ultrathin, covalently bonded layers
of TiO 2 on silicon wafers. Ellipsometry and x-ray photoelectron spectroscopy (XPS) were used to
monitor the growth of the fdms. The ellipsometric thickness of the TiO2 films increased linearly
with the number of reaction cycles, the first absorption cycle resulting in about 3-4 A of growth,
and subsequent cycles resulting in about 1 A of growth. We attribute this limited growth to the
limited number of reactive sites on the surface.

INTRODUCTION

Synthetic inorganic chemistry offers a wide variety of solution-phase reactions that can, in
principle, be used to build molecular structure at solid-solution interfaces. An example of
remarkable success in this area is the use of coordination chemistry at surfaces to form self-
assembled monolayers (SAMs) on inorganic substrates.t The two best characterized of these
systems are formed by adsorption of alkyltrichloro- (or trialkoxy-) silanes on the native oxide of
silicon, or by adsorption of organosulfur compounds on gold surfaces. Three features that
distinguish SAMs from other surface coatings are: (1) the molecular adsorbates are densely
packed, approaching crystalline-like order; (2) only one layer of these adsorbates is formed at a
time; and (3) the adsorbates may contain reactive functionality that can be used in a subsequent.
separate adsorption step. These features, in turn, result from two key characteristics of the
adsorption processes in these systems: strong bonding of the adsorbate to the surface, which leads
to high packing densities; and the finite number of adsorption sites available at the surface, which
limits the growth per reaction cycle to one monolayer. In the w-,rk reported here, we have used
these two characteristics as design principles for building mono- and multilayers of titanium
dioxide.

Ultrathin films composed of purely inorganic components are of interest for microelectronics
applications,2 in catalysis 3-4 and as components for nonlinear and vacuum ultraviolet/soft x-ray
optics.5 In addition to physical deposition methods,5,6 chemical approaches to the formation of
such films have included vacuum methods such as atomic layer epitaxy 7 .8 and chemical vapor
deposition, 9 as well as solution-phase methods. 3.4 Several groups have reported that a single
atomic layer of titanium dioxide can be formed by the reaction of a titanium (IV) alkoxide (from the
vapor phaset o or from solution4 ) at the surface of hydrated silica gel, via a reaction similar to that
used for the production of relatively thick films by the sol-gel method.',t12 We have investigated
the adsorption of ultrathin layers of TiO2 by forming them on well-defined substrates, polished
silicon wafers. The native oxide on a silicon wafer, while not possessing the high surface area of
silica gel, does display similar surface chemistry These substrates also allow characterization of
overlayers by various techniques that do not lend themselves to analysis of high-surface-area
substrates, such as optical ellipsometry, angle-resolved XPS, and x-ray reflectivity. Films of
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oxides formed on silicon wafers cain therefore aid in the thorough characterization of surfaces of
catalytic interest. In addition, methods developed to form ultrathin films on single crystal silicon
substrates may be adaptable to allow preparation of multilayers incorpo'ating more than one type of
material, which could potentially serve as components for nonlinear and vacuum ultraviolet/soft x-
ray opticQ

SAMPLE PREPARATION

Titanium dioxide films were prepared as follows. Clean silicon wafers were imported into a
glovebox containing a dry nitrogen atmosphere. They were immersed for 30 s in -5 mM solutions
of titanium (IV) tetra-n-butoxide in dry toluene (distilled from sodium), and subsequently rinsed
.with dry toluene. The wafers were then exported from the glovebox and again rinsed with dry
oluene. The iamples were rinsed with purified water both to aid in hydrolysis of any unreacted
butoxy grou., --d to remove any adsorbed water-soluble contaminants. Second and subsequent
layers were adsorbed by repeating this procedure (Scheme 1).

01/-OH - 0. -oO

-0 -0-T-04
-OH 1) Ti(onBu)4 -0"
-0 2) H20 -0. 0-H

10
'~Ho . - O -T I .- o ,,

Si S"02

Scheme 1. Schematic illustration of the two step, in the adsorption cycle used to
form an ultrathin film of TiO2. This cycle was repoated to form mutilayers of TiOa.

CHARACTERIZATION AND DISCUSSION

The thickness of the titanium dioxide films was measured by optical ellipsometr' (Rudolph
Auto-EL III), assuming a refractive index of 1.76.1 3 (If this number was varied to as high a value
as 2.1, ellipsometric thicknesses decreased by less than 0.2 A, so the exact index used was not
critical.) Initial adsorptions onto clean silicon wafers yielded films with thicknesses of
approximately 3-4 A. This layer thickness was independent of the amount of time that the
substrate spent in the adsorbate solution, over the range that we measured (30 seconds to 4 days),
indicating that the limiting reagent is the hydroxyl groups on the surface of the wafer (silanols and
adsorbed water), and not residual water in the solvent. Consistent with the proposed reaction
scheme, no adsorption occurred on wafers that had been pre-coated with a SAM by treatment with
octadecyltrichlorosilane 4 to provide an unreactive, low-free-energy surface.

As repeated adsorptions were performed on the same wafer, ellipsometric measurements
indicated that the TiO 2 thickness increased linearly. Figure 1 shows that the thickness of the first
layer and the slope of thickness vs. number of adsorptions were not perfectly consistent from day
to day, though they were highly consistent for different wafers prepared on a particular day. This
variability could perhaps be linked to variations in temperature or residual water vapor in the
glovebox. The intercepts of these least-squares lines were always non-zero (-2-3 A), implying
that a greater amount of TiO2 was adsorbed in the frst cycle than in subsequent cycles (slopes -I
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A/cycle). Alternatively, the non-ero intercepts could be due to a layer of advc:'utious
contamination adsorbed at the outer surface of the TiO2 due to its high surface free energy. Control
wafers that were treated with the same rinsing procedure as the experimental wafers-but not
immersed in a titanium butoxide solution--did not adsorb sufficient contamination to account for
the non-zero intercepts. The expected thickness of a TiO2 monolayer, calculated assuming
tetrahedral coordination of each titanium atom to four oxygen atoms and using tabulated covalent
radi 15 is 3.35 A. Our results thus indicate that, whereas we may have obtained a full monolayer in
the first cycle, less tian a monolayer of material was adsorbed in stbsequent cycles.

10-

. 9

B

07
C

~6-

-~

E 3-.2

0

0 0

Number of Adsorptions

Figure 1. Ellipsometric thickness of a "0 2 overdayer as a function of the number of
adsorption cycles performed. Each symbol represents the average of layer
thicknesses measured on three separate samples treated side-by-side. Different
shapes (and the corresponding best-fit lines) represent experiments performed on
different days. The error bar represents the largest range in data observed across the
three samples treated on a single day; a typical range was 50-75% of the one shown.

We expected the TiO2 layers to be have an amorphous network structure, because they were
formed at low temperatures via surface alcoholysis, involving nearly thermoneutral exchange of
one oxygen ligand for another. Two experimental results were consistent with this expectation.
First, no peaks associated with known phases of crystalline TiO2 were present in x-ray
diffractograms of these samples. The absence of peaks, however, could be due to low signal-to-
noise for such a thin sample rather than a lack of order in the film. Second, the layers dissolved in
isopropanol. indicating that the titanium atoms were accessible to nucleophiles. Amorphous films
of TiO2 prepared by ALE8 were found to undergo transitions to the crystalline phases anatase and
rutile upon heating to 350 and 550 'C respectively; we expect similar densification and crystalliza-
tion of the amorphous networks formed by our method upon annealing, an avenue of inquiry that
we have not yet explored.

The elemental composition of the adsorbed films was determined by XPS (Scienta ESCA-
300). Spectra of wafers with 1-5 TiO2 layers contained peaks due to titanium as well as silicon,
oxygen, and carbon; some of the wafers also showed trace amounts of contamination by fluorine
(most likely from the fluuropolymer tweezers and reaction vessels used) and nitrogen. The
expected intensity of the Ti photoemission from the overlayer is given by equation (1): 16
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l(Ti) = L(Ti) (I - e-'v x" ws e)()

where l(Ti) is observed intensity; L(Ti) is the intensity that would be observed for an infinitely
thick sample of TiO 2; d is the thickness of the TiO 2 overlayer; X is the inelastic electron mean free
path (assumed to be 25 A);' 7 and 6 is the detector angle, with 0* defined as the surface normal.
Similarly, the substrate photoemission, that from elemental and oxidized silicon, should be
attenuated exponentially by the TiO2 overlayer as shown in equation (2):

I(Si) = lo(Si) e"Acos 0 (2)

where lo(Si) is the intensity that would be observed in the absence of the overlayer. Either signal
may in addition be attenuated exponentially by an overlayer of contamination. Figure 2a shows the
intensity of the Ti 2p photoemission vs. number of adsorption cycles. The photoemission
increased monotonically with the number of adsorption cycles, but was difficult to fit meaningfully
to equation (I). Figure 2b shows the attenuation of the oxidized and non-oxidized silicon peaks
with the number of TiO., overlayers. The observed attenuation indicates that the layers are
approximately I A in thickness, but does not indicate that the initial adsorption is thicker than any
subsequent adsorption.

2000

1500

-4

_0ooo Figure 2. a) Intensity of the Ti 2p
photoemission as a function of the
number of adsorption cycles on a

Soo sample. b) Natural logarithm of the
intensity of Si 2p photoemission from
oxidized (circles) and elemental

0 (diamonds) silicon asa function of the
number of adsorption cycles on a

9.0 sample. The intensities of the Si
signals decreased exponentially as
the TiO 2 overlayer grew thicker.
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We made angle-resolved XPS measurements in an attempt to investigate whether the TiO2
formed islands or gave smooth coverage of the substrate after one cycle. 16, 1

a A simple analysis,
however, did not yield interpretable results; theoretical fits to the data for 100% and 70% coverage
are shown in Figure 3. Despite simultaneous optimization of several parameters-the inelastic
electron mean free path (for such a thin layer, varying this parameter within rea.unable limits made
almost no difference), the thickness of an overlayer of carbon contamination, the thickness of the
TiO 2 monolayer itself, and the fractional coverage of the overlayer-in no case could we
satisfactorily fit the data for detector angles between 50" and 65" from the surface normal. The
theoretical lines shown in Figure 3 indicate that for films as thin as ours, variations in coverage
have little effect on the fit to the data; consequently, although the best fit to the data was obtained
for 100% coverage, we cannot conclude that full coverage was in fact obtained.

