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CPS'94

On behalf of the International Organizing Committee and the Program Committee it is our pleasure
to introduce the first Ukrainian—-USA Summer School on Chemistry and Physics of Surfaces (CPS-94).
It was organized by National Kiev University and Ukraine Physical Society and continues a series of
schools jointly established by Ukrainian and American Physical Societies in 1993 sponsored by Interna-
tional Science Foundation (USA) and the Army Research Office (USA).

The scientific program of the CPS-94 was organized by an International Program Committee:
V.V.Skopenko (T.Shevchenko University, Kiev, Ukraine), B.S.Hudson (University of Oregon, Eugene,
OR, USA), A.A.Chuiko (Institute for Surface Chemistry, Kiev, Ukraine), A.I.Khizhnyak (Institute of
Physics, Kiev, Ukraine), Yu.G.Ptushinsky (Institute of Physics, Kiev, Ukraine), V.V.Soukhan
(T.Shevchenko University, Kiev, Ukraine), V.V.Strelko (ISEP, Kiev, Ukraine). Organizing Committee
of the school was included V.N.Zaitsev (National University, Kiev, Ukraine), D.E.Bergbreiter (Texas
A&M University, USA), V.O.Andreev (Ukrainian Physical Society, Ukraine), L.V.Poperenko (Kiev
University, Ukraine), V.Yu.Reshetniak (Institute for Surface Chemistry, Ukraine), V.A.Tertych (Insti-
tute for Surface Chemistry, Ukraine). It was designed so as to combine interests of chemists and
physicists and the following topics were addressed by participants: Surface modification; Applications
of modified surfaces for HPLC phases, adsorbents, catalysts, sensors etc.; Surface induced properties of
systems; Chemical and physical processes on surfaces; Modern methods for surface analysis and charac-
terization; Self assembly on solid materials. )

The scientific program consisted of lectures and poster presentations. The CPS-94 included special
sessions with introductory lectures discussing fundamental problems and techniques in surface charac-
terization, in surface modification and in studies of reactions at gas/solid and liquid/solid interfaces.

In order to involve maximum graduate student participation, the organizing committee offered
graduate students free admission. Moreover, all participants from CIS countries received grants that
covered all expenses connected with the meeting: organizing fee, travel, accommodation and per diem
cost. These expenses were covered by a grant from the International Science Foundation (USA). The
School was also sponsored by US Army Research Office (American and European divisions). These
funds allowed us to invite advanced scientists to Kiev and to publish the CPS-94 materials. The Organiz-
ing committee also offered 15 awards for poster contributors to recognize the best presentation.

The school program consisted 45-60 minute lectures:
Begrambekov L.B. (Moscow Physical Engineering Institute Plasma Phys.Dept.) Surface interaction in
model thermonuclear set-up. ‘
Bergbreiter D.E. (Dept.of Chem., Texas A&M University, College station) Synthesis and charac-
tet. «.on at functicnalized polymer-solvent interfaces.

Ferguson Gregory (Department of Chemistry, Lihigh University) Mosaic tiling in molecular dimen-
sions: chemical approaches to nanostructural thin films.

Golub A.A. (Shevchenko University, Kiev) Quantum chemical methods for prediction of immobilised
molecules interactions. ,

Gritsyna V.T. (Kharkov State University) lon beam modification of complex oxide surfaces.

Kalibabchuk V.A. (Kiev Medical University) Polymers for medical application

Kamalov G.L. (Physico-Chemical Institute, Odessa) Interaction of macrocyclic Shiff bases with silica.

KarteIN.T.(Institute for Sorption & Endoecology, Kiev) Physico-chemical properties of synthetic car-
bons and their medical application.

Kholin Yu.V. (Kharkov State University) Quantitative physico-chemical analysis of chemisorption on
complexing silicas.

Korobov A.I. (Kharkov State University) The rate of a surface reaction in terms of Dirichlet domains.

LoshkaTyov Yu.M. (Dniepropetrovsk State University) The role of adsorption phenomena in the metals
electrodeposition process.

Mardezjov A.S. (Inst. of Semiconductors Physics) The condition of ellipsometry in situ at deposition of
solid solution film of CdHgTe by molecular beam epitaxy method.
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Milhofer Helga (The Hebrew University of Jerusalem) Interaction of macromolecules and molecular
assembling at crystal/solution interfaces.

Paradies H. Henrich (Markische Fachhochschule Biotechnology and Physical Chemistry) Internal chain
dynamics in polymer-like distearyldimethyl ammonium hydroxide (DSDMA OH) chains and their
interaction with surfaces.

Pidzyraylo M.S. (Lviv State University, Physics Dept.) Using of the modified substrate surfaces for
obtaining high-resolution cathodoluminescent screens. '

Pinkevich I.P. (Kiev University Physics Dept.) Interaction with surface and structure of director field in
liquid crystal cells containing disclinations or spherical particles. Influence on optical properties.

Podlipenets A.N. (Department of Electroelasticity, Institute of Mechanics, Kiev) Long-wavelength pho-
nons in superlattices: Hamiltonian system formalism.

Poperenko L.V. (Kiev University Physics Dept.) Evolution of the near-surface structure in amorphous
metalic alloys.

Reznikov Yu.A. (Institute of Physics, Kiev) Electrical control of light scattering in suspension of liquid
crystal-silica.

Rustichelli F. (Instituto di Scienze Fiziche) Structural properties of monolayers and multilayers of
bipolar lipids from thermophilic bacteria.

Shaikevich I.A. (Kiev University Phys.Dept.) Electronic properties investigation of metals by spectro
ellipsometry with surface polariton excitation. '

Sheka E.F. (Russian University of Peoples Friendship, Moscow) Surface of disperse silica: reality and
computer simulation.

Strelko V.V. (Institute of Sorption and Endoecology problems) Surface chemistry and affinity of
inorganic ionites to cations and anions.

Styrov V.V. (Priazovsky State Technical University) The phonon, electron and atomic emission from the
surfaces of solids during adsorption and heterogeneous chemical reactions.

Tertych V.A. (Institute for Surface Chemistry, Kiev) Chemical reactions on a silica surface.

Voytsenja V.S. (Physical-Technical institute, Kharkov) The change of optical properties of metallic
mirrors at ion bombardment.

White John M. (Dept.of Chemistry University of Texas at Austin) Photon and electron driven reactions
on single crystal metals.

Yashchuk V.N. (Kiev University) The catch of triplet exitons by molecular oxygen on surface of
aromatic polymers.

Yates John T.Jr. (Surface Science Center, Dept.of Chemistry University of Pittsburgh) Reactions on
semiconductor surfaces — studies at the atomic level.

Yatsimirsky K.B. (Institute of Physical chemistry, Kiev) Determinated chaos in chemistry.

Yatsimirsky V.K. (Shevchenko University, Kiev) Adsorbents and catalysts investigation by means of
termoprogrammimg desorption.

More then 140 participants was registrated and more then a hundred posters were presented. As is
evident from the list of participants, the school was truly international in scope. Participants came not
only from the USA and Ukraine but also from Israel, Italy, Germany and Russia. This is evidence of the -
international recognition of Kiev as a center for advance research in surface chemistry and physics.

We believe that CPS-94 expanded international scientific collaboration for Ukrainian research
organisations and participants and promoted integration of the Ukraine into the international scientific
community.

Organizing committee chairmen,
Prof. David E.Bergbreiter,
Prof. Vladimir N.Zaitsev
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Organic chemistry at functionalized polymer/surface
interfaces

D.E Bergbreiter, HN.Gray and B.Srinivas

Department of Chemistry, Texas A&M University,
College Station, Texas 77843-3255 U.S.A.

The chemistry of surface-modified polymersis discussed. General analytical problems, general synthetic
strategies for polymer surface modification are discussed along with specific analytical and synthetic
approaches for surface modification of polyolefins. Chemistry leading to surface grafting of polyethylene
films is emplasized along with some discussion of fluorescence probes of solvation and reactivity at the
functionalized and later suface-grafted polyethylene film surfaces.

O6TOBOPIOIOThLCS ipoGyieMH XiMii MoMMepiB 3 MOAHGbIKOBaHHMH MOBEPXHAMH. PosrisHyTo 3arajbHi
npo6neMu aHANi3y i CHHTE3Y CTOCOBHO JI0 MOfudikyBanHs NOBEPXHI noniMepiB, a TaKOX cneLHdiuHi
aHATITHYHI T CHHTETHYHI HTaHHS, SIKi CTOCYIOThCA NoBepXxHeBoi MozudixaLii nonioedinis. OcobmHBY
yBaTYy MpHIIJIEHO XiMiYHUM MpOLIECaM NpHIIEIUIEHHS PisHHX (YHKUIOHANIbHUX TPyN 10 [OBEPXHi
NONieTHIEHOBUX IUIIBOK Ta PO3MBAY 3aCTOCYBaHHA dIyopecLIeHTHUX 30HAIB A4 conbBaTauii i
peakuiiiHOi 3MaTHOCTI MIBOK, OBPOGNEHUX 3 METOI0 CTBOPCHHS Ha HHX (yHKLiOHAIBHHX TPYM 3

HACTYNHUM MpHLIEIUTEHHIM MogudiKaTOpiB.

Polymers are macromolecules that find appli-
cations in varied technologis such as plastics,
coatings, packaging, textiles and medicine. Poly-
mers typically have good mechanical, electrical,
thermal, optical and chemical properties. How-
ever, these properties mainly derive from a poly-
mer’s bulk properties. In polymer applications
involving wettability, adhesion, permeability,
friction, dyeing, and biocompatibility, a poly-
mer’s surface chemistry is more important. This
has led to increasing interest in surface modifica-
tion of polymers {1—3].

While the technological importance of surface
chemistry is clear, what constitutes a polymer’s
“surface” is less clear. This is especially true when
considering polymer/solvent interfaces [5]. Poly-
mers unlike metals or amorphous glasses interact

with a second condensed phase. Thus, the defini- .

tion. of what constitutes the “surface” of a poly-
mer depends both on what phenomena one
chooses. Furthermore, the techniques used to
characterize a polymer’s surface sample deal with
various depths of the polymer (Fig.1). Thus, how
one carries out a study and the techniques used

Functional materials, 2, 1, 1995

also affect one’s definition of a polymer’s “sur-
face”.