3.s

- Coverage = 100%
3.0-

.... Coverage = 70%
0.

e4 2.S-

2.0

1.0

0 20 40 0

Theta (Degrees)

Figure 3. Normalized intensity of the Ti 2p photoemission as a function of the angle
between the surface normal and the detector. Lines shown are optimized fits to the
data, assuming the inelastic electron mean free path (k) to be 25 A. Results indicate
that the TiO2 overtayer thickness is 2 A, and that it is covered with a layer of
contamination that is2 A in thickness. Lines for 100% and 70% coverage are shown
to illustrate the insensitivity of this analysis to the surface coverage for such a thin
overlayer.

CONCLUSIONS

In summary, we have demonstrated that films of titanium dioxide can be grown layer-by-layer
on silicon wafers via chemical methods that form strong bonds between the TiO2 overlayer and the
substrate. The limited number of reactive sites (surface hydroxyls) restricts growth to one
monolayer or less per adsorption cycle. Ellipsometry and photoemission from titanium indicate
that the first adsorbed layer is thicker than subsequent layers, but that thickness increases linearly
as more layers are adsorbed.
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A NEW PROCESS FOR PREPARING NANOSIZE
CERAMIC POWDERS

YONG S ZHEN, KENNETH E. HRDINA AND ROBERT J. REMICK
Institute of Gas Technology, 3424 South State Street, Chicago, IL 60616

ABSTRACT

We have developed a new poly-foam process for the cost effective preparation of ceramic
nanoparticles. The process utilizes the chemistry of polyurethane reactions and is proven to be
effective for forming nanometer size ceramic powders of a great variety of single metal oxides and
mixed metal oxides. In general, ceramic powders can be prepared by this process having a range
of average particle size between 3 to 50 nm, with very narrow particle size distrilb.tion. They are
free of hard agglomerates, are chemically pure and uniform, and are essentially spherical in shape.

INTRODUCTION

Because of their extremely fine particle size, nanoparticulate ceramic materials (particle size
less than 100 ran) exhibit novel combinations of physical, mechanical, and magnetic properties 1

However, traditional ceramic processes such as milling, grinding, and chemical precipitation are
not capable of producing ceramic nanoparticles. Significant advances have been made in recent
years in developing more sophisticated processes to fabricate ceramic nanoparticles.

The sol-gel process has been used to prepare fine ceramic powder for many years2 In one
typical procedure, a me!.vtl is reacted with an alcohol to form a metal alkoxide. The metal alkoxide
then is dissolved in an alcohol. Next, water is added to cause the alkoxide to hydrolyze. After the
pH of the solution is adjusted, the materials polymerizes to form a gel which consists of loosely
bonded materials and the solvents, water and alcohol. The conversion of the gel to a finely
divided metal oxide powder with a very fine particle size is achieved by hypercritical evacuation of
the solvent, water and alcohol. Unfortunately, the sol-gel process requires the formation of a
metal alkoxide, which is expensive, is air sensitive, and is difficult to control.

The controlled production of ultrafine ceramic particles such as AI2 0 3 and ZrO2 by gas
condensation has recently been refined3 . The generation of atom clusters via gas condensation
proceeds by evaporating a precursor material such as an metal element or volatile metallic
compound, in a gas maintained at low pressure, and by the in-situ consolidation of the clusters
under vacuum conditions. The fine metal clusters can then be collected and oxidized to form the
desired metal oxide. The broad application of this process, however, has been hindered by the
limited availability of high volatility metal containing precursors and by the inability of the process
to produce stoichiometric mixed metal oxides.

A glycine nitrate process has recently been developed for preparing ceramic oxide
nanoparticles4. This process involves the dissolution of metal nitrates in H20 and adding glycine
to form a metalorganic precursor. The precursor is then heated until it ignites. Combustion takes
place at temperatures as high as 14500C. This process holds promise for producing fine ceramic
particles if materials loss due to the high temperature combustion can be minimized and the high
reaction temperatures can be controlled to prevent the formation of hard particle agglomerates.
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In summary, up-scale production of ceramic nanoparticles remains technically difficult and cost
intensive. Until ceramic nanoparticles can be made widely available, we will be unable to utilize
their unique properties for a wide range of potential applications. In this paper, we report a new
poly-foam process5 for preparing ceramic nanoparticles which we believe to have great potential
fm! inexpensive manufacture of high 'uality ceramic nanometer size powders Over twenty

ent ceramic oxides and metal powders have been synthesized using the poly-foam process
ne resulting powders are ultrafine (3 to 50 tun in diameter), uniform in size, high purity, and

of hard agglomerates

THE POLY-FOAM PROCESS

The poly-foam process has four basic steps:
I. Metal cation salts such as nitrates, acetates, oxalates, carbonates, chlorides and mixtures

thereof are dissolved in a solvent system such as H20, acetone, and alcohol,
2. A polymer foaming reactant such as a mixture of polyols, organic surfactants and catalysts is

mixed with the solution containing the dissolved metal salts,
3 Another polymeric foaming reactant, e.g. an isocyanate, is added to the above system and a

foam is produced,
4. The polymeric foam comprising the metal cations homogeneously incorporated within the

foam cell structure is harden and heated to decompose the organics, producing nanometer size
metal oxide particles.

EXPERIMENTAL METHODS AND RESULTS

The poly-foam process is very flexible and can be used to prepare a wide range of ceramic
powders of single metal oxides or mixed metal oxides. We have successfully prepared over 20
different ceramic nano-powders. The following are some of the examples

Stabilized Zirconia

The starting materials used were ZrO(NO3)3.xH20 and Y(NO 3 )3 .5H2 0. About 50 grams of
the nitrates, in a stoichiometric ratio required to obtain Zr0 .g4 Y0 .16Oi.92 was dissolved in
approximately 40 grams of distilled water. The nitrate solution was mixed in a 600 milliliter glass
beaker with 200 ml of a mixture of polyols, organic surfactants and catalysts for approximately
five minutes. Polymeric isocyanates (200 ml) were added to the mixture and mixed for
approximately 30 seconds and the resulting chemical mixture was transferred to two 2 L size
porcelain dishes where rapid foaming occurred. The foam containing the metal ions hardened
after about thirty minutes and was fired in air at 7500C for three hours with a heating rate of
80C/min to decompose the organic compounds.

The powder obtained appears to be very fluffy. A powder bulk density of about 0.02 glcc was
measured. Phase studies using X-ray diffraction indicated that a single cubic zirconia phase was
obtained.

BET surface area measurement was carried out on the powder sample, a surface area of 96
m2/g was obtained.

The powder was then examined using a Transmission Electron Microscope (TEM), Figure 1.
It is noted that the powder has an average particle size of about 20 nm, has a very narrow particle
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size distribution, and is essentially spherical in shape, It is also noted that the particle-particle
association in the powder follows the pattern of the polymeric foam structure.

In a modification of the procedure described above, the solvent system used contained ethanol
and acetone in a one to one ratio. The resulting Y-ZrO2 powder has a BET surface area of 104
m2/g. This result indicates that the solvent system used to dissolve the metal salts has no
significant effect on the characteristics of the final powders.

In yet another modification of the procedure described above, the total nitrates used were 25 g
instead of 50 g. The particle size distribution listed in Table I for the resulting powder was
measured from TEM micrographs, Figure 2. It is significant to note that the average particle size
is only about 7 nm and the particle size distribution is very narrow with the largest particle smaller
than 20 ran in diameter. This observation suggests that the average particle size of the
nanoparticles can be reduced by reducing the metal loading in the metal ions/polymer precursor

Table 1. Statistical Summary for Crystalline Size Measurements of Y-ZrO 2 Powder

Mean 7.7 nm
Standard Deviation 3.2

Range 16.4
Minimum 2.8
Maximum 19.2

Number of Count 560

Alumina

A similar procedure as above was used to prepare A120 3 nanoparticles The powder thus
obtained has a BET surface area of about 118 m3/g. This corresponds to an average particle
diameter of about 13 nm.

Oxide Catalyst

Mixed oxides CuO.Cr203.A]2 03 are used as catalyst type materials. Nanoparticles of these
oxides were prepared following a similar procedure to that descried above. The resulting powder
was found to have a BET surface area of about 81 m2/g.

Other Oxide Ceramics

Other ceramic oxide nano-powders prepared using the poly-foam process include doped
barium cerate, lithium ferrite, zinc oxide, yttrium oxide, doped lanthanum chromate, 123-
superconductor, nickel oxide, and iron oxide.

DISCUSSIONS

It is significant to note that the poly-foam process can be employed to prepare ceramic
nanoparticles for a large number of metal oxides. We believe that the ability of the poly-foam
process for forming ceramic nanoparticles relies on two important properties of polymeric foams
such as polyurethane foams. The first property is the formation of a vastly expanded three
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100 nm

Figure I TEM Photograph Of Y-ZrO2 Nanopowder Prepared Using the Poly-Foam Process
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Figure 2. Particle Size Distribution Determined by TEM Analysis of Y-ZrO2 Nanopowder
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dimensional cellular structure which help to separate metal ions during decomposition and
calcination. The second property is the reaction of hydrogen-containing compounds such as
water with isocyanate (e.g., forming diamine and carbon dioxide blowing gas), which effectively
removes solvent and water that would otherwise be removed by hypercritical evacuation as in the
sol-gel process, or by heating as in other wet chemistry processes.

Polyurethanes are chemically complex polymeric materials, usually formed by the reactions of
liquid isocyanate components with liquid polyol resin components. The fundamental addition
polymerization reaction of diisocyanates with alcohol to produce high polymers was discovered in
1937 by Bayer and his co-workers6

Polyurethanes are addition polymers formed by the exothermic reaction of di- or poly-
isocyanates with polvols in accordance with the following general reaction

OH-R-OH - oCCN-R -NCO .

(Po Iso, (D.Ocyanate
)

-N--' N-C---R--II I 1 II
0 H H 0

(Polyurethane)

After reaction with the polyols, the next most important reaction of isocyanates is with water to
yield a substituted urea and carbon dioxide which provides the principal source of gas for blowing
in the forming of low density foams. This reaction proceeds in accordance with the following
general formula:

2HOH - OCN-R-NCO - H N-R-NH: . 2CO2

(water) (Diiscicyansac) (Diamine) (Carbon dioxide)

-- 2 (OCN-R-NCO)

{ (Dusocyanale)

-continued
OC-R-N-C-N--R-N-C-N-R-NCOI If I I II 1

H O H H O H

(a dusocyanate polymer)

It is important to note that water in the system is utilized in the polymerization reactions and,
thus, not have to be removed by an extra drying process.

To promote the chemical reaction and permit better control of the foam structure, other
chemicals, such as surfactants and catalysts, may be added.

When metal salt solution is added to the polyurethane system, a series of new chemical
reactions will occur, which, however, are not fully understood. Nevertheless, it is expected that
all hydrogen-containing compounds such as H20 and alcohol in the metal salt solution will react
rapidly with isocyanates. This may explain the fact that the properties of the final powder do not
depend significantly on the solvent system. The metal ions, however, could either be chemically
bonded to the cross-linked polymeric chains or remained as isolated precipitates physically frozen
within the rapidly harden and vastly expanded cellular structure.

It is known that polyurethane foams contain various polyphases7 . There are discrete hard
polymer domains dispersed within a continues soft polymer phase if the water level is low, and
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there are also agglomerated polyurea precipitates (polyurea balls) if the water level is high. If the
metal ions are not chemically bonded to the polymer chains, they may form groups of precipitates
that will be separated by the hard polymer domains and by the agglomerated polyurea precipitates.
If this assumption is valid, it is expected that the particle size of the metal oxide nanoparticles will
depend on the population of metal ion precipitates in each discrete group.

The hard polymer domains are evenly spaced; the distance is about 65-125 Angstroms. The
polyurea balls are also evenly distributed with a separation distance of about 3,000 Angstroms.
From these comparative spacing for the morphological feature of polyurtthane foam, the particle
size of the final powders (between 3 rn and 50 run) is well anticipated. This hypothesis also
suggest that because the hard polymer domains and polyurea balls are evenly distributed in the
foam, as a result, the nanoparticles will have a very narrow size distribution. This is indeed
observed in our study. It is also clear that if the metal ion loading is low, the population of metal
ion precipitates in each discrete group will be small, and thus the final particle size will
consequently be small. This is also observed in our experiments.

CONCLUSIONS

A new process has been developed for preparing ceramic nanoparticles. The process utilizes
the chemistry of polyurethane reactions and was proven to be effective for preparing nanometer
ceramic powders of a great number of single metal oxides and mixed metal oxides. In general,
powders prepared by this process have average particle size ranging from 3 to 50 rum, have very
narrow particle size distribution, are free of hard agglomeration, are chemically pure and uniform,
and are essentially spherical in shape.
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THERMAL CONDUCTIVITY REDUCTIONS IN SiGe
VIA ADDITION OF NANOPHASE PARTICLES
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"ThermoTrex Corporation, Thermoelectrics Department, 74 West Street, Waltham, MA 02254
-Jet Propulsion Laboratory, Thermoelectrics Department, 2800 Oak Grove Drive, Pasadena, CA
91109

ABSTRACT

Transport models have predicted that the thermal conductivity of SiGe alloys could be
appreciably reduced by incorporating a discrete 40A particles with the SiGe grains. Such a
thermal conductivity reduction would lead to substantial improvements in the figure-of-merit of
thermoelectric materials. This paper reports on recent results on adding 40A particles to SiGe
via a spark erosion process. Thermal conductivity reductions consistent with the transport models
have been achieved, however, the improvement in figure-of-merit has not been as large as
predicted.

INTRODUCTION

Devices based on the thermoelectric effect have been widely used for power generation in
space applications, from the very successful Voyager programs through the current Cassini
mission. The performance of thermoelectric materials is quantified in the figure-of-merit, Z =

S2/Xp where S= Seebeck coefficient, X= thermal conductivity and p= electrical resistivity.
These parameters are interdependent as they are all functions of the carrier concentration; this

relationship is illustrated qualitatively in Figure 1. The highest figures-of-merit are achieved for
highly doped semiconductors with carrier concentrations in the range of 10 Ia - 102" carriers/cm 3.
The thermoelectric material most widely used in power generation applications is the high-
temperature SiGe alloys. This material can be doped sufficiently and since n- and p- type
dopants are available device fabrication is simplified.

Efforts to improve the figure-of-merit have typically focussed on two areas; increasing the
electrical power factor (S2/p) by increasing the carrier concentration and decreasing the thermal
conductivity by scattering thermal phonons. The thermal conductivity of heavily-doped
semiconductors can be separated into two parts, lattice and electronic. The lattice conductivity
can be modified by scattering the phonons which transport the heat. In fact, the thermal
conductivity of SiGe is appreciably reduced compared to elemental Si and Ge because the mass
difference distorts the crystal lattice and scatters short wavelength phonons. Grain boundaries
and free carriers are effective at scattering long wavelength phonons. Therefore most of the heat
in SiGe alloys is carried by intermediate wavelength phonons. Transport models have predicted
that thermal conductivities could be reduced by 40% by adding appropriately sized particles to
act as scattering centers for these phonon-0. These particles should be about 50 A in diameter
and the concentration should be close to 10 6 cm 3 . These particles must be inside the individual
SiGe grains, and not located at the grain boundary. In addition, the SiGe grains must be large
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Figure 1. Dependence of Thermoelectric Properties on carrier concentration

enough so that electrons are not scattered by the grain boundaries. The electrons will not be
scattered by the 50 A inclusions located within the grain as a result of their small size relative
to the electron mean free path.

In order for the particulate inclusion to be effective the inclusion must be chemically stable
in the boron-doped SiGe matrix and thermally stable at 1000C, the maximum use temperature
of the thermoelectric device. A variety of materials were evaluated2 and BN and BC were found
to be the most stable. Recent results of these material systems will be the subject of this paper.

EXPERIMENTAL

Nanophase powders of both SiGe and the inert scattering center were fabricated by a spark
erosion technique. The spark erosion apparatus has been discussed elsewhere'. The powders
were then blended and hot-pressed to form compacts containing 2-10 v/o of the inert particles.
High temperature heat treatments were used to grow the SiGe grains to 2 AM while leaving the
inert second phase at the initial size. Alternatively, electrodes were first fabricated from a
mixture of SiGe and the inert addition. The electrode would then be eroded to produce the
powder blend in one step. The powder was then hot-pressed and heat treated.

Seebeck coefficient and electrical resistivity were measured simultaneously from room
temperature to 1000C Thermal conductivity was measured using a flash diffusivity technique to
measure both diffusivity and heat capacity'.

RESULTS AND DISCUSSION

SiGe samples were prepared with 2-6 rio BN. The boron nitride was prepared by eroding
polycrystaUine boron rods in a nitrogen atmosphere. Heat treating at 1275C for a minimum of
200 hrs was required to grow the SiGe grains to more than 2 pm. The BN particles did not grow
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and were well distributed in the SiGe grains as shown by the TEM micrograph in Figure 2. The
concentration of BN particles in this sample was about 2 v/o. The thermal conductivity was
reduced without degradation of the power factor resulting in an increase in the average Z,
integrated over 600 - 1000C. of 20% over baseline material. The Seebeck coefficient, electrical
resistivity, thermal conductivity and figure-of-merit are shown plotted in Figure 3 as a function
of temperature with baseline values' plotted for comparison.

I

Figure 2. TEM micrograph of SiGe grain containing BN inclusions (dark spots in photo)

While these results were intriguing, attempts to add higher concentrations of BN resulted in
samples with low mobility and low figure-of-merit. In these samples. the SiGe grains did not
grow to sufficient size even after extensive heat treatment. It was believed that this may have
either been due to unreacted or incompletely reacted boron acting to pin the SiGe grain
boundaries or to agglomeration of the BN prior to incorporation in the SiGe matrix.

Boron carbide was chosen to as an alternative to boron nitride. Boron carbide would be stable
in the SiGe matrix and since it's semi-metallic, the boron carbide could be incorporated into the
SiGe electrode so that the matrix and inclusion could be eroded together and separation of the
two components minimized.

While evaluating this material system, significant discrepancies were found in the room
temperature electrical resistivity relative to the pressing direction.Because this difference was
larger than could be expected from just high temperature quenching effects (boron exhibits
retrograde solid solubility in SiGe), it appeared as if the sample was geometrically anisotropic.
Subsequent examination of the microstructure revealed a highly anisotropic structure with very
long and narrow grains similar to stacked plates observed in the perpendicular directions as
shown in Figure 4.

This geometrical anisotropy of an otherwise isotropic material leads to a significantly higher
mobility and lower electrical resistivity in the perpendicular direction. This anisotropy has only
been observed with samples fabricated from spark-eroded powder. Conventional SiGe alloys as
well as fine-grained mechanically-alloyed SiGe exhibit a isotropic crystalline morphology.
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Because the mohility is the main transport property affected by the anisotropy, the r-u
between electrical resistivitie- in the parallel and perpendicular directions is , Mslaled
almostdirectly into the figure-of-merit. While this result is encouraging and suggesis that
:-provements may be made by taking advantage of this anisotropy in device fahrication, the
o rail performai,- ' of the boron carbide system was not as high as the best BN-SiGe samples.
Figure 5 illustrates tne resulting relative increase in Z for a typical boron carbide sample. The
maximum Z increased from 0.4x10 3 K- to 0.57xI0YK'. The low figure-of-merit could he
attibuted to reduced mobility even in the perpendicular direction when compared to standard
SiGe.