The techniques most commonly used in sur-
face analysis of polymers include contact angle
analysis, XPS .spectroscopy and ATR-IR spec-
troscopy. As shown in Fig.1, each of these tech-

| Contact Angle Interface.(< 5 f\)

XPS Interface (< 100 A)

ATR-IR Interface (ca. 10000 A)

Bulk Polymer

Fig.1. Schematic diagram illustrating the interfacial
nature of a surface-functionalized polymer and the
nominal depth assayed by various analytical tech-
niques.
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niques analyzes a different depth of a surface
functionalized polymer.

A number of problems are encountered in the
analysis of modified surfaces. Characterization of
surface functionality is difficult due to the low
concentration of functional groups. It is equally
problematic to distinguish the surface from bulk
polymer. The 3-dimensional spatial distribution
of the functional groups in the surface is an im-
portant consideration in surface analysis. One has
to also be cautious about sample contamination.
Sample roughness and surface stability (e.g. re-
construction) complicate analyses of surface
modifications. Relatively few techniques exist
that can be used to analyze the 2-dimensional dis-
tribution or morphology of functionalized sur-
faces. This is especially true for surfaces in
contact with a second liquid phase.

One of the most surface-sensitive and simplest
analytical instruments is the contact angle go-
niometer. Contact angle analyses probe the top

few A of a surface. In this technique, a drop of a
liquid is placed on a solid surface to measure the
contact angle of the surface with respect to that
liquid. A schematic representation of a sessile
drop on a solid surface is shown below in Fig.2
[2]. Contact angles are related to interfacial free
energy and therefore provide qualitative informa-
tion about a surface [4]. For example, a low en-
ergy surface is hydrophobic and has a high
contact angle with water while a high energy sur-
face has a low contact angle water and is hydro-
philic. The situation of complete wetting is not
often met with polymers because their surface
tensions are small (between 10 and 50 dynes/cmz).
The contact angle data are complicated in poly-
mer samples by the presence of multiple species
present in the surface, each of which contribute to
the energy of the surface. An additional problem
is surface roughness, encountered with ali non
ideal surfaces.

X-ray photoelectron spectroscopy (XPS) is
another versatile tool to determine the atomic

composition of the top 50 A of the surfacc [5]. In
XPS the sample surface is illuminated with a
source of X-rays. Photoionization of a core level
electron from surface atoms then occurs. The
photoelectrons formed have a kinetic energy E
which is related to the X-ray energy (hv) by the
Einstein relation (equation 1)

E=hv-Eg—0 ()

where Eg is the binding energy of the electron in
the material and is characteristic of the individual
atom and ¢ is the work function of the instrument

LA

Liquid YsL ® ‘-.._: Ysa

e N

Fig.2. Sessile drop showing surface tensions acting in
all three phases present.

[6]. Information about the binding energies of
electrons within a sample thus allows direct ele-
mental analysis. Chemical shifts also provide in-
formation about the chemical environment of
specific atoms.

XPS can also be used in determining the con-

centration profile of a species over the top 50 A of
the surface. In angular dependent studies, the
takeoff angle between the sample surface and the
electron analyzer is varied. Since electron mean
free paths are short, a grazing exit angle enhances
surface features compared with a takeoff angle
normal to the surface as shown in Fig.3. In most
commercial spectrometers, the angle between the
X-ray source and the analyzer is fixed. Therefore
provisions are made for the sample holder to be
tilted to facilitate depth protile studies. An alter-
native destructive method of depth profiling is to
use ion sputtering, which physically etches away
the surface before analysis by XPS spectroscopy.
Infrared spectroscopy (IR) is one of the most
informative techniques in the study of the physi-
cal and chemical nature of polymers. Surface IR,
also known as attenuated total reflectance (ATR)
spectroscopy, has become an indispensable tool
for surface analysis. Though the sampling depth
of ATR-IR spectroscopy is much deeper than
KPS (~1 pm), it is a convenient technique to
study functional groups at depth greater than

100 A.

Other techniques like ellipsometry, electron
microscopy, Auger electron spectroscopy, and
Rutherford back scattering are also available for
surface analysis. Indeed, more than one technique
is usually used to probe a modified surface. Com-
plementary data obtained from more than one
technique give a better picture of the sysiem un-
der study. The choice of a particular technique
for analysis is dictated by several factors such as
the sensitivity of the technique, the presence of
identifiable functional groups, the depth of analy-
sis, the stability of the surface to the analytical
technique and the availability of proper instru-
mentatjon.

Functional materials, 2, 1, 1995
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X hv e-

Effective l \

sampling

depth & T

hv e

Effective
sampling
depth is
S sin®

Fig.3. Angular dependent studies for samples in which spectra are studied as a function of the electron takeoff

angle ® with respect to the sample surface.

In our work, we have also found that analyti-
cal techniques such as fluorescence and ESR spec-
troscopy are also very useful. Though neither of
these techniques are surface selective, their use in
cojunction with appropriate chemistry in polymer
suspensions provides insightful information. The
information obtained by these spectroscopies
provides data about modified polymer surfaces in
contact with solvents and reagents. Examples of
such approaches are discussed below.

Chemical modification of polymer surfaces
has an extensive literature [8-13]. Substrates for
this chemistry can be divided into two groups.
One group includes reactive polymers with reac-
tive functionality in their backboue. This includes
polymers like polyesters, polyamides and
polyamides and polyanhydredes. The second
group would include unreactive polymers like
polyolefins or PTFE. The lack of reactive func-
tionality makes modification of these polymers
more difficult and challenging and it is this type
of chemistry and the issues invelved that will be
the focus of the following discussion.

The most common approaches to modifica-
tion of polyolefins involve gas phase chemistry
[12]. This is most convenient industrially. How-
ever, such approaches are best suited for simple
mofifications. Synthetically more elaborate pro-
cedures or those designed to introduce spectro-
scopic labels to study surface chemistry and
surface—solvent interactions often require a
more sophisticated organic synthesis like liquid
phase chemical treatments.

The classical approach to liquid phase modifi-
cation of a polyolefin is oxidative etching. For
example, oxidation ¢f LDPE with CrO3/H2804
at 70 °C introduces ketone and carboxyl groups
onto polyethylene surface [13]. Synthetic conver-
sions of carboxylic acids are well established in

Functional materials, 2, 1, 1995

organic chemistry and have been employed to
further derivatize these oxidized surfaces. Al-
though this functionalization proccdure is effec-
tive, the main drawback is that extensive pitting
and chain scission are observed under such vigor-
ous conditions [14]. Nonetheless, this chemistry
has proven very useful in carrying out fundamen-
tal molecular level studies. Many of these studies
were performed on the derivatized surface by
measuring water contact angles. These studies in-
clude some of the most detailed works on the
chemistry of functional greups at polymer-sol-
vent interfaces. For example, the effects of pH on
jonizable functional groups and the distinct dif-
ferences between acid-base chemistry at surfaces
versus solution have been elegantly examined.
Various alternatives to this harsh etching
chemistry have been explored. For example, our
group examined models of biooxidants as an al-

" ternative reagent for polyolefin surface function-

alization [16]. This work used the Gif system
initially developed by Barton as a model of meth-
ane monooxygenase chemistiy [17]. We used two
systems. In the first one, a polyethylene or
polypropylene film was suspended in pyridine
containing the irou catalyst [Fe3O(OCOCHz3)g],
zinc powder, acctic acid and a small amount of
water. The reaction suspension was stirred and
aerated. Zinc powder was used as a heterogene-
ous agent to reduce oxidized iron species. The
second system used ferric chloride-picolinic acid-
hydrogen peroxide in pyridine. Modest amounts
of oxidation were reflected by small changes in
the water contact angle for the product polyolefin
films. Further confirmation of surface oxidation
was obtained by chemical derivatization. Earlier
oxidation studies on using the Gif system had
shown that this oxidation yiclded ketones from

“saturated hydrocarbons [17]. Therefore, function-
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alized films were reduced with BiHz-#ie2S and
then treated with triffuoroacetic anhydride to test
for the presence of hydroxyl groups from car-
bonyl reduction. Surface analysis by X-ray pho-
toelectron spectroscopy confirmed ihe
incorporation of fluorine on the modified surface.
The reduced films were also treated with pyrene
butyric acid chloride. Fluorescence spectrescopy
of the product film showed that pyrene ester
groups had been incorporated onto the films’ sur-
face and supported the conslusions from XPS
studies. Together, these labeling experiments
strongly supported the contact angle evidence for
oxidation by the Gif system. Overall, these stud-
ies show that organometallic C—H bond activat-

1 v |

—
Ph/C\Ph Ph/C\Ph

ing agents can be employed to functionalize both
polyethylene and polypropylene surfaces though
the extent of functionalization was disappoint-
edly low.

A surface modified with hydrophilic groups
has a high surface energy. Reorganization of
functional groups at the surface move into the
nonpolar polymer matrix will result in lowering
of surface energy and a loss in wettability [18].
This possibly transient and history dependent na-
ture of a functionalized surface can be a problem
in surface modification. Such reorganization can
be minimized by having longer hydrophilic grafts
which have a lesser probability of diffusing into
the bulk polymer. However, such surface graft
polymerization requires initiation sites on the
polymer surface. Chemistry to generate such sites
has been a theme in both our work and that of
others as is discussed below.

When high energy radiation impinges on a
polymeric material, free radicals are generated on
the surface which form peroxides in the presence
of oxygene. This methodology has been used by

Suzuki and others to graft acrylamide onto a
polyethylene film [19]. Polyethylene film in air
can also be irradiated with y-rays from 80¢co to
yeild surface bound peroxides. The resulting per-
oxide groups can then be used in surface grafting
chemistry.

A more selective approach to surface grafting
developed by Ranby uses UV light and an intitia-
tor to selectively generate surface radicals from
polyolefins by a C—H bond scission [20]. In this
chemistry, benzephenone was used to absorb
light and to form a triplet excited state. The ex-
cited triplet so formed then abstracts hydrogens
from a polyolefin substrate forming radical sites
for graft polymerization (equation 2).

-[CH,CH, - » -[CH,CHI,- @

A final example of the use of established syn-
thetic methodology to initate grafting onto poly-
meric substrates is our work using
thiohydroxamic acid esters as initiators (equation
3) [21]. This work showed that photolysis of these
esters generated surface bound methylene radicals
which initiated graft polymerizations using viny!
monommers. A semi-quantitative estimate of the
polymerization degree was obtained from IR
analyses of the residual carbonyl intensity to the
intensity of IR bands from the graft polymer.
Monomers like acrylonitrile, styrene, ethyl acry-
late, glycidyl acrylate and methacrylonitrile were
all successfully grafted onto polyethylene in this
way.

While chemical derivatization of preformed
films has proven to be a useful method to func-
tionalization and grafting, most of our work has
emphasized a physical blending approach we call
entrapment functionalization [22]. In this process
(Sheme I), a low molecular weight functionalized
polyethylene and a high molecular weight com-
mercial polyethylene are dissolved and co-precipi-

PE. X Solvent Cast Grafied PEFil
Olig_ Entrapped | | Polyethylene Film | | ra l@
— Powder PE-[PEOh _x] PE«[PEOhg-g-ollgomer]
Virgin Polyethylene lig
Contact angle ATR

Fluorescence spectroscopy

Scheme I. Entrapment functionalization of polyethylene by PEGlig derivatives.
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tated from hot toluene. The low molecular weight
s oligomer is synthesized by anionic oligomeriza-
tion and can contain a wide range of functional
groups, spectroscopic labels or block cooligomers
at its terminus. Surface segregation of this low
molecular weight additive during blending leads
to the desired surface-functionalized polymer, as
spectroscopic and reactivity studies showed.
Block cooligomers of ethylene and ethylene
glycol prepared according to equation 4 [23] can
be blended into virgin polyethylene to produce a
surface functionalized film. The surface selectiv-
ity of the process with respect to varying size of
poly(ethylene glycol) blocks and varying amounts
of the block cooligomer used, have been studied
using contact angle measurements, variable angle
XPS, and variable angle ATR-IR spectroscopy
[24]. Studies incorporating a fluorescent pyrene
label at the terminus of the poly(ethylene glycol)
block of a diblock polyethylene-poly(ethylene
glycol) copolymer (equation 4) successfully used
this pyrene group to probe the solvent dependent
envircnment of the termini of the poly(ethylene
glycol) grafts at the surface of entrapment func-
tionalized polyethylene films {25]. These studies
‘showed that the entrapped films prepared using 4
(PE/PEoiig-4) had a variety of fluorescent proper-
ties that differed from that expected for a typical

Functional materials, 2, 1, 1995
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terminally functionalized polymer chain. For ex-
ample, as is shown in Fig.4, the extent of excimer
formation in a 2.5 wt.% loaded PE-[(PEoiig-
PEGiooo-pyrene] film was greatest in polar sol-
vents that solvated the surface well. This is in
contrast to the known effects of solvent variation
on fluorescence of polymers in solution that have
been end-labeled with pyrene groups. In solution,
poorer solvents lead to more excimer because the
polymer chains collapse and aggregate. Good sol-
vents decrease the amount of excimer. At least at
these surfaces, this effect is reversed. The entropic
constraints faced by a pyrene groups randomly
immolbilized in a surface or interfacial layer pre-
clude the diffusion and the necessary face-to-face
interaction needed to generate excimer fluores-
cence. Better solvents facilitate swelling of this
surface layer and permit pyrene groups to inter-
act.

Another example of a functionalized surface is
the pyrene labeled surface prepared as shown in
Scheme II. In this case, anionic oligomerization
of ethylene was followed by quenching with an
electrophilic pyrene-containing alkene [27]. The
resulting pyrene oligomer was then entrapped in
polyethylene to give a functionalized polyethyl-
ene containing weakly acidic C—H bonds. Sub-
sequent deprotonation and addition of an

11
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Fluorescence Emission

- 5@4&‘—5—0

Wavelength (nm)

Fig.4. 3D plot of emission spectra of polyethylene films functionalized with 2.5 weight percent pyrene (PE-(PEoiig-
PEGi000-pyrene)) suspended in different solvents showing a decrease in the excimer fluorescence for poorer

solvents (solvents with higher solubility parameters).
appropriate monomer led to anionic grafting as
shown in equation 5. Further studies of such sur-
face-grafted materials are now ongoing in our
laboratories but have already revealed a wealth of
details about polymer-solvent interactions and
the effects of surface grafts on such interactions.

Contact angle analysis, XPS spectroscopy and
ATR IR spectroscopy all provide useful informa-
tion about this surface and its derivatives before
and after grafting. However, fluorescence spec-
troscopy again provided unique sorts of informa-
tion. In this case, we were able to use both

12 Functional materials, 2, 1, 1995
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Scheme II. Diarylmethyl-functionalized polyethylene surfaces containing pyrene fluorescence labels can be pre-
pared by entrapment functionalization. The product films contain pyrene-containing macroinitiator groups
throughout the polymer/solvent interface.
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solvation of the pyrene fluorophore and its reac-
tivity with polyethylene-incompatible quenching
agents to probe the 3-dimensional nature of the
functionalized polyethylene surfaces produced by
entrapment functionalization both before and af-
ter grafting.

In our work, static quenching was. used to
study the accessibility of pyrenes to N,N-di-
methylethanolamine (DMEA). DMEA is report-
edly a very surface selective reagent in that it
selectively quenches pyrenes at the surface of
polyethylene versus pyrene groups in bulk poly-
ethylene [29]. Thus, when a PE-[PEoiig-
CH(Ph)pyrene] film was treated with
N,N-dimethylethanol amine in various solvents, a
portion of the pyrene fluorescence was quenched.
The amount of fluorescence quenched varied de-
pending on solvent. In THF, ca. 70% of the py-
rene fluorescence was quenched. In methanol,
only about 50% of the fluorescence was
quenched. The difference was ascribed to the dif-
ference in the accessibility of pyrene in these two
suspensions and to the different nature of the
functionalized polymer surface/solvent interface
in these two situations.

Fluorescence also provided a way to study the
microenvironment of entrapped pyrene-tagged
macroinitiators. These experiments relied on the
known effect of solvents on the I1/I3 value of py-
rene by solvents of varying polarity. The general
effect is that the I1/I3 value decreases as solvent
polarity decreases. In the case of a PE-[PEoiig-
CH(Ph)pyrene] film, the /1//3 value increased with
increasing solvent polarity to a plateau around
I1/I3=1.95. Much smaller solvent effects were ob-
served for grafted PE-[PEoiig-CH(Ph)pyrene]
film. Specifically, when a PE-[PEo1ig-CH(Ph)py-
rene] film was deprotonated with BuLi and then
treated with a THF solution of methacrylonitrile,
a PE-[PEoiig-C(Ph)pyrene-g-PMAN] film was
formed. This film showed in the same solvents
little or no solvent effect on the entrapped py-
rene’s 11/I3 values. This suggests that the PMAN
grafts are present at the polyethylene-solvent in-
terface and that they block solvation of the py-
renyl moieties at their attachment sites.

The effects of surface grafting on pyrene
quenching was also studied. These effects which
are shown in Fig.5 are in general accord with the
effects on 11/I3 seen before and after grafting. As
shown in Fig.5, the extent of quenching uni-
formly decreased in all four solvents studied. For
example, for films suspended in ethanol, ca. 50%
of the bound pyrenes were quenched before graft-
ing and only about 20% were quenched after in-
troduction of a poly(methacrylonitrile) graft onto
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Fig.5. Effect of different solvents on quenching of
PE-H/PEo1ig-CH(Ph)pyrene or
PE-H/PEo1ig-C(Ph)pyrene-g-polymethacrylonitrile
by N,N-dimethylethanol amine.

the pyrene initiator groups. Further evidence that
this change reflected surface solvation of a brush
overlayer is the change in order of extent of
quenching with different solvents. Specifically,
the relative extent of quenching in different sol-
vents changed with acetone (a good solvent for
PMAN) becoming a relatively better solvent for
quenching after introduction of the PMAN graft.

Summary

Surface funtionalization of polymers is a tech-
nologically useful and important process that can
be accomplished by both simple practical tech-
niques and by more sophisticated chemical proce-
dures. When spectroscopic probes are
incorporated into the product polymer surface
and when that surface is, in turn, synthetically
elaborated, a variety of information about poly-
mer-solvent interactions is forthcoming. Such
studies show that solvents can differentially
solvate the outermost interface of such function-
alized polymers and that entropic effects and mi-
croenvironment effects can significantly alter
known low molecular weight and conventional
soluble polymer chemistry.
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OpranutecKas XMMHs rpaHul paszaena GpyHKUHOHATH3HPOBAHHbLIX
NOJHMEPOB C MOBEPXHOCTAMH

David E. Bergbreiter*, H. Neil Gray and B.Srinivas

O6cyxaaloTcs npoBieMbl XHMHH MOJIHMEPOB ¢ MOAH(HLHMPOBAHHBIMH NOBEPXHOCTSIMHU. Pac-
cMaTpuBawTes obuHe npobieMpl aHalW3a U CHHTe3a B MPHMEHEHHH K MoandHUHPOBaHHIO
NOBEPXHOCTEH MONUMeEPOB, a TakXe cnelnduyeckue U CHHTETHYECKHE 3a[a4H, OTHOCALIHECK X
noBepXHOCTHOH Momudukauuu nomonepusos. Ocoboe BHUMaHHE YEIEHO XUMHYECKHM NpolieccaM
NPHBHBKH PAa3lMYHBIX (YHKLMOHANBHBIX TPYIN X MOBEPXHOCTH MOJHITHIEHOBLIX MIEHOK H pac-
CMOTpEHHIO MPUMEHEHUs! QIYOPECUeHTHBIX 30HIOB U8 HCCNENOBaHUs CONbBATalHH H peakLHOHHOK
CIOCOBHOCTH MIEHOK, MOBEPTHYTHIX 06paboTke ¢ LIeNbIO CO3NaHHS Ha HUX (YHKLHOHAIBHBIX IPYNN ¢

rnocieayolLeil IPMBUBKOH MOIU(HKATOPOB.
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Three types of bio-medical polymer materials have been surveyed. These are: natural; synithetic inert
and biocompatible polymers; natural and synthetic polymers with favourable biological properties. Most
attention is payed for biocompatible sorbents on cellulose (CS) base, for methods of cellulose modification
that introduce ion-exchange groups, for properties of modified CS and it medical applications: The
prospectives of sorptionally-active materials in views of third generation medical polymers development

has been shown.