15
1.54~_________

1 .3 F figure-of-merit

Cc 1.1 thermal conduc'.vity

CL09

08 = :==--= $

07 electrical resistivity

0 200 400 600 800 1000

Temperature (C)

Figure S. Perpendiculai to parallel anisotropy ratio for as- pressed 13,C SiGe
sample

These results prompted a re-evaluation of the BN system. Samples were fabricated using the
blended electrode technique developed for the B4C system. The thermoelectric properties for an
as-pressed BN-SiGe sample measured in the perpendicular direction is shown in Figure 6. The
integrated average value of 0.58 x 10' K" is comparable to the baseline material. However, the
thermal conductivity is appreciably reduced compared to standard size, hot pressed material.
Since this result is for as-pressed material, further improvements can be expected after the sample
is annealed and the grain size is increased.

CONCLUSION

Systematic and theoretical studies have resulted in reproducible improvc-aents in the figure-of-
merit of p-type SiGe. Several scattering centers have been sb vn to be effective in reducing the
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Figure 6. Thermoelectric properties for as-pressed BN-SiGe sample measured
perpendicular to pressing direction

thermal conductivity. Addition of nanophase BN has succeeded in increasing the integrated
average figure-of-merit to 0.7 x 10 K". The unexpected occurrence of geometrical anistropy

in these systems suggests that higher Z's may be obtained when the processing parameters have
been fully defined.

ACKNOWLEDGEMENTS

The authors would like to thank P. G. Klemens for many helpful discussions. Part of this
work was performed at the Jet Propulsion Laboratory under contract with NASA. Work at TTC
was supported by NASA/DoE under the SP-100 program.

REFERENCES

I. Klemens, Paul G., Mar. Res. Soc. Symp. Proc., 434, 87 (1991).
z Scoville, N., Bajgar.C., Rolfe, J.. Fleurial, J-P, and Vandersande, J., Proc. XIth Symp. Space
Nucl. Power Systems, Albuquerque, NM, 2. 505 (1994).
3. Beaty, J.S.. Rolfe, J.L. and Vandersande, J.W., Proc. of 25th Int. Energy Cony. Eng. Conf.,
Reno, NV, (2) 379 (1990).
4. Vandersande. J.W., Zoltan. Al, and Wood, C., Int'l J. Thermophys. LO, 251 (1989).
5. Bajgar, C., Masters, R., Scoville, N., and Vandersande, J., Proc. 8th Symp. Space Nucl. Sys.,
Albuquerque, N.M., _, 440 (1991).

436



MOLECULAR SIEVE THIN FILMS VIA LASER ABLATION

KENNETH J. BALKUS, JR.*, SCOTT J. RILEY* AND BRUCE E. GNADE**
*University of Texas at Dallas, Department of Chemistry,
Richardson, TX 75083-0688
**Materials Science Laborartory, Semiconductor Research and Development,
Texas Instruments, Inc., Dallas, TX 75265

ABSTRACT

Laser ablation has become widely recognized as an effective technique
for the preparation of thin solid films. We have employed an excimer laser
(KrF. 248 nm) to deposit well dispersed thin films of aluminum phosphate
molecular sieves on a titanium nitride substrate. Results for the ablation of
AIPO4-5, AIPO4 -H3 and AIPO4 -Hl molecular sieve targets are presented.
The laser power and repetition rate as well as substrate distance and
temperature affect the thin film formation. A subsequent hydrothermal post
treatment of the ablated films was found to enhance the surface crystallinity.
The molecular sieve thin films were characterized by XRD, SEM, XRF, and
FT-IR spectroscopy.

INTRODUCTION

Molecular sieves constitute a special class of low density crystalline
metal oxides having well defined micropores [1]. These materials are
attractive as the adsorbing phase in chemical sensors because of the shape
selectivity imparted by the uniform pore systems. Zeolite molecular sieve
based surface acoustic wave (SAW) devices [2] as well as piezoelectric quartz
crystal microgravimetric type sensors [3-5] have shown promise in selectively
detecting organic molecules. In these cases, thin film configuration is
generally a ceramic composite or the zeolites are tethered to the electrode
surface via organic linkages. The sensing ability of these devices depends on
a weight change. A measure of the change in zeolite electronic properties
upon adsorption of target molecules might prove more selective. An
interdigitized capacitor type sensor which employed a thin Y type zeolite
coating as the dielectric has been reported [6,7]. A change in zeolite dielectric
constant was measured upon adsorption of different molecules.
Unfortunately, the sensitivity of this device was rather poor. This is not too
surprising since capacitance depends inversely on the distance between the
electrodes which suggests that exceptionally thin dielectric films would be

437

Mat. Res. Soc. Symp. Proc. Vol. 351. C1994 Materials Research Society



required to register large capacitance changes. Additionally, zeolites are ionic
conductors and consequently poor dielectrics. We proposed that very thin
films of a neutral lattice molecular sieve such as an aluminum phosphate,
might form the basis for a sensitive and selective capacitance type chemical
sensor. Therefore, we initiated an effort to develop different strategies
towards the preparation of uniform AIPO 4 molecular sieve thin films in the
nanometer range.

Zeolites have been crystallized onto various metal substrates during
synthesis [8-101 where the zeolites reportedly stick to the surfaces quite well.
We explored the deposition of AIPO4 molecular sieves onto a titanium nitride
surface during crystallization. The resulting crystals adhered well to the TiN
but were too large and not evenly dispersed. It quickly became apparent that
we could not control thickness or surface coverage by this method.

The growth of thin films by laser induced evaporation or ablation has
been well established for high density metal oxides I Ill. Depending upon the
deposition conditions this technique may involve equilibrium andlor non-
equilibrium processes. Laser ablation offers many advantages over
evaporation and sputtering methods. Although, laser ablation has not been
applied to low density phases, we felt it might be possible to deposit a
continuous film of molecular sieve with a controlled thickness by this
technique. In this paper, we report our preliminary results for the laser
ablation of AIPO 4 molecular sieves onto a TiN substrate. The nature of the
ablated films was found to vary with laser pulse repetition rate, substrate
temperature and chamber atmosphere. Partially crystalline films with a
thickness of 20nm to >lpm were prepared from AIPO4-,5, AlPO 4-H1 and
AlPO4-H3. The films were characterized by XRD, XRF, SEM and IR
spectroscopy. It was discovered that a brief hydrothermal treatment after
ablation dramatically improved the surface crystallinity. We propose that the
ablated surface is composed largely of molecular sieve fragments that
reorganize under hydrothermal conditions that would not normally result in
bulk crystals.

EXPERIMENTAL

Molecular sieve AIPO 4-5 was prepared using tripropylamine as a
template under conditions previously published [1]. Molecular sieves AIPO4-
HI and AIPO 4-H3 were prepared without an organic structure directing
agent as previously described 112]. AIPO4 targets for laser ablation were
prepared by pressing -1 gram of molecular sieve in a 1" die. The set up for
laser ablation of the molecular sieves is shown schematically in figure 1. A
Questek 2000 KrF (248 nm) excimer laser generated a beam with a power
density of 106 W cm-2 . Laser pulse energies of 5OmJ to 400 mJ with pulse
repetition rates of from 1 to 80 pulses sec-i were employed in this study. The
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beam was reduced to a diameter of 1.7 cm before it was reflected off a
computer controlled rastering mirror. The rastering mirror allowed us to
move the beam across the target instead of ablating material from a single
spot. The beam was reduced further by a 10" focal length convex lens to a
1mm size spot on the target (power density = 108 Wcm-2). The beam enters
the vacuum chamber through a quartz window and contacts the target
mounted at an angle of 350 relative to the beam. The substrate (TiN (100nm)
coated silicon wafer) was mounted on a heated stage below the target at
varying distances. Substrate temperatures over the range of 150 to 350C
were studied. Ablation of the target molecular sieves generated a visible
plume of material that varied in size, shape and color depending upon the
experimental conditions. The vacuum chamber was also equipped with a gas
manifold and pressure gauge.

Mount MoeTre

~Template

Figure 1. Over head view of setup for laser ablation experiments.

X-ray diffraction patterns were recorded using a Scintag XDS 2000
diffractometer with a scan rate of 1 d:eg min-t and a chopper increment of
0.01. Scanning electron nFcrographs were obtained using a JEOL JSM 840A

SEM. Diffuse reflectance infrared spectra were measured with a Nicolet FT-
IR equipped with a Nic Plan IR microscope. Thickness and Al/P ratios were
determined from XRF data using a Rigaku 3550 WI) XRF spectrometer.

RESULTS AND DISCUSSION

We previously observed the laser ablation of dense phase AlPO4 -fl4
resulted in partially crystalline thin films of APO4 tridymite and
orthorhombic AhPO4 v13. It was encouraging that the ablated films exhibited
crystallinity which is probably not the result of splatter since the thin film
phases were different than the target. Therefore, we initiated a series of

439

0.0 1. Scnnn electronsm mirorah wer obaie usin am i JO JM 840A



ablation studies using the low density molecular sieve AIPO4-5 as the target
material. Figure 2 shows a typical SEM of a AIPO 4-5 film -500nm thick that
was prepared with a laser pulse energy of 350 mJ and a repetition rate of 4
pulses sec-1. Although, the surface morphology lacks any well defined edges
the XRD pattern indicates the presence of AIPO 4-5. This film is most likely
composed of molecular sieve fragments that are aluminum rich. The AI/P
weight ratio of the ablated surface is typically in the range of 1.4 to 1.8 as
determined by XRF and is fairly independent of laser energy (150-350niT or

Figure 2. Scanning electron micrograph of an ablated AIPO 4-5 film.

pulse rate (1-16). The thickness increases only slightly with pulse energy but
dramatically increases with increasing pulse repetition rate. This is expected
since at higher pulse rates the beam heats up a more localized area which in
turns generate more fragments. Low repetion rates (1-4 pulses sec-')
generally result in partial crystallinity for the APO4-5 surface, whereas
higher repetion rates result in formation of tridymite or amorphous films.
The thickness also increases with ablation time and decreases with target
distance. The film shown in Figure 2 was prepared after 5 minutes at a
distance of 1.3 cm. The addition of 02 (0.08 torr) to the chamber during
ablation increases the deposition of material. This effect has been noted
before in the ablation of metal oxides, such as superconductors [141. In
contrast, the addition of tripropylamine (template) to the TiN substrate
totally inhibits deposition while TPA vapor hinders film growth. The FT-IR
spectra of APO4-5 ablated material indicate the presence of TPA template
whenever the substrate temperature was <250C. Higher substrate
temperatures decompose the amine. The presence of template inside the
molecular sieve does not appear to have an impact on the ablation process.