PosrianyTo TpH THIH MEAHKO-Gi0NONMHUX NOTIMEPHHX MaTepialliB: IPUPO/IHi, CHHTETHYHI iHepTHi Ta
GiocyMicHi nmomiMepH, 1O MalOTb KOPHCHY Gionoriuny fjio. OcobnMBY yBary NpHineHo GiocyMicHHM
BOJIOKHUCTUM copbeHTaM Ha ocHoBi uemonosu (I[3): Meronam moaudikanii I3 mna namanus iit
iOHOOOMIHHHX BIIACTHBOCTE}, BHKOPHCTAHHIO B MEOHLMHI Ta iHIUMX CyMiXHHX ramyssx. Ilokasado
NEpCeKTHBHICTL PO3BUTKY MeTofiB Mopaudikauii copOLiliHO-aKTHBHHX BOJOKHHCTHX MaTepialiB 3
METOI0 CTBOPEHHS MEOWYHHX MOJIIMEPIB TPETHOT'O NNOKOJHHHS.

The origination of new scientific lines and ar-
eas is one of remarkables phenomena in the natu-
ral sciences development during the last quarter
of our century. A prominent example is, espe-
cially, the creation and dramatical progress of the
biomedical polymers chemistry [1] which has been
originated at the interfaces of organic chemistry,
high-molecular compounds physics and chemis-
try, biochemistry, molecular biology, pharmacol-
ogy, and medicine. The vivid interest to this area
is due to two circumstances: the fundamental
natural science aspect — the living and inanimate
nature interaction — and practical results of a
wide variety of polymers uses for medical and
public health care purposes.

At present, three types of biomedical poly-
mers can be distinguished, somewhat arbitrarily
[2]. First, there are natural polymers (especially,
polysaccharides, e.g. soluble and insoluble dex-
trane, cellulose, or starch derivatives, some
polypeptides — albumine and others). Second, it
is to point to synthetic inert and bio-compatible,
soluble or insoluble polymers, containing (desir-
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ably) biodegradable bonds in the main chain orin
a side one, between the polymer itself and a me-
dicinal compound linked to it. Third, finally,
natural or synthetic polymers must be mentioned
which have an useful biological effect or can en-
hance such effect of a medicinal substance linked
to them (heparine, specific sulphonated polymers,
etc.).

The first generation consisted of so-called «in-
ert» polymers. They were associated with the first
stage of synthetic polymers use, when no poly-
meric materials were yet created specially for
medical uses, but appropriate polymers were cho-
sen among the known engineering-designed ones.
Investigators have found presently, however, that
such «inert» polymers can cause sometimes even
such phenomena as tissues necrosis, etc., due to
impermeability of materials studied, substances
migration blockage and, accordingly, the intercel-
lular exchange inhibition.

Therefore, nowadays, ever-increasing atten-
tion is given to the development of polymer mate-
rials whose biocompatibility is determined not by

Functional materials, 2, 1, 1995
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inertness, but by their interaction with organism,
yet such one at which neither polymers them-
selves nor their degradation products would ef-
fect the organism undesirably.

This allowed to come immediately to a next
step of a principial and practical importance,
namely, to begin with the «third generation» crea-
tion of medical polymers. Such materials are not
only biocompatible, but can also be included into
biochemical processes, interacting with biological
medium to cause a required useful effect on this
medium or on whole organism. On the impres-
sionable background of polymers materials, such
polymer possessed, until recently, a rather modest
place.

The fibrous sorption-active materials comply
most full with the requirements to «third-genera-
tion» polymers [3]. The advantage of these mate-
rials over other ion-exchange resins consists in
that they have more developed specific surface,
possess a plethora of channels and pores which
remain conserved after chemical modification,
thus assuring a high volume capacity, selectivity
and swellability of such sorbents.

The biocompatible fibrous sorbents on the
cellulose (CS) basis are especially promising in
this regard [4]. The cellulose macromolecule does
not contain structural elements causing undesir-
able chemical effects on the human organism. It is
easily modifiable, what allows to obtain a wide
variety of its derivatives having predetermined
composition and properties.

A great number of various methods can be
used to modify cellulose for conferring ion-ex-
changing properties on cellulose. The main ones
are:

1) selective oxidation of cellulose alcoholic
groups to carboxyls;

2) etherification of cellulose by compounds
containing additional acid or basic groups;

3) grafting of various polymers containing
functional groups to cellulose macromolecules;

4) esterification by polycarboxylic acids;

5) alkylation.

Using the methods mentioned above, one can
obtain cellulose-based ion exchangers containing
any groups both cationic and anionic type.

Let us consider the main methods of cellulose-
based cation-exchangers synthesis in more detail.

1. Ion-exchangers synthesis by
cellulose oxidation

The best oxidizers for the cellulose are peri-
odic acid and nitrogen oxides which allow to per-
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form the oxidation more selectively than known
oxidizing agents [5].

Periodic acid oxidizes secondary alcoholic
groups of cellulose under breaking the pyranic
ring and formation of dialdehyde cellulose which,
by the further oxidation with sodium chlorite,
gives dicarboxy cellulose:

" bk

d N\,
RECIV SR > \Hc_o’ .
!:H,OH H0H
DACS
OH  COOH
H
DACS + NaCiO, R H> (o
Ne—d O

L,OH

In parallel with these main reactions, side
processes take place resulting in the formation of
products containing various functional groups.

The main reaction of cellulose oxidation by
nitrogen dioxide N204 resulting in the monocar-
boxycellulose occurs according to scheme:

L -

\/
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H,OH OOH
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The oxidized cellulose, however, has a series
of specific properties limiting its use for some
medical purposes: such are thermal instability in’
air, strength drop during storage, etc. Besides, the
material losses its features of an insoluble sorbent
when certain critical value of carboxy group con-
tent is exceeded. Therefore, at the preparation of
ion-exchanging celluloses, two important factors
must be taken into account: on the one hand, a
sufficient exchange capacity must be achieved,
and on the other, the sorbent must be insoluble,
chemically resistant and have satisfactory physi-
cal and chemical properties.

2. Ion-exchangers synthesis by
etherification

Cellulose ethers possessing the ion-exchanging
properties are obtained usually by the action of
alkyl sulphates or alkyl halides on the basic cellu-
lose:

I H
He— N, yi‘ g s
+  CCH)RR — C c
$H / n H” ncf'_ol ~No—
H,0H ! CH,OCH )R
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3. Ion-exchangers synthesis by
esterification

Cellulose esters having ion-exchanging prop-
erties have been obtained, with phtalic, succinic,
maleic, glutaric, and citric acids, the esterification
being performed by acid anhydrides in the glacial
acetic acid medium, in the presence of anhydrous
sodium acetate.

As cellulose-based cation-cxchangers, the cel-
lulose phosphates are most popular. They have
found a wide use in the analytical chemistry and
biochemistry for the polypeptides and vitamins
separation, at chemical analyses for ion-exchange
chromatography, solutions concentration, etc.

4. Ton-exchangers synthesis by
polymers grafting to cellulose

Using the grafting of polymers to cellulose,
ion-exchangers containing various types of func-
tional groups can be obtained. The grafting is
performed usually by following techniques:

1) Using preliminary introduction of groups

" forming macroradicals at the degradation. By

such a means, the copolymers of cellulose with
polyacrylic and polymethacrylic acids are ob-
tained.

2) Radiation-chemical synthesis. By y irradia-
tion, the graft-polymers of cellulose with acrylic
and methacrylic acids are developed.

3) Grafting to an oxidized cellulose. So, the
copolymers of oxidized cellulose and cellulose
phosphate with polyacrylonitrile are obtained.

The last-mentioned method has some disad-
vantages, namely, the low sorbents stability
against aggressive media and the composition un-
homogeneity due to the presence, in copolymer,
of some homopolymer amount which undergoes
extraction in the course of sorption. The troubles
mentioned restrict the use of such polymer in the
medical practice. To extend the service life of cel-
lulose-based chemisorbents and to impart the in-
solubility to them, additional treatments by
bifunctional and structurizing compounds are
used, e.g. by hydrazine hydrate, peroxides,
epichlorohydrine.

Using methods discussed above, a number of
cellulose derivatives having ion-exchanging prop-
erties has been obtained, including carboxy cellu-
lose, cellulose ethers and esters, copolymers of
cellulose with various macromolecules, aminocel-
lulose, sulphocelluloses. In all these syntheses,
ionogenic groups can be introduced into cellulose
macromolecule in an amount no more than one
group for 20 to 30 structural glucose links. That is
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the limit of the ion-exchanging capacity for such
products; when the number of ionogenic groups
is increased, cellulose undergoes a destruction.
The composition and properties of some cellu-
lose-based ion-exchangers are given in Table 1.

Cellulose phosphate

Cellulose phosphates are the inorganic cellu-
lose esters most often used in medicine (Table 1).
The phosphorylation of celtulose is performed by
the action of derivatives of P(Ill) and P(V) acids.
Phosphorous acid is the most effective phospho-
rvlating agent among derivatives of phosphorus
(111} acids. it should be noted, however, that prod-
ucts of cellulose phosphorylation by derivatives
of P(Ill} acids arc¢ destructurized profoundly and
instable to hydrolising action. These circum-
stances as well as the inevitable use of toxic sub-
stances to obtain such products, exclude their use
for medical purposes.

One of popular techniques of the phosphory-
lation with derivatives of phosphorus (V) acids is
the cellulose esterification by orthophosphoric
acid and its chlorides:

CS-OH + HyPO, — CS-O-P(OH), + H,0

By its nature, cellulose phosphate is a poly-
functional cation-exchanger containing both
strong and weak acid groups. As a polymeric
acid, cellulose phosphate binds, by ion-exchange
mechanism, inorganic and organic cations under
formation of corresponding salts and strong
phosphatic complexes. The high sorption capac-
ity of phosphorylated cellulose is noted toward
Cu(il), Fe(ll), alkali, alkali-earth, and rare-carth
metals ions as well as toward aliphatic amines
and antibiotics (kenalicin, streptomycin, link-
omycin, monomycin) [6].