In order to enhance the surface crystallinity the ablated films were
subjected to a post hydrothermal treatment. Figure 3 shows the SEM for a
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100 nm film (prepared at a pulse energy of 250 mJ and a repetition rate of I
pulse secI for 4 min) that was heated at 150C for 24 hours in a teflon lined
bomb containing an AIPO 4 gel mixture designed to prepare AIPO 4 -5
(AJ 20:.:POr::H 2 0:TPA=I: 1:40:1). During this period the morphology changes
from amorphous looking spheres to a crater like relief with edges that are
much more apparent. The XRD pattern indicates a highly crystalline pure
phase AIP0 4-5 with an AI/P weight ratio of 0.68. The thickness of this film is

Figure 3. Scanning electron micrograph of ablated AIPO 4 -5 after
hydrothermal treatment in an AIPO 4 gel for 24 hours.

971 nm which is much too thick for the sensor application. However,
thickness can be controlled by shortening the reaction time.

The nature of the initial target is quite important for the behaviour of
tike ablated films during hydrothermal treatment. For example, an ablated
film prepared from AIPO4 -H3, was heated in a gel designed for AIPO 4 -5 for 4
hours resulting in a highly crystalline AIPO 4 -H3 surface. In contrast, an
ablated film made from an amorphous AIPO4 target, treated under the same
conditions, was covnverted to an AIPO 4 -5 and AIPO 4 -HI surface. In both
cases, the bulk gels produced a mixture of phases. The implies that the
ablated molecular sieve film that is largely amorphous to XRD, seeds the
surface and reorganizes under hydrothermal conditions that might not
otherwise produce that phase. This is supported further by the fact that
balnk TiN substrates treated under the same conditions are amorphous after
4 hours. Additionally, ablated films from calcined AIPO4 -5 targets (i.e.
template free) treated in the same AIPO 4-5 gel results in fims composed of at
least 4 different phases. This can be compared with ablated films containing
TPA template where only pure phase AIPO 4 -5 is observed after hydrothermal
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trcatment. AIP0 4 -H3 and -H I do not require a template to form such that at
extended heating times lead to mixtures of these two phases. However, at
short times (<2 hours) pure phase APO4-H1 or H3 can be generated from the
corresponding abalted films while the bulk remains amorphous.

In conclusion, it appears that laser ablation is r viable method for the
deposition of partially crystalline AIPO 4 molecular sieve thin films.
Hydrothermal treatment of the ablated films lead to enhanced crystallinity.
This suggests the ablated surfaces composed largely of molecular sieve
fragments reorganize and seed the gel mixtures. A report of a "memory"
associated with the reactivity of amorphous films obtained from sputtered
zeolites is consistent with our observations [15]. Laser ablation appears to be
a viable method for the preparation of molecular sieve thin films that have
potential applications as chemical sensors, membranes and catalysts.

ACKNOWLEDGMENTS

We wish to thank the National Science Foundation (CHE-9157014)
and Texas Instruments, Inc. for financial support of this work.

REFERENCES

I. R. Szostak, Molecular Sieves, (Van Nostrand Reinhold, NY, (1992).
2. K. Brown, T. Bein, G.C. Frye and C.J.Brinker, J. Am. Chem. Soc. I 11,

7640 (1989).
3. Y.Yan and T. Bein, Mater. Res. Soc. Symp. Proceed. 233, 175 (1991).
4. Y.Yan. and T. Bein, J. Phys. Chem. 96, 9387 (1992).
5. Y.Yan and T. Bein, Chem. Mater. 4, 975 (1992).
6. K. Alberti, J. Haas, L. C. Plog and F. Fetting, Catal. Today 8, 509 (1991).
7. J. Haas, C. Plog and E. Obermeier, Eur. Patent No. 426,989 A1 (1991).
8. S. P. Davis, E. V. R. Borgstedt, S. L. Suib, S. Chun, C. Jinghui,

X. Wenyang and X. Feng.,Chem. Mater. 2, 712 (1990).
9. K. E. Creasy, Y. P, Deng, J. Park. E. V. R. Borgstedt, S. P. Davis, S. L.

Suib and B. R. Shaw, Mater. Res. Soc. Symp. Proceed. 233, 157 (1991).
10. L. Jianquan. D. Jinxiang, L. Guanghuan, S. Yanjun, C. Jinghui,

X. Wenyang and W. Feng., React. Kinet. Catal. Lett. 47, 287 (1992).
11. J.T. Cheung and H. Sankur, CRC Crit. Rev. Solid State Mater. Sci. 5,

63 (1989) and references there in.
12. B. Duncan, M. Stocker, D. Gwinup. R. Szostak and K. Vinje, Bull. Soc.

Chim. Fr. 129, 98 (1992).
13. K. J. Balkus, Jr., S. J. Riley and B. E. Gnade, manuscript in prep.
14. L. Lynds, B.R. Weiberger, T.M.Potrepka, G.G.Peterson and

M.P.Lindsay, Physica C 159, 61 (1989).
15. 1. Boszormenyi, T. Nakayama, B. McIntyre and G. A. Somorjai, Catal.

Lett. 10, 343 (1991).

442



NANOSTRUCTURED Fe-Co CATALYSTS GENERATED BY ULTRASOUND

KENNETH S. SUSLICK', MINGMING FANG, TAEGHWAN HYEON,
AND ANDRZEJ A. CICHOWLAS
School of Chemical Sciences and Materials Research Laboratory,
University of Illinois at Urbana-Champaign, 505 S. Mathews Ave., Urbana, IL 61801

ABSTRACT

Bimetallic catalysts have been studied intensively because of their unique activity and
selectivity. Unsupported alloy catalysts, however, are usually of limited value due to their very small
surface areas. We have now developed a sonochemical synthesis of bimetallic alloys that provides
both high surface areas and high catalytic activity. We have produced Fe-Co alloys by ultrasonic
irradiation of mixed solutions of Fe(CO) 5 and Co(CO)3(NO) in hydrocarbon solverts. The alloy
composition can be controlled simply by changing the ratio of precursor concentrations. After
treatment at 673K under H2 flow for 2 hours, we obtain nearly pure alloys. BET results show that the
surface areas of these alloys are large (10-30 m21g). TEM and SEM show that the alloy particles are
porous agglomerates of particles with diarn,:,ers of 10-20 nm. Sonochemically prepared Fe, Co, and
Fe-Co powders have very high catalytic activity for dehydrogenation and hydrogenolysis of
cyclohexane. Furthermore, sonochemically prepared Fe-Co alloys show high catalytic selectivity for
dehydrogenation of cyclohexane to benzene; the 1:1 ratio alloy has much higher selectivity for
dehydrogenation over hydrogenolysis than either pire metal.

INTRODUCTION

In recent years, numerous researchers have explored the use of bimetallic catalysts for
heterogeneous catalytic processes [ 1-31. Bimetallic iron-containing alloys have held special interest
because of their industrial applications. Most of the studies in this area have been done on oxide-
supported bimetallic catalysts because the usual methods of preparation do not give sufficient surface
areas to be effective catalysts. Several studies show that supported Fe-Co catalysts have greater
activity and different selectivity for CO hydrogenation [4-5]. We have developed a new technique for
the synthesis of high surface area metal alloys, and we have examined the catalytic activity Fe-Co
alloys for alkane reforming.

Ft;,h intenqitv ultrasound is a new tnol for the synthesis of nanostructured metals and alloys
througii die sonhemicai decumposition of Volaile organometallic precursors (e.g., Fe(CO)5,
Co(CO)3(NO)) [6-8]. The chemical effects of ultrasound originate from hot spots formed during
acoustic cavitation (the formation, growth, and collapse of bubbles in a liquid) [9-10].
Sonochemically prepared Fe, Co, and Fe-Co alloys have high surface areas even after heat treatment
by H2 at high temperatures, and they are therefore suitable for heterogeneous catalytic studies. We
chose to examine the reforming reactions of cyclohexane in order to test the catalytic properties of
these Fe-Co alloys on surface-structure sensitive catalytic reactions: i.e., dehydrogenation versus
hydrogenolysis.
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EXPERIMENTAL

Iron pentacarbonyl was used as received from Strem Chemicals without further purification.
Tricarbonylnitrosylcobalt was synthesized by the reaction of dicabalt octacarbonyl with in situ
generated nitrogen monoxide [ 11. Pentane was distilled over sodium-benzophenone, decane was
distilled over sodium, and both were stored inside an inert atmosphere box (Vacuum Atmospheres, <
I ppm 02). A solution of Fe(CO)5 and Co(CO)3(NO) in dry decane was irradiated at 273K with a
high-intensity ultrasonic probe (Sonics & Materials, Model VC-600, 0.5 in. Ti horn, 20 kHz, 100

W/cm ) for 3 hours under argon. After irradiation, a black powder was formed, which was filtered
and washed with dry pentane in the glove box.

X-ray powder diffraction (XRD) data was collected on a Rigaku D-Max diffractomer using
monochromatic Cu K. radiation. Scanning electron micrographs (SEM) were taken on a Hitachi
S800 electron microscope. Transmission electron micrographs (TEM) and energy-dispersive analysis
of X-ray spectroscopy (EDX) were taken on a Phillips EM 400T electron microscope. Surface
compositions of the catalysts were determined with a Perkin-Elmer Phi 5400 X-ray photoelectron
spectrometer (XPS) using a magnesium K. X-ray source. All sample preparations and transfers for
XRD, TEM-EDX, and XPS measurements were done without exposure to air.

The Fe-Co alloys prepared by ultrasound initially contain some carbon, hydrogen, nitrogen
and oxygen, which most likely arise from '!.e decomposition of the alkane solvent and carbon
monoxide and nitrogen monoxide during ultrasonic irradiation [12-13]. Hydrogen (99.99%, Linde)
was further purified through 5A molecular sieves and an oxy-trap (Alltech). The original Fe, Co, and
Fe-Co alloys were heated under a H2 flow at 673K for 2 hours. After the heat treatment, elemental
analysis results showed that essentially pure Fe, Co and Fe-Co alloys were prepared. All results and
discussions are based on the samples after heat treatment unless otherwise specified.

A specially designed gs-solid microreactor capable of both static manometric and flow
GC/MS analyses was used for both adsorption and catalytic studies. The catalysts were transferred
from an inert gas box to the catalysis rig without exposure to air. Surface areas were calculated by
applying the BET equation to the N2 adsorption isotherm measured at 77 K.

The cyclohexane (99+%, Fisher) was dried over molecular sieves prior to use. A MKS mass
flow controller maintained a flow of hydrogen (27.5 cm3(STP)/min) to carry cyclohexane vapor at a
constant partial pressure of 0.09 atm through the catalyst bed. The cyclohexane reaction products
(benzene and aliphatic hydrocarbons) were analyzed with a gas chromatograph (Hewlett-Packard
5730A) equipped with a n-octane/Porasil C column and a flame ionization detector.

RESULTS AND DISCUSSION

Synthesis and characterization

Because the sonochenical reactions take place mostly inside the cavitation bubbles in a liquid
19-10], a good precursor should have a substantial vapor pressure. Fe(CO)5 and Co(CO 3(NO) were
chosen because of their high vapor pressures at modest bulk solution temperatures where they are still
thermally stable. The composition of the Fe-Co alloys can be controlled simply by changing the ratio
of solution concentrations of the precursors. All composition ranges can be produced by this method.
The plot of Fe-Co product composition versus precursor composition is shown in Figure 1.

The solid-solution nature of the alloys was confirmed by TEM-EDX results, which were
made on different spots of the polycrystalline alloy powders. The EDX results show that the alloys
are homogeneous on a nanometer scale.
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The original Fe, Co, and Fe-Co ' .
alloys produced by ultrasound are
amorphous, as described elsewhere [6-8]. g 70
After heat treatment under H2 gas flow at Io
673K for 2 hours, all samples underwent 5s
crystallization. *

The XRD results (Figure 2) show no peaks i .

attributable to iron/cobalt oxide, iron/cobalt ,0
carbide or other iron/cobalt impurity phases. 0
Pure Fe crystallizes to cubic (bcc) structure, 0 20 4 5 0 too

pure Co crystallizes to cubic (fcc) and F. ttmon Pot

hexagonal (hcp) mixed structures. All thealloys that we have tested so far crystallize in Figure . Sonoyhemical preparation of Fe-Coalloyestrcue hs eut r alloys. Composition of alloy versus
the bce structure. These XRD results are solution precursor concentrations.
consistent with the known Fe-Co equilibrium
phase diagram [141.
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Figure 2. The X-ray diffraction patterns of sonochemically prepare Fe, Co, and
Fe-Co alloys after heat treatment and crystallization(673K, H2. 2 hrs).

The surface areas of the metals and alloys after heat treatment are summarized in Table I.
After the heat treatment under H2 gas flow at 673K for 2 hours, the sonochemically prepared Fe-Co
alloys still have large surface areas. Elemental analysis results show that nearly pure metal and alloys
are produced. SEM at high magnification indicates that these materials are porous aggregates of
small clusters of 10-20 nm particles.

Table I. Surface areas of Fe, Co, and Fe-Co Table 2. Surface and bulk Fe/Co ratio
alloys (after heat treatment). (after heat treatment).

Sarape W R~MV'O.,.pi E~s'g FelCo FeiCo
Fe 121 Sample

(Bulk) (surac)
FeesColy 27-2

Fe5 Co, 30.6 FeCo, 4.88 5.32

Fe2CoS 24.0 FeWCoM 1.22 1.45

FeCo, 21.3 Fe.,r 0.724 0.757

Ca 126 Fe10o 0.220 0.254
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Surface electronic structures and surface compositions of the sonochemically prepared Fe-Co

alloys were also examined by using x-ray photoelectron spectroscopy (XPS). The XPS
measurements have been performed on heat treated samples before catalytic reactions. The electronic

structures of these samples appear to be the same as the pure metals (Fe or Co on the surfaces). The
surface compositions of the alloys demonstrate some enrichment of Fe over Co (Table 2). Similar
trends towards an iron-enriched surface have been reported by other researchers with other

preparations using coprecipitation methods [ 15].

Catal'.iic studies

The cyclohexane dehyd: genation and hydrogenolysis reactions were carried out in a

continuous flow system. All catalysts were treated under H2 gas flow at 673K for 2 hours before the

catalytic studies. The catalytic activity (in terms of turnover frequency of cyclohexane molecules

converted to benzene per surface Fe/Co atom per second) as a function of temperature is shown in
Figure 3. Two kinds of products were formed during the cyclohexane reaction: benzene is the only

dehydrogenation reaction product and aliphatic hydrocarbons (mostly methane) are the
hydrogenolysis reaction products. The catalytic selectivity (in terms of the percentage of benzene
among all the reaction products) as a function of temperature is shown in Figure 4.

Fe

1.5 U Fe.Co7

N i Fe.Co.

C=C 2 0. Fe,.Co.

L. 0.5

2 C0

250 275 300

Temperature (0 C)

Figure 3. The catalytic activity of Fe, Co, and FeCo alloys for dehydrogenation
of cyclohexane to benzene as a function of temperature.

The catalytic properties of the sonochemically prepared Fe, Co and Fe-Co alloys in the

cyclohexane reaction exhibit interesting trends. First, they are all active catalysts for cyclohexane

conversion: pure Co has the highest activity (albeit primarily for hydrogenolysis), pure Fe has the
lowest activity, and Fe-Co alloys have intermediate activity between pure Fe and pure Co. Second.

Fe-Co alloys generate much more dehydrogenation product (benzene) than pure Fe or Co. Third. the

1:1 ratio alloys have both much higher dehydrogenation activities and selectivities at all reaction

temperatures (250'C to 300'C) than the other alloys or pure metals. In the best cases, the selectivity

for dehydrogenation approaches 100%.
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Figure 4. Fhe catalytic selectivity ofFe, Co, and Fe-Co alloys for dehydrogenation
versus hydrogenolysi, of cyclohexane as a function of temperature.

It is generally assumed that geometric (or ensemble) and electronic (or ligand) effects are
decisive factors in controlling the catalytic properties of alloys [1, 161. The 'electronic effect'
concept is based on the assumption that the nature and the strength of a chemical bond between an
adsorbate atom and a surface atom (one kind of metal) are influenced by the neighbors (another kind
of metal) of that surface atom. There are only a few examples known of bimetallic catalysts where
ligand effects dominate selectivity. For all the sonochemically prepared Fe-Co alloys, the XPS
results show that the surface electronic states are indistinguishable between the alloys and pure Fe or
Co. Fhe XRD results also show that the Fe-Co alloys have the same bulk crystalline structure. It
seems likely that the 'ensemble effect* is responsible for the high selectivity of the 1:1 ratio alloys.
Further experiments using chemisorption and temperature-programmed desorption are underway to
probe such mechanistic questions.

CONCLUSIONS

We have developed a new and effective way to generate nanostructured metal (Fe and Co)

and alloys (Fe-Co) by using high intensity ultrasound to decompose volatile organometallic
precursors (Fe(CO) , and Co(CO) 3 (NO)). The sonochemically prepared Fe-Co alloys have large
surface areas relative to bulk metal even after heat treatment. We find very high catalytic activity for
these Fe, Co, and Fe-Co powders for the dehydrogenation and hydrogenolysis of cyclohexane. The
sonochemically prepared Fe-Co alloys show high catalytic activity for the dehydrogenation of
cyclohexane to benzene, with 1:1 ratio Fe-Co alloys having selectivities as high as 100%.
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SUBWAVELENGTH LOCALIZATION OF OPTICAL MODES IN FRACTALS
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ABSTRACT

Resonant optical excitation of fractal clusters generates dipolar eigeonmodes wchi,.h are ,xtri ii. V

localized within areas much smaller tihan the wavelength. Tile localization occurs div f , tii
fracta.l morphology and accounts for the very high local fields leading to the huge enhan( -itent

of various optical effects. In particular, Rayleigh and Raman light scattering and, ep,,e iall,.
nonlinear optical processes, such as 2-photon photoemission and degenerate four- wave niig.
are strongly enhanced in fractal clusters. The spatial distribi ;on of the modes shovis the fr,
quency auid polarization selectivity.

'he localization of dipolar eigenmodes can lead to a dranatic enhanceieiit , i iriv 1,pti
call effects in fractals 11). The scaling theory of collective dipole excitations ievlopd ini ,iif>
'2-71 predicts, in particular, that there are extremely localized modes in fractal clusters whit!;
concentrate electrical energy in regions smaller than the wavelength J2.3]. Such the localizatioTn
occurs due to the fractality and is not found in non-fractal solids. It is this localization of opti-
cal excitations in fractal clusters that account for the very high local fields leading to the huge
enhancement of resonant Rayleigh, Raman and, especially, of nonlinear light scattering [5,61. In
addition to the localization of light-induced dipole excitations fractality can result in the local
ization (tr-pping) of the light itself within a range of the order of a wavelength [7]. An important
property of the interaction of fight with fractals is the very strong frequency and polarizatiou
dependence of the spatial location of the light-induced dipole tnos. In this paper we present
numerical simulations of the localized optical modes. Our direct e:.p,,riiiental observation. of the
optical modes on silver colloid fractal clusters with subwavelength resolution will be puhlished
elsewhere [8].