For inorganic and organic ions sorption by
cellulose phosphate, the form of phosphoric acid
groups (H- or Na-form) is of primary importance.
For example, in the case of exchange of Ca(ll)
ions on the H-form of cellulose phosphate, the
strong acid groups are primarily involved in the
reaction. On the other hand, in the course of
Ca(ll) sorption by the Na-form of cellulose phos-
phate, NaCl is given off into solution what results
in the increase of its sorption capacity toward
Ca(ll) ions.

On this phenomenon, the medical use of cellu-
lose phosphate is based as the sorbent for the
donor blood stabilization [7] and for the Ca(ll)
ions binding at the kidneystone disease treatment
(see Table 2).

Functional materials, 2, 1, 1995
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Table 1. Ion-exchanging celluloses

No. Name Tonogenic group Properties Complete absorption
' capacity,
mg-equiv./g
1. Sulphoethy] cellulose —OC,H,SO4H strong acid 0.4-0.5
2. | Sulphomethyl ceilulose —OCH,SOzH strong acid 0.4-0.5
3. Cellulose phosphate —OPO;H, strong acid 0.8
4. | Monocarboxy cellulose —COOH strong acid 0.7
(oxycellulose)
5. |Carboxymethyl cellulose —OCH,COOCH weak acid 0.7
6. | Carboxyethyl cellulose —OC,H,CO0H moderate acid 0.7
7. Cellulose citrate —0O0C—OH—(CH,COOH), 12-24
8. Cellulose succinate —OOCC2H4—COOH' 3.15
9. Cellulose maleinate —00C—C,H,—COOH 1.13
10. Cellulose glutarate —00C—CgH,—COOH 0.80
* 11. Cellulose phtalate —00C—CgH,—COOH 1.70
12. Para-amino benzyl —CH,—~CgH,—NH, weak basic 0.6
cellulose
13. Product of ethyl ionogenic group structure is not weak basic 0.5
chlorohydrine, determined
triethylamine reaction
with cellulose
M 14. | Aminoethyl cellulose —C,H,NH, weak basic 0.7
15. |Product of ethyl bromide| ionogenic group structure is not moderate basic 1.0
reaction with DEAE established
cellulose
16. Diethylamino ethyl —C,H/N(C,Hg), moderate basic 1.0
cellulose )
17. | Guanido ethyl cellulose ~—C,H/NHC(NH)NH, moderate basic 0.7

EDTA celluloses

From the viewpoint of fibrous sorbents use in
the hematology, they are desirable to be similar,
in their action, to known blood stabilizers being
introduced into it for conservation, but, in the
same time, to retain the advantages inherent in
the sorptional method. In that relation, the sor-
bent similar, by its selectivity, to ethylendiamine
tetraacetic acid sodium salt (Na-EDTA) may be
very promising (see Table 2).

Avid salts of cellulose esters with
antiseptic
The use, as sorbents, of salts of cellulose acid
esters in which cation is an antiseptic [6], e.g.
laevomycetin, synthomycin, trilaphlavin, offers a
possibility to avoid the antiseptics introduction in
conservants compositions and, in so doitig, to
prevent any action, even temporary, of elevated
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antiseptics concentration on the blood compo-
nents capable to case their damage (Table 2).

A salt of cellulose phosphate with antiseptic is
forming according the scheme

CS-0-P(0)(OH)ONa + K,Cl —
- CS-O-P(O)(OH)OK, + NaCl

where Ka is an antiseptic cation.

Acetyl cellulose

Cellulose, as a polyhydric alcohol, undergoes
an easy esterification with various acids or their
anhydrides forming corresponding esters. By
esterification of cellulose with acetic acid or its
anhydride, the acetyl cellulose is obtained:

[CgH70,(OH)s], + CH;COOH —
- [C6H702(OCOCH3)3]n + nH2O
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Table 2. Cellulose-based sorbents and their clinical applications

Sorbent Tonogenic group | CEC* |OEC** | SD*** Applications
Cellulose ~—OP(0)(OH), 32 0.76 60 |Haemostatic means; stomach ulcer treatment; biologically
phosphate inert suture material; in the milk treatment for children
and dietic nourishment; for ammonia vapours removing
from air; filters for air and liquids sterilization; as a
substrate for plants growing; for the protection from
«softy X-rays
Cellulose citrate] —CH,—COOH | 1.70 047 50 For donor blood stabilization
EDTA-cellulose| —N(CH,COOH), | 1.03 | 030 50 |Blood purification when prompt and massive transfusions
are required
Acid salts of - - - - For antiseptic bandage of prolonged effect
cellulose esters
with an
antiseptic
Acetyl cellulose; —OOCCH, - - - For microbiological, biological, and physico-chemical
analyses; for drug solutions purification from
microorganisms and mechanical impurities; for sterilizing
filtrations; for the electrophoretic separation of blood
serum albumens
Acetyl phtalyl | —CgH,COOH - - - As the tablet envelope; to prepare the intestinal-soluble
cellulose tablets (naphtamon, aspirin}, in tuberculosis therapy
complex; at the introduction of tetracyclin with laevorin to
assure the prolonged effect of those substances
Methy! cellulose —OCH;, - - - |As the protecting envelope of drug preparations for enteric
or local introductions; to introduce the pancreatin into the
duodenum,; as a binder in gypsum suspensions; for
ointments and wet bandages; in protecting ointments for
operating with organic solvents and aggressive media; as a
eye-ointments base; for the treatinent of skin diseases,
bums, and for local anaesthesia; for the X-ray
investigation of gastro-intestinal way -
Ethyl cellulose —OC,H; - - - - As a graining agent for medicinal substances; in
slow-dissolvable tablets for oral administration; for
microcapsulation and protecting envelopes obtaining; in
the hypertension and cardiovascular diseases treatment
Carboxymethyl| —CH,COOH - - - A marked stimulation of reparative processes in infected
cellulose skin wounds, acceleration of granulated tissue arising, etc.
Oxypropylene | —OCH,CH,OCH; - - - |Asa cellular coating material for gastrosoluble solid drugs
methyl cellulose forms; in the atophan, analgin, amidopyrin tablets
technology
Monocarboxy —COOH - - - |An efficient haemostatic material; to stop the capillary and
cellulose parenchimatous haemorrages from lunge wounds, caverns,
cellular tissues swrounding blood vessels and gullet,
" operative wounds; in purulent surgery, etc.; a suture
material

* Complete exchange capacity for NaOH, mg-equiv./g.

** Operating exchange capacity for CaClz, mg-equiv./g.

*** Substitution degree for N, per cent.
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Acetyl cellulose possesses a characteristic abil-
ity to form elastic permeable films, membranes,
etc., what motivates its widespread medical use.
Nowadays, enzymes immobilized in microcap-
sules are obtained. The enzyme immobilization
by microcapsulation retains the enzyme essen-
tially in solution, i.e. in the native state. A poly-
meric envelope, being impermeable for both
ferment contained in the capsule and high-mo-
lecular substances from the external medium, al-
lows, in the same time, for the free passage of
low-molecular compounds — substrates and
products of enzymatic reaction.

Methy! cellulose

Methyl cellulose became firmly established in
the drugs production area. It is soluble in cold
water. In solution, the methy! cellulose macro-
molecules are covered by hydrated envelopes
bonded with cellulose by hydrogen bonds. When
temperature rises, the hydrogen bonds break, and
methyl cellulose dehydration occurs. Cations and
anions are also able to cause the dehydration;
according to their ability to depress the solution
gelation temperature, they can be arranged in se-
ries:

Pb (I1), Zn (I1), Cu (II), Fe (), NHE, Ca (lI),
Ba (1), K, Mg (Il), Na™, Al (lll);

I, CNS, BO%, NO3, CO%", CI, CH3COO,
sof", POY™. '

Water solutions of methyl cellulose are stable
in a wide pH range (from 2 to 12), have good
surface-active properties; after drying, a high-
strength, colorless, odourless and tasteless film is
obtained, resistant against bacteria, mould, and
organic solvent action.

The use of methyl cellulose for medical pur-
poses is based on its good binding, film-forming,
and gel-forming properties.

Carboxymethyl cellulose

The treatment of carboxymethyl cellulose
(CMCQ), obtained through the action of mono-
chloroacetic acid on cellulose, by cross-linking
agents like formaldehyde, epichlorohydrine, or
diglycidyl ether, gives the highly hydrophilic,
water-insoluble Na-CMC which can be used for
sanitary and hygienic articles production.

On the CMC basis, a polymeric anaesthetic
for local use is developed, called celcovocaine,
which is effective in the therapeutic blockades
performing, treatments of stomach and lungs ma-
lignant neoplasms, chronic cholecystopancreati-
tis, and also of acute and chronic pancreatitis.
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Monocarboxy cellulose (MCC)

Among modified celluloses, the MCC finds
the most widespread medical use, what is due to
its successful combination of favourable physico-
chemical and medico-biological properties.

The MCC is insoluble in water, organic sol-
vents, as well as in diluted inorganic and organic
acids.

Similar to some other cellulose derivatives,
e.g. cellulose phosphate, carboxymethy! cellulose
and acetic phtalyl cellulose, MCC is a polyelec-
trolyte and has ability to exchange reactions, be-
ing a more strong cation-exchanger than
synthetic carboxyl-containing ones.

There are two main lines in MCC medical use
development. First, it is the use of MCC itself,
secondary, the use of its modification products.

The sorption-active cellulose-based materials
can have, in addition to ion-exchanging proper-
ties, complexing ones, i.e. they can be modified by
complex biometals compounds to obtain new tex-
tile species designated for medico-biological pur-
poses.

Cellulose dialdehyde (DACS), the product of
cellulose oxidation by periodic acid (see Scheme
1), is the most convenient source material for ob-
taining of physiologically active cellulose deriva-
tives of the third generation. Dialdehyde cellulose
contains the reactive aldehyde groups which al-
low to extend substantially the range of celfulose
chemical modifications.