If the polarizability ¥0 (note, we use notation x for the polarizabilitv rather than for the sus-
ceptibility) of particles forming a cluster possesses a resonance at wo, then at laser frequency .:

close to w0, a strong inte-action between light-induced dipolar moments of the particles occurs.

This requires consideration of collective dipolar modes in a fractal cluster. The total cluster
polarizability can be presented in this case as follows [2,-]

X c a [(u,i - X) - , Ii

where v,, and In) are the eigenvalues and eigenfuctions of the operator of dipole-dipole interaction
f among particles, X., is the polarizability associated with the n-th mode that contributes to the
total polarizability with the weight a., and i = 1,2,3,..,N. Here N = (Rc/Rn)D is the number
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"fslri i~ c in a fract t! lIter, 1) ,thle fractal dimension, R,_. aind 1?" are thbe radili, ii I t1
id a. ty pica dseparat ion bet-,vei nearest neigh boumr particles in tile cilist er, ci 'Sp-., t i I I q
I \ Re ku is the "frequency" parameter (in the vicipity of the resonance X D
I - 171\ 'J is filie decay constant, which is small for as resonance with high quiflit 'vf,i ,r

U6 As follows from Eq. (1 ), when the frequency Variable Xk is close to One Of h
sig11e'ue c, of the interaction operator, the corresponding [node gives the reson ant ii [it ribui,

oi thbe polarizaitltI.
TIn iteractioni V. inicludes in general tile rear- zone [lnoulradiative), t ransi tionlal antI far zon'

-iil'ti'frln of thle dipole field. llowecer. it wass shl it ill 15i that if !?:( XC I ,,> (B~; A)I-L for

1) 2awl If liI.X 1 > f? 5t'\j --:19 for 1) > 2. [Iwii' part:cle.s pisitionii] toit l il."ri _'
' s from a gilto u-l Jonilier, i, cmit riliiie negligibly to Ilie local fiusid actig killi1

ni Iie.ll th ItiW ')c e Call reduce V to tile Hlermnitian near-zone hipolv-dipiol, ilitiracliw
op'.. ra 10r

0, otherwise. I' 11

Alas showu iil ii 2,lj 1 e dipole eigen lnod( s are localized il frat id1s ilthis coPcelat 'ii kllgth

%Illr. i , n Cal.i ze i,~ al spectral diiiiensici i < d i 2 liruit, 3' 1is
old *s lili thait ilecii'Xcitat ious of coherence length I, arc, livarialat a icl, rv',

ii' sok tra:1i~nat n P? -~ J?") itue to tlie ssfs [iais 21, In accorilaii' v lvoi 1I q i.1)
!,,ar' noiicotitai,il atnl weak) c-localized inoI-s in the vicinity of 'lie en of lb. hi'. buptil

oilr i so: all values of R, i XJI and t here are alsco stronigly localized modes whiiichI are, Io asto

wa-rds She wings ".?' J 1). For tile [[ost stonl lcizdmdes Tix -~ ft5 . A (R, l-
if ,a o rder of tile size of [lie particles forming a cluster and tcvpicalv it is [mulcli less thian thi'

icaollgt h A).
Vite. that [ile localizat ion of dipole excitationis ott fractIals is a lont ri ial fact. Sinc ccw

,:ipol-ipue inlteraiction fur comtpasct agg-r'os (1) - 3) is long raige. diplel TUalieS ar' gCIl-r

ill hi'iocalited over th~e entire c luster it- tmui-friuctal soilids.

I eli a-we present [a nuei4al im0ulations of local fields due to excyitat ion of [lie lcalized di pole
on pac t al cilist ers. TUhiese nioihes hale bleen recently oh served by imeian s of photon sy atni op

to. itieltr 5[nil rosccipy ( lS' M) [8(. B)' Operating in the near-ZOne Of tle dipole fi eldls 'SrTM call
Seriliethe t rahi [iinal idiffract ion limnit thereby imsaging details siimafler t hall the wcavelenth I

We will calciilate the squared modulus of the local field (tie ititcrisit,) which istt slii limi

Otle xtorilal fielil of amli htud iET)> and thle fields of the dipioles is'hit amll itides d!V Ef
i'd ' i ill tilie particles formniing the dlust e, The i utetisityi is givenl by:

Ilhe rismlts of oir [numlerical siniflat ion of the itensity dist ribuition, J(x, y. -r= O f lcal
fills dtif lo( le x ci;ttion iif dipiole eigen[nodes on fractal aggregates are showi in imgurc I.

A l-iiintiional cluste r with Ni =' 512 was generated assuming cluster-cluster aggregation

1) an 1.78). '[hle 3 D cluster was collapsed to its 2-dimiensional projection simulating closely
11'xpw'rinmucht al situiiat ion of tlie iPsTm i maginig [81.L'he dipole cxci tat ill1 andiii local fielid,

as - were calciilaited using equations (1)-( 2) and (4), and assuming the following paraitetei
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,als .0.0)1 l 1  , I?,, = 2 A iure I,,, is the radius of partici,,s ain X!lf,,, .50.

The figure shows I(x, y) at two values of the light frequency and for both, q and p, polariza-
I ins. Note that the intensity of local fields strongly fluctuates and it is significantly larger than
ie external field in spatially localized regions of the cluster.

a _ _ _ _ _ _ b

C

Fig. 1:
Local field intensity, I(x, y), of the light-induced dipole modes calculated for a fractal aggregate.

A) and B): X = -0.1, s- and p-polarizations, respectively; C): X = -0.25, s-polarization.

The linear dimension of the high-local-field regions in Fig. 1 varies front mode to mode. On
average a mode span several hundred .1 when R,, = 100A. The frequency and polarization
kensitiviity of the mode locPs .ation is evident in Figure i: a change of either light frequency
(paramter X) or polarization results in the excitation of new resonant modes with different
sp; tial locations and intensities.

Fractals clusters resulting from cluster-cluster aggregation of colloid particles are random.
Teir scale-invariance is statistical. Spatial localization of light-induced dipole modes and their
senst.ifvity to polarization and frequency should also be observed on geometrically ordered frac-
tals. Fig.2 shows I(z, y) for Vicsek cluster, using parameters similar to those used previously to
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1rite 1ig. 1 except that A/I,,, = 25. Again, strong localization of the optical excitations is

lnt'retinglY, there is n1o symmetry in the positions of the light-induced eigenmodes despite the
high svinietry of the Vicsek fractal. The symmetry breaking results from the incommensurate
structure of the light field with respect to that of the cluster. Specifically it is the introduction
of the two vectors, PE01 

and , together with the tensor character of the dipole-dipole interaction
that breaks sym metry

+1+
"'4-"

Fig. 2: Local field intensity, J(x, y), of the light-induced dipole mn'des on a Vicsek fractal.
A) and 11): s-polarization, X = -0.1 and X = -0.2.5, respectively.

.-. was shown above dipole eigenmodes on fractals "prod'tce" small regions of very high
,.rgy density and therefore, they, act in some sense similar to optical lenses. Since the modes on

itactals are mostly due to the dipole-dipole interaction in the near-zone the localization length is
Ii sisc smaller than the wavelength. Thus the excitation of the resonant toodes should lead

to, xtretlly high local fields resulting in its turn in giant enl ancement of many optical processes

wv fractals.
Local flields. E'1, of the resonant modes exceed the external one, E

(1
), by quality-factor Q

which, for example, for silver colloid clusters is - 102. The fraction of monomers involved into
resonant excitation is small, V, and therefore, linear optical processes are not ultimately
enhanced (note, however, that for metal aggregates this conclusion is restricted to the visible and
the near-infrared portion of the spectrum when one can neglect the Ohmic current in comparison
with the displacement current). For nonlinear optical process, ,x (Er', one obtains (1,61

< E/IEE(t
!" 

>_ Q x Q- 1  
Q-l > 1 (5)

where the angle brackets denote averaging over ensemble of clusters. The estimation (5) is valid,
it general, for systems with inhortogeneous broadening. In the case of fractals inhomogeneous
broadening occurs due to the spatial localization of modes in small areas of a cluster which have
different local structures and therefore are characterized by different eigenfrequencies. Thus, the
localization of dipolar modes, inhomogeneous broadening of the spectrum and the enhancerent

f optical processes in fractals are mutually connected properties in optics of fractals.
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Il. Giiicitit, .of optical processes dse to aggregation of initials isolated paittle,
ilil.' flatal cluster Cali be presented in general a,,

so.w i is .o integer andI F is a function of dinmensionless parameter I?'3X 3. (tsing the triodel
I -; idiolv decimHated dol uted 1 fract als [21 it was shown that F: has power-law depenidens e 51

Q,, (. Q13j.: ) I-d+",

fa Rl %vi-igh in 7-1) arid llanian (in :11 scattering. For the cluster-ciuster aggregaz <ii thell
,y ia! spec ral ditni.nsion d, i., 0.3 t53. In particular, formula (8) describtes well the a xper iettitally'

'i- sect d spectral dependeuce, of su rface-eiihanced Raman scattering (S ER S onl silver colloid
[51: Feaec i lie largest enhancement is expected for non linear fight scattIering like degenlerate

tar wave Iniingi 11 ' l In this case one obtains [53:

I; Q6'(t? 1 XIVId,,"'

I h'e eriro 551 iii oh, ' 4 , -jrdlanveuietit of D)FtM on silver fractal colloids 3ti3 is ill qllalit at ice
%Orhoa~ c I t hat pred'cte,i bv

oceaJ imreeent With IL, Theoretical predictions our tnurmerical simltiat ions d'uioti
Ow i stoicSpatial localiiatiorIl of T he resonant eigeiiodes iii a fractal lust r and s-ir

* .
1 

nad ~ tir selecntiv. The results of the simulations are similar to oui , porc-

iil otteccel PST imnages ( which will be published elsewhere 383) of the localizedl motiles its
-fr o t x colloid c asters. I his verifies the ma] n concept predicted for the ro .ma St optics of

t: 'andl explains the giatt enhancement of optical prcsses in fractals.
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DEVELOPMENT AND CHARACTERIZATION OF ARTIFICIAL MICRO-
STRUCTURES IN LONG LENGTHS OF SUPERCONDUCTING WIRE

P .). labloskit, P. J. Lee, and D. C. Larbalestiert
Applied Superconductivity Center and tDepartment of Materials Science and Engineering,
University of Wisconsin-Madison, 1500 Johnson Drive, Madison, Wisconsin 53706.

ABSTRACT

Conventional Nb-Ti superconductors are optimized by thermal and mechanical treat
ments which ultimately produce a nanostructure consisting of 1-2nm thick ribbons of (- Ii
dispersed in a matrix of 3-Nb-Ti. Several groups are now investigating artificial dlisper
sions of second phase in Nb-Ti which may develop stronger flux pinning natiostructures.
However, these new methods generally require true strains of 30 or more. We avoid these
large strains (and their associated problems) by forming our composites from a mixture
of -S50;rr size Nb and Nb-Ti powders, thus permitting the desired nanostructure to be
produced with strains of order 12. Nb pinning particles were found to develop an irregular
shape, tending to nanometer thick ribbons at large strains. The final size nanostructure
resembles conventional Nb-Ti. except that the "second" phase is Nb rather than o-Ti. The
critical current density (Jj) was found to increase by over two orders of magnitude to peak
values of 5,190 and 1980A/mm 2 at 2 and 5T as the particle thickness was reduced.

INTRODUCTION

The level of critical current density (J,) in conventionally processed niobium-titanium
is dependent upon the amount of second phase that can be produced il]. Unfortunately,
thermodynamic and kinetic restrictions limit the amount of second phase attainable to
-20volT%. Several investigators [2-6] have attempted to introduce the second phase artifi-
cially to overcome these limitations (thus these conductors are described as artificial pinning
center (APC) conductors). In the majority of these conductors, handling considerations re-
quire that the second phase be quite large (a few mm dia.) at billet assembly. 1 nfortunat-ly.
this means that the composite requires a large fabrication strain ((= 2 ln(D,/D ), where D,,
and D! are the initial and final diameters respectively) in order to reduce the second phase
to itL optimum size which is comparable to or less than the superconducting coherence
length (i), -5nm. Typically strains on the order of 30 are required for a hand-assembled
APC conductor, versus about, 12 to optimize conventional Nb-Ti. In fact, most attempts
at developing APC conductors have experienced fabrication problems, largely as a result
of the extreme mechanical deformation required. However, if the initial size of the second
phase is on the order of tens of microns, then the strain needed is only on the order of
12-16, and some of the fabrication difficulties should be avoided. Powder Metallurgy (PM)
is one way to introduce a micron-sized second phase.

EXPERIMENTAL DETAILS

Many of the details of the billet fabrication are contained in our U.S. patent [7], and only
the variations specific to this work will be given here. A 20vol%Nb billet was fabricated from
15g Nb and 40g Nb-55wtTi powders which were blended and pressed into a 15.9 x12.7mm
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Table 1: Powder chemical analysis.

I Analyzed values (ppm)
Powder H IN 0 1 C

SNb-55wt%Ti 8 220 ]1120 80

Nb = 1 7 30

(OD×xID) copper extrusion can. The billet was evacuated to < 10' Pa, sealed and hydro-
statically extruded at 250C with an area reduction ratio of 25. The composite rod was
drawn into 1.5mm diameter wire and cut into 85 pieces. The copper was etched off before
rebundling the filaments into a second extrusion can. This bundled filament conductor was
re-extruded and then drawn into wire having diameters down to 80om.

The microstructure was characterized in transverse cross section using SEM second,tiv
electron and backscatter imaging techniques; TEM techniques were used on the fitner s cale
structures. Transparencies were placed on 200x250mm prints; tracings were made of the
Nb particle outline and these wtr,: scanned into a computer-based image analysis system
in order to determine Nb particle area, perimeter and thickness, as outlined below The
superconducting critical current density (J.) measurements were made on wires from the
original monofilament, as well as from the bundled (85) filament conductor. A resistivity
criterion of 10-ffm was used to determine the critical current (I), and the voltage taps
were set 33cm apart[8]. The superconducting area was found by a weigh and etch technique:
both the Nb pinning centers and the Nb-Ti matrix were included in the area which was
ued to calculate J, from I,.

RESULTS

Two different types of starting powders were used: PREP (Plasma Rotating Electrode
Process) Nb-55wt%Ti for the matrix and hydride-grind-dehydride (HGD) Nb for the pin-
ning center. The starting powder shapes are quite different due to their different fabrication.
Being melted to shape[9}, the matrix powder (Figure 1) was slightly rough but spherical.
Cross sections revealed a dendritic structure with perhaps some unmelted regions. The iI-
dividual PREP powder particles a e apparently single grained. The ItGD Nb pinning center
powder was angular in ,,kpe (Figure 1) owing to the mechanical grinding used to powder
the material. The Nb powder was polycrystalline, typically containing a few grains per
particle. According to Table I, the oxygen content of Nb-55wt%Ti powder was 1120ppn,
within the range common for Nb-55wt%Ti ingots. However, the 67 0ppm seen in the Nb
is about an order of magnitude higher than normally obtained in ingot Nb. The oxygen
content did not appear to adversely affect the drawability of the composite.
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Figure 1: Secondary electron image of the PREP Nb-55wt%Ti powder used as matrix
material (a), backscatter electron image of a PREP powder cross section after etching
lightly (b), and se'ondary electron image of the hydride-grind-dehydride Nb powder used
for the pinning centers (c).

c=3.2 25pm t=7.2 5pr f=l1 100nm = 14 20unm
tN=3.3pm h- tNb= 740 nm ' ; 91nm i t vb=24nm -

Figure 2: Secondary electron SEM n, iei, - (a and b) and TEM images (c and d)
showing the change of size and shape of 2OvolNb APC conductor as a function of
strain.

Figure 2 shows the microstructure as a function of strain. At a strain of 3,22, the
Nb psrticles have developed a highly aspected ribbon morphology and are quite variable
in size (Nb particle cross sections ranged from 7-720pm 2 ), especially when compared to
the starting powder (Figure 1, -90% of the powder was 45-75jum). The Nb particles
became more uniform in size and the ribbon shape more pronounced as wire drawing strain
increased (Figure 2b). Beyond c-, 7 the Nb particles were i.- longer fully resolvable in
our SEM. Figure 2c and 2d show TEM images of the nanostructure at strains of -IlI and
-14. An interesting feature of the final nanostructure is that grain boundaries are not
constrained to either the Nb or Nb-Ti and can pass from one to another.
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Figure 3 plots the average Nb particle thickness (tNb) vs. the superconducting filament
diameter (d, which is based on the original monofilament diameter). The thickness was
calculated from the measured Nb particle areas (A) and perimeters (p) using a rectangular
model for the particles. This model is equivalent to performing a shape transform on the
irregular Nb ribbons. Such a calculation returns the average thickness of the particles and is
similar to several standard characterization techniques [101 . The average particle thickness
is calculated from:

t = p )
4

A linear (log-log) extrapolation was made to estimate tNb as the composite reached peak
.1 because direct SEM measurements were not possible due to the nanometer scale mi-
crostructure.

The superconducting critical current density as a function of f and tNb is given in
Figure 4. Peak J, values were reached within a strain of about 13.5 (tNb - 3 0nm) with a
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J... at 21 of 519../rittrn2 and a J,,_ at 5T of 1980.41/n . A sharp peak in , VS strain
was observed at 21; however, a gradual "softeniig" of this peak occurred as the field was
increased, until a peak was barely observable at 71.

DISCUSSION

Hv sing th' I'M approach we have been able to produce a nanometer scale artificial
pinning center niicrostructure in a redit ed strain space. The intrinsic superconducting
properties of these conductors are strongly related to their microstructure [11]. Both Nb-Ti

and Nb are bcc metals which develop a (110) texture during extrusion and wire drawing.
tinfortiunately. the (110) texture provides only 2 active slip directions during wire drawing,
and individual grain deformation must occur in a plane strain, rather than axisy'vtric
niode [12. 13]. As a result, grains become highly aspected and inter-curl in order to provide
a macroscopically uniform deformation (see Figure 2). Ileussner et al. [1,] showed that the

initial grain size plays a major role in controlling the shape instability of Nb-foil-wrapped
Nh-li rods, and ('ooley et al- [15] showed that the overall particle shape could be main
tained at least down to 100nm diameter, in a gunbarrel drilled Nb- li/Nb \PC composite
I. -tarting with line grained materials. Indeed, it was shown th,,' the pining center shape

il t'oole'vs coinposite cold be destroyed within a strain of 1-2 after a recrystallization
heat tteatntIant if the resulting grain size was too large [16]. ('onsequently. grain size is a
, ritical faclor in determining the particle shape that results from axisynet ic ,defnrmatioi

of Nb-Ti/Nb composites.
'anlike an earlier PM AP(' composite [17] containing .10volt 'iNb in which the J,. valies

were coinpromised by broken filaments, the present conductor showed no sign of broken

filaent s, or of longitudinal filament irregularity (sausaging). Thus the present results rep
resent an opportuity to deterinine the "intrinsic" flux pinning characteristics in Nb -i.
WAhile good siperconduct i rig properties were obtained, it does appear that further iin-
provenient are possible. One factor which may control the properties is the breadth of

the distribtion of Nb pinning center thicknesses which results in a similar breadth in the
elementary pinning forces (fp) between the individual vortices and pins. The t.,, +1/-2c
values varied by nearly a factor of 5 at the optimized J, wire size (Figure 3). As Cooley et
al, {18] showed, a broad distribution in fp results in increased flux pinning at low fields at
the expense of flux pitinig at high fields. This is consistent with the behavior observed: the
high field J. for this alloy is in any case less than that in Nb-47wt%Ti because the upper
critical field is -2T lower. 'Thus further improvement in high field J, can be obtained by

minimizing the distribution in t.. and increasing the upper critical field to that comparable

to Nb-47wtTi.
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