One of most typical reactions of aldehyde
group is the interaction with primary amines re-
sulting in azomethines, i.e. compounds including
the C=N- group. This group is labile enough to
split out, in a weak acid medium, the physiologi-
cally active molecular fragment, thus assuring the
prolonged action of a preparation. Using this
property, a number of chemical changes of DACS
was performed through its condensation with
various primary amines, including aromatic and
heterocyclic ones. The grafted compounds ob-
tained show strong complexing abilities what al-
lows to prepare metal complexes.

Metal chelates grafted to a textile surface can
provide the basis to obtain preparation of com-
bined effect. The matrix containing metal com-
plexes with tripsine are of special interest in this
context.

Cellulose may be also modified by acting of
previously prepared metal complexes on its oxi-
dized surface. Using this scheme, the cobalt (lil)
- monoethanol amine and copper (ll) — tri-
oxymethylamine (TRIS) complexes has been
grafted to a polysaccharide matrix.

The immobilization of physiologically active
substances has been performed on the DACS
modified by the above-mentioned complexes; a
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high bactericidic activity has been found for a
number of samples containing silver, cobalt, and
copper ions.

The DACS oximes containing, in addition to
alcoholic and aldehydic groups, oximidic frag-
ments which are the potential metal-binding cen-
ters, are capable to form complexes with
substances being sorbed.

An oxyl-containing cellulose matrix has been
obtained by covalent bonding of the hydroxyl
amine to a polymeric textile support. In this ma-
trix, the azomethine bonds are formed according
to scheme:

(o] o]
gH gH
NS M

/Cﬁc_o/ ~o—

&HZOH

+ NHOH —»

HO—N,

H,OH

The study of the sorbtional properties of
DACS oximes in relation to 3d-transitional met-
als had shown that DACS oximes preparations
provide the features of polymer complexing
agents. The capability of cellulose oximide reac-
tions to bind metallic ions is determined mainly
by the possibility of polydentate binding com-
plexing ion resulting in stable chelate cycles, by

metal nature, and by the chelatic links number.
The most favourable condition of metal coordi-
nation is created by its positioning in the 2,3-di-
oximino cellulose unit.

The textile metal chelates on the basis of co-
balt, nickel, and copper okaminates provide the
most strong antimicrobic efficience. The informa-
tion described above shows that the development
of modifying methods of sorption-active fibrous
materials is highly promising for the creation of
«third-generation» medical polymers.
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HOJIHMeprle MaTepuaabl MEAUIIMHCKOr0o HA3HAYCHUS

B.A.Kanu6abuyk, B.H.3aiiues

PaccMoTpeHbl TpH THN2a MeAHKO-GHOJOTHYECKHX MOJHMMEPHBIX MaTepHaloB: NMPHPOMAHbIE,
CHHTETHYECKHE HHEPTHble U GHOCOBMECTHMbIE MOJHMepbl, OONaJAIoLIHe MOJIE3HbIM OHONOTHYECKHM
neitctBueM. Oco6oe BHHMaHHE YIETeHO GHOCOBMECTHMBIM BOJIOKHHCTHIM COpOEHTaM Ha OCHOBe
uemonosst (113): MeToxam Moauduxauuu 113 anst npuaanus eif HOHOOOMEHHBIX CBOHCTB, IPUMEHEHHIO
B MeJHIIHHE U APYTHX cMexHbiXx obiacrax. IlokazaHa nepcneKTHBHOCTh Pa3BHTHS METOAOB
MOH(PUUHPOBaHHS COPOLIMOHHO-aKTHBHbIX BOJIOKHHCTBIX MATEPHAIOB C LIEJIbIO CO3JAHHS MEIULIHHCKHX

[TOJIMMEPOB TPETHETO TOKOJIEHH .
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Quantitative physico-chemical analysis
of chemisorption on complexing silicas

Yu.V . Kholin

Kharkov State University,
4 Svobody Sq., 310077 Kharkov, Ukraine

One of the most commonly used methods for investigating complex compounds forming silicas (a
quantitative physico-chemical analysis, QPCA) has been considered in the paper. It was subjected to some
analysis in what way the procedures of the QPCA, proposed for studying the complex formation in
solutions, have to be changed to take into account the features of chemisorption on the complex
compounds forming silicas. The overview of the meaningful physico-chemical models which are in use to
interpret primary data of QPCA has been presented. The methods to establish the structure of the models
and to find their parameters have been discussed. The thermodynamical justifications of the models have
been presented and the connections between their parameters have been found. The paper contains the
proposed hierarchical system of the models and the recommendations for their use in practice.

B craTTi pO3rISHYTO OAMH 3 HAHIMOLUMPEHIIHX METOMIB [OCHiJUKEHHS KOMILIEKCOYTBOPIOIOYHX
XiMiuHO MOJHQIKOBaHHX KpeMHe3eMiB — KinbkicHHH ¢iznko-xiMiuHui ananis (KOXA).
IIpoaHaiizoBaHO, SKMM HYHHOM CiiJ{ 3MiHHTH MetomukH K®XA, 3anpornoHoBaHi [ BHBYEHHS
KOMILIEKCOYTBOPEHHSI B PO3YHHAX, 100 KOPEKTHO BPaXyBaTH OCOGJHBOCTI KOMILIEKCOYTBOPIOIOYHX
xpemHeseMiB. IIpeacraBiieHO OMIAA 3MiCTOBHHX (i3HKO-XIMIYHHX MojeNneH, IO iX BXHBAIOTh NS
inTepnperauii nepBHHHUX HaHHXx KOXA. PO3risHyTO METOAH CTPYKTYPHOI napaMeTpHUYHOI
inenTudixartii Mozieneii. OGroBopeHa TepMOJUHaAMiyHa OGTPYHTOBAHICTb MOJIENIEH, 3HAN/IEH] 3B A3KH MiX
ix mapamerpaMu. 3anponoHoBaHa iepapXiyHa cHcTeMa Mojelell i HagaHi pekoMeHaauii 3 ix

BHKOPHCTaHHSL.

Since the late 70s, investigations on synthesis
and use of silicas with N, O, P, S-containing elec-
tron-donor groups covalently fixed on their sur-
faces are intensively progressing [1,2]. Sorbents of
this type (complexing chemically modified silicas,
CCMS) are used to separate and concentrate met-
alions, in the development of heterogeneous met-
al-complex catalysts, etc. [1,3]. One of methods to
study CCMS, quantitative physico-chemical
analysis (QPCA), is the division of a physico-
chemical analysis. It deals with the determination
of stoichiometric composition and stability con-
stants of reagents on the basis of relationships
between the compaosition of a system and a cer-
tain its property in equilibrium conditions [4].
The objective of a quantitative physico-chemical
analysis as applied to the study of metal ions
chemisorption on CCMS is to obtain such infor-
mation concerning the composition and thermo-
dynamic stability of complex compounds grafted
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to the SiO2 surface, which information could be
compared with similar data characterizing com-
plexes in solutions. The accumulation and analy-
sis of great arrays of the QPCA results will make
possible the quantitative characterization of fac-
tors causing the changes of reactants properties at
fixation and, on this basis, the application of a
vast information relating to complex formation
equilibria in solutions [5,6]. The methodology of
the QPCA was elaborated to study the chemical
equilibria in solutions, systems containing bot-
tom phases, extraction equilibria [8,9]. It cannot
be extended mechanically to the investigation of
equilibria involving objects which are new for
chemistry, namely, complexing silicas. Physico-
chemical meaningful models [10] designated to
account for the CCMS specific features, are the
tools of QPCA. In this work, such models and
their practical applications are reviewed, the ther-
modynamic validity of models is discussed and,

23




Yu.V.Kholin / Quantitative physico-chemical analysis...

on the basis of these considerations, the unified
system of model is formed instead of odd ones.

QPCA features in systems under
consideration

Let a functional group Q be fixed on a silica
surface, a group concentration is #(Q) mol per kg
of CCMS. A weighed CCMS sample with the
mass a, kg, is brought into contact with a known
initial volume (V, dm3) of a salt M solution (be-
sides of M, other reactants, X, may also present in
the solution). Under varying a, V, total reactant
concentrations in solution #(M), 1(X) (mol/dm3), a
certain property (g) of the equilibrium system is
measured, e.g. pH of solution, light absorption,
amount of M remained in solution in the equilib-
rium conditions, etc. The array of measurement
results offers the initial data for QPCA, a "com-
position-property” dependence

=/t (Q), 5, M), 1, (X), ..., a;, V), )

where k is the number of experimental point, /, a
function. In the special case, when adsorption of
M on a complexing silica is measured at a con-
stant temperature, Eq.(1) is defined as the adsorp-
tion isotherm. Dependence (1) is specified by a
table on a finite set of points; therewith, both
arguments #(Q), (M) and responses g values are
determined with certain errors, and the form of
function f is unknown a priori. The problem of
QPCA is to determine, on the basis of dependence
(1), the number of species, stoichiometric compo-
sition, and thermodynamic stability of complex
compounds MmQq on the CCMS surface. To
solve this problem, meaningful (physico-chemi-
cal) models are applicated. These are constructed
in two stages. First, the structural identification is
carried out, i.e. such a form of function fis speci-
fied, at which parameters, having a physical sense
(e.g. stability constants of complexes), are fitting
parameters for the model. On the second stage,
the parametric identification of the model is ac-
complished, i.e. from the condition’ of "the best"
approximation of dependence (1) by the model,
the numerical values of fitting parameters are de-
termined. The particular form of function / does
not follow from thermodynamics, but any form
of f cannot be in contradiction to the general
thermodynamic principles. First, the fact must be
taken into account that the true thermodynamic
components (i.e. substances which can be intro-
duced into the system independently of each
other) are not the solvent, salt (M), ligands (Q),
and carrier (SiO2), but the solvent, salt M, and
supermolecule [11] of complexing silica, each such
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supermolecule containing a certain amount of
SiO2 and some number, 5, of grafted Q
groups.Second, complex formation takes place
on the solution-solid interface, therefore, in con-
structing models, the thermodynamic language is
to be used which has beerl approved for the sur-
face phenomena description: Gibbs method or
the finite-thickness layer method [12,13].

The choice of thermodynamic
language

Recently, a work was published [14] where
authors have attempted to avoid the choice be-
tween the Gibbs method and the finite-thickness
layer method and, at a minimum of assumptions,
have considered an adsorption system using the
fundamental Gibbs equation for adsorption. It is
impossible to use that approach to justify the
QPCA practice, because, when the fundamental
equation alone is used, the expression for chemi-
cal potentials of reactions, p;, are not specified
and, consequently, the form of the mass action
law is undetermined. Having established expres-
sions for p;, the authors [14] were going to the
finite-thickness layer method without stating this
fact explicitly. Such an "implicit" character of the
transition may create the illusion that the QCPA
of chemisorption can be strictly substantiated di-
rectly by the fundamental Gibbs equation, with-
out account for approximations and restrictions
associated with the adsorption determination
used in the finite-thickness layer method.

According to Gibbs, adsorption, T, is an ex-
cessive quantity. Due to this, I' cannot charac-
terize the near-surface layer composition, and, in
the Gibbs method, concentrations became sense-
less. Since the QPCA involves the evaluation of
stability constants and, therefore, the use of con-
centrations, the Gibbs’ method is unsuitable to
justify the QPCA.

In terms of the finite-thickness layer method,
an adsorption system is considered as that con-
sisting of three phases: an inner sorbent volume
whose properties remain unchanged at adsorp-
tion, a homogeneous liquid phase, and an unho-
mogeneous adsorption layer (AL) [12,13]. Let us
consider the relationship between the experimen-
tally measured value of adsorption, g, and the
adsorption definition as the total sorbate content
in the adsorption layer. In the first case,

g=V-{tM)-[M]/a, @
where V is the initial volume of solution; for the
second, the expression

Functional materials, 2, 1, 1995
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X= (l/a)r ? e(2) dz, 3)
Z

is valid, where ¢(z) is the M concentration in the
adsorption layer varying along the normal (z) to
CCMS surface; 21,22 are the positions of the layer
boundaries. It is obvious that X depends on the
choice of AL boundaries. The farther the outer
boundary is drawed from the surface, the greater
are the AS volume and X value. Such an incer-
tainty is a essential disadvantage of the method
complicating its application. In the same time, the
X gives a quantitative estimation of the near-sur-
face layer composition. The difference between g
and X can be easily found as

g-X=(#-V)-MVa, @
where 17 is the equilibrium volume of homogene-
ous solution minus volume included in the AL.
Since volume of diluted solution varies insignifi-
cantly at reactions, the difference between g and
X is small, too. Therefore, it is allowable to inter-
prete the measured quantity g as the thermody-
namically rigorous X one, bearing in mind that
such approach is somewhat approximative.

Two methods to express
concentrations of grafted species

In the initial stage of the simulating complex
formation equilibria, the concentrations of
grafted species were related to the volume of lig-
uid phase and measured in mol/dm> ("the homo-
geneous approach”). Later, the "heterogeneous”
approach was believed to be more justified, ac-
cording to which, the species concentrations were
related to a sample mass or to CCMS surface area
[15,16]. If, however, we understand adsorption to
be a total content of sorbate in a finite thickness
layer, the conclusion about approximative char-
acter of both appoaches can be drawn. That ap-
proximativeness is the price which must be paid
for the uncertaintities in the establishing of ad-
sorption layer boundaries and for the absence of
aprioric information about its inhomogeneity. In-
deed, the relation of the grafted species concen-
trations to the CCMS mass or to the solution
volume is equivalent to the assumption that the
phase interfaces are so established that the actual
AL is "compressed” up to a monolayer formed by
anchoréd ligands and complexes. Therewith, the
liquid phase is believed to be homogeneous, as
before, and the influence of carrier on the com-
plex formation is not taken into account explic-
itly. In fact, the concentrations of species are
related to an area of that model monolayer. The
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value of that area is unknown. It can be assumed
to be proportional (perhaps equal) to the surface
area (4) of CCMS as determined by the physical
adsorption of nitrogen, phenol, etc. Then, the
concentration of grafted species must be related
to 4 and expressed in mol/m?. Since

A=a-Ag, ()

where Asp is the specific surface area, mzlkg, there
exists an equivalent way to express the concentra-
tions. One can relate the concentrations to the
mass of sorbent (a) and express as mol per kg of
CCMS. Formally, the decision to relate concen-
tration of grafted species to a surface area or a
mass of CCMS corresponds to description of the
system as two-phase heterogeneous one (solu-
tion + adsorbent). Another assumption, namely
that the area of a "model" monolayer is propor-
tional to the liquid phase volume. In this case,
concentrations of species must be related to the
volume V and expressed in mol/dm®. Then the
chemisorptional system is considered as a homo-
geneous one.

If the adsorption isotherm for M is measured
under condition of constant a/V ratio for all ex-
perimental points, the "homogeneous” and"het-
erogeneous" approaches are equivalent to each
other: for reaction

mM +qQ = M, Qg, ©)
where m, ¢ are stoichiometric indexes and coefi-
cients, the concentrational stability constant for a

fixed complex MmQq in the "homogeneous" con-
cept is determined as

Bam = [MnQgl/IM1"[QI°, 0

where quantities in brackets are the equilibrium
concentrations. The value of constant in the "het-
erogeneous" approach (Bgm) differs only by a con-
stant factor [17]: Pym = Bgm - (a/V )", In other
cases, it is possible to determine which of con-
cepts is more close to truth through comparing a
quality of approximation of dependence (1) with
both approaches. Special experiments have
shown that adsorption isotherms are described
somewhat better in terms of "homogeneous" ap-
proach [17,18].

General requirements to
meaningful models of
chemisorption on CCMS

Whatever the structure of a meaningful
physico-chemical model may be, it must contain
equations of three types: 1) equations describing
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the relationships between the property being
measured and the equilibrium composition; 2)
material balance equations; 3) equations of the
mass action law (MAL). The property under
measurement can be essentially always expressed
as a linear combination of equilibrium concentra-
tions

z ®)

g= Za,‘[Li] >
i=1

where L; are species; Z, their number; a;, coeffi-
cients (known or to be determined, called some-
times "intensity factors" [19]); quantities in
brackets, the equilibrium concentrations. To
write the material balance conditions, let use the
canonic form of reaction description [20]

P
2viB=Li ©)
Jj=1

where Bj is a subset of reactants called inde-
pendent components; v;;, stoichiometric coeffi-
cients. The number of independent components,
p, is equal to the number of species (Z) minus the
number of reactions between them (r): p = Z-r.
The invariants of the system are total concentra-
tions of components:

z z
L=y e )= v L), j=12,.p, (10)
i=1 i=1
where c(L;) are initial L; concentrations, known
from the conditions of reactants blending. Equa-
tions (10) specify the material balance conditions.
MAL equations for the complex formation in so-
lution have the form
p
[Z]=exp{inp,+ Y v,In[Bli=12,.7Z (11)
J=1
where f; is a concentrational stability constant of
Li,

P
T

InB;=Inp; +) v, Iny,~Iny, (12)

J=1
where [3,T is a thermodynamic constant; y;, y;, ac-
tivity coefficients. Since, in complex formation
studies, the method of constant ionic strength is
used, yi, y; do not vary at reactions, and the use of
concentrational constants B,-T instead of thermo-
dynamic ones (f;) does not provoke objections

[8].
Extending the experience of the equilibrium
simulation in solutions to equilibria in adsorption
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layers of CCMS, we cannot change two first
groups of equations specifying the function f.
There are MAL equations (or, equivalently, ex-
pressions specifying the chemical potentials of
species in the AL) which must be modified. Ad-
sorption layer is not to be ¢onsidered as an usual
phase. There, reactants concentrations are
anomalously high, distribution of ligands on the
support surface is inhomogeneous, a distorsion of
coordination spheres of anchored complexes are
possible, etc. As a result, the grafted species are
energetically inhomogeneous, compounds may
build up having no analogues in solutions, the
possibility of lateral interactions of fixed ligands
and complexes must be taken into account. Mod-
els which bring several modifications into the
MAL, have accounted for distinct AC features.

The great diversity of models complicates sig-
nificantly achieving the QPCA main objective —
the generalization of great data arrays concerning
the composition and stability of fixed complexes
— and hinders the creation of a complete molecu-
lar-statistical model of chemisorption on CCMS.
In this connection, we believe that it is necessary
to present the unified system of models instead of
odd individual ones and to demonstrate how the
parameters of different models are related to each
other. Morcover, for all models, the possibility of
transition from "subcomponents" Q, MmQq to the
true thermodynamic components is to be esti-
mated.

The unified system for models of
chemisorption on CCMS

All models are subdivided into two groups.
Those taking into account explicitly the energetic
inhomogeneity of the absorption layer are be-
lonsing to the first group. It is advantageous to
usc them when, at the interaction of M with a
fixed group Q, the only fixed complex MQ is
formed

M+Q=MAQ. (13)
What is considered is degree of complex M(Q
formation
0=[MQ1/(Q)={M)-M]/(Q), (19
which is proportional to the adsorption
=g -a/V-1(Q), (15)
as well as the concentration equilibrium constant
K=MQJ/[M][Q]=6/M]-(1-). (16)
Model of continuous distribution of the equilib-

rium constants. The energetic inhomogeneity of
CCMS is meant to be a distinction between the

Functional materials, 2, 1, 1995
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standard chemical potentials of fixed species hav-
ing the same stoichiometric composition. In other
words, in the case of the energetic inhomogeneity
of complexing silica, the standard states of Q and

MQ do describe not the unique values pd and

p.RAQ, but sets of values {u&} and {p&o}. Since the
equilibrium constant of reaction (13) is specified
as follows

K= exp{—(p&o - uOM - uOQ)/R T}, an
the equilibrium constant will be represented, too,
by a set of values {K;}. To define the energetic
inhomogeneity of a CCMS, we must determine,
what part of fixed groups (in relation to their
total number) is characterized by a given value of
the constant. In other words, one should found
the distribution function of groups in the con-
stant values, p(K) (the probability density of equi-
librium constants). Often, it is more convenient to
use, instead of the differential distribution func-
tion p(K), the integral one

P(K)=_[OKP ) dx, (18)

Assuming the formation of unique fixed com-
plex MQ and absence of lateral interactions, we
have obtained an expression relating the experimen-
tal 6 values to the sought for function p(K) [21]:

OAMD = [pK)Y K MDdK,  (19)
0

where

YKIMD=K-[MI/A+K-[M]. (20)

Eq.(19) is mathematically identical with the
Langmuir equation for the physical adsorption
on a heterogeneous surface {22,23] and with equa-
tions describing inhomogeneity of humic acid [24]
and proteins [25]. The parametric identification
of the model, that is the p(K) calculation on the
basis of an experimentally measured function
8([M)), is a difficult problem, since the solution of
integral equation (19) (Fredholm Ist type) is a
typical example of an ill-posed problem [27]
(many possible solutions exist consistent with ex-
perimental data). By now, however, methods
have been developed to evaluate, reliably enough,
the energic inhomogeneity [23,28,29], therewith
the integral distribution function P(K) is deter-
mined more accurately than p(X).

The model of continuous distribution allows
to go from "subcomponents" Q to the true ther-
modynamic component {(Si02)xQs}. The chemi-
cal form {(SiO2)xQs} is an s-dentate bonding
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center to which, in step-by-step manner, low-mo-
lecular particles M add to create chemical form
{(Si02)xQ3M}, {(Si02)xQ3Mz2}, etc. The com-
plexing process is described with an array of sta-
bility constants

K, = [(SI0,),QM/{((810),Q, - M1}, 2D

where bracketed symbols mean equilibrium con-
centrations. The titration curve of s-atomic acid
or base is known to be identical to that of solu-
tion containing s monoatomic acids (or bases) in
equal concentrations, if protonizations constants
(K)) of conjugated monoatomic bases and overall
protonizations of s-atomic base are such that

KI=ZKY|K‘2’2X
vjeQ

X K;" X ... X K:‘,
(22)

where the set Q of allowable v; values is specified
s

by the conditions v;< I; vi> 0; Y vi=],
j=1

j=1,2,..,5 [30,31]. If the continuous integral dis-

tribution function P(K) is approximated with a
s-stepped function, it means that we describe a
chemisorption process as the addition of particles
M to s monobasic bonding centers with different
constants K. At great s values, the error of ap-
proximation of P(K) with a stepwise function is
negligible. Now, using Eq.(22), it is easy to go
from K; constants. set to an array of constants I,
which do describe the experimental adsorption
isotherm as good as Kj, but, unlike the latter,
characterize properties of the Gibbs’ component
of a system (i.e. those of CCMS) as a whole.

The electrostatic model is used when species
are charged, e.g. if Q is electrically neutral and M
and MQ bear a charge. Bonding the charged par-
ticles with fixed groups is believed [1,14,32] to
result in formation of a charged adsorption
monolayer on the CCMS surface and of electric
double layer (EDL) in the adjacent solution vol-
ume. The influence of the AL electrostatic field
on the charged ions in solution is accepted to be
the cause of the EDL inhomogeneity. The actual
discrete distribution of charges on the surface is
replaced to homogeneous continuous one. Ions in
solution are considered as point charges. The
change of Gibbs energy associated with the bond-
ing of 1 mol of M to 1 mol of grafted groups Q is
subdivised into two items:

AG=-23RTIgK=AG,,,+AG,, (23)

where K is the quantity being calculated accord-
ing to Eq.(16), A Gchem, the contribution due to
the chemical interaction:

chem
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0 0 o)
AG,, =pho-my-nd=-23RTigK’, (29

where K’ is the "intrinsic" equilibrium constant;
AGe.r, the transfer work of 1 mol of ions M from
the bulk solution onto the charged surface. The
bonding of each new M particle requires an ever-
increasing work expenditure AGe; against electro-
static field forces. Consequently, the equilibrium
constant calculated from Eq.(16) must decrease
when 0 raises.

To recognize the type of K(0) relationship, i.e.
to perform the structural identification of the
electrostatical model, one must be able to calcu-
late AGer. Several EDL models and respective ex-
pressions for AGe are discussed in literature
[32-34].If EDL is considered as a flat condenser,
then

AG,=23RTb0, 25

where b is positive factor depending on the EDL
thickness, CCMS specific surface area, dielectric
constant of the medium in EDL, and Q groups
concentration. Combining Eqgs.(16),(19), and
(20), we obtain [35]

IgK=1gK’— b0 =1Iglo/(1-0)+prs, (20)
where pM = - Ig [M]. Equation (26) specifies the
function 6 (pM ) unexplicitly: at known ngo, b
and prescribed pM, the calculation of 0 is per-
formed numerically. To determine parameters
ng0 and b, it is necessary: 1) to calculate 1gK
according to Eq.(16) from measured 6 and pM
values; 2) to construct the plot of 1gK vs. 0. If this
relationship is linear, it means that it is possible
to use the model. The free term gives an estima-
tion of ngO, the slope, that of b parameter. The
transition from parameters ngO and b to con-
stants & is evident enough: it is sufficiently to
approximate discrete & values by means of the
function x© )=K" . 10709 [36].

The relationship between electrostatic and con-
tinuous constants distribution models. To reveal
the relationship between models, one must estab-
lish how the function p(lgK) and its moments (av-
crage, dispersion, and asymmetry)

+o0
E=[igkpligK)digKk;
—o0
o \ @7
D=[UgK-EY plgK)digK;

—o0
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+co

A={Ugk-B’ pugK)digk

—0
are associated with the parameters ng0 and b
describing the same adsorption system. It is
shown [35] that

E=1gK°—b/2: D=b(b/12+0434), 4=0. (28)

In the case if an adsorption isotherm is de-
scribed by the clectrostatic model with parame-
ters lgkﬂ and b, that isotherm will be described in
just the same quality by the continuous constants
distribution with a symmetrical distribution func-
tion p(IgK), the average and dispersion being de-
termined by Eq.(28). On the other hand, if the
function p(lgK) is asymmetric, then the electro-
static model corresponding’ to it does not exist.
Therefore, the electrostatic model as described by
Eq.(26) must be considered as a special case of the
continuous distribution model, and only the lat-
ter is to be used to treat the experimental data.
The result of calculation performed according to
this model will allow to recognize if the inhomo-
geneity effects can be interpreted on the basis of
electrostatic motions.

Models of chemical reactions, fixed and statis-
tical polydentate centers. In those models, the ad-
sorption layer inhomogeneity is not taken into
account explicitly. The features of that layver can
manifest themselves in an anomalous
stoichiometry and/or stability of fixed complexes.
In those models, the form of MAL traditional for
solution is modified by different manners (see Ta-
bie). For the statistical polydentate centers, a jus-
tification based on the statistical thermodynamics
method has been given [37,38]. CCMS is consid-
ercd as a two-dimensional lattice whose points
are. orecupied by bounding centers. Lateral inter-
cr..ras, unhomogeneity effects, ctc., are not
taiten into account.

The fitting parameters for those models aie
determined either by simplified graphical and
manual calculation methods bases on the use of
auxiliary functions (e.g. Bjerrvm, Lejden, etc.)
[7-—9], or by modern coriputational ones
[7,9,20,39,40] to obtain the best possible agree-
ment between measured and calculated adsorp-
tion values. The fundamental difference between
the application of auxiliary functions to study
equilibria i solutions and on CCMS surface has
been pointed out first by Tertykh and Yanishpol-
sky [41]. The parametric identification of models
is performed in several steps [20,39]. First, the
discrete parameters are fixed, namely, the number
of fixed species and stoichiomeiric indices in their
formulas. For a prescribed hypothese dealing

Functional materials, 2, 1, 1995
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Table. Models accounting explicitly for the variety of chemical forms in the adsorption layer

heterogeneity; | may manifest themselves as
anomalous composition
b)accounting| and/or stability of fixed
for the complexes
heterogeneity

Name Model characteristic Reactions of the Expressions for stability constants | Characteristic
complexing silica. parameters
with components M
being sorbed
Fixed CCMS is an array of (QY) +M=M Qy o, =[M.Q ]/([M}P % [(Q)] ¥.0,
polydentate quasi-independent Q) +2M=M F Py Y
centers (FPC) fragments 07) - ZQY
[15,16] |containing some number () v
of grafted groups. Q) +PM=M,Q,
The reaction with the
number y
of groups Q is considered
as that with one y-dentate
ligand (Q,) i
Statistical | The aggregation of some Q+M=MQ Bq %, = [MQJ/qM] x [Q]i) « i({ai y=max i,
polydentate number (7) PQ=Q, Q,+M=MQ, P ’ ) 7,, i.e. number
centers (SPC) of grafted groups Q ' ’ of groups
[37.38] resulting consisting of i
in the formation of an . . ligands Q,
i-dentate ligand takes place Q=0; q+M=Mq : inclidiug fixed
immediately ' one,
in the course of the MQ; capable to
complex formation form the
complex MQi;
B
Chemical | Do not introduce a priori Q+M=MQ B, =[M.Q] /(MPP x [Q]i) B;
reactions any assumptions about iQ+pM= Min ? P
(CR)[17): reactions p=1ifQis
a) without of grafted groups; monodentate;

regard for the | the features of the system | 5 > 1, if Q is polydentate

with reactions, a criterial function is minimized in
respect to the stability constants of fixed com-
plexes; such a function can have, for example, the
form .
N

SE=(U/N=1)- T wAp, (29)
» k=1
where N is the number of experimental points of
the composition-property dependence; Ak, the

discrepancy between the calculated and measured
values of adsorption Ax= godel _ gmeas, yy . the
statistical weight of the k-th measurement,

Wi = [ok - gF°]"%, ok, estimation of the relative
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error for gi measurement. If errors are estimated
properly, the model under testing describes ade-

quately the experimental data at st of order of

unity [42]. If s§ is too large, new complexes are
introduced into the model, and the calculation is
repeated. It should be noted that least squares
problem (29) is of ill-posed nature: there are
many sets of fitting parameters compatible with
experimental data [43). from the chemical view-
point, it means that a specific chemisorption
model can include redundant complexes with fic-
tive stability constants and the used computa-
tional programs must contain means to eliminate
the redundancy.
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I System of meaningful physico-chemical modelsJ

Explicit account for the AL

unhomogeneity

Explicit account for the variety

of chemical forms in AL

/\

Continuous distribution

| Chemical reactionsr——i Fixed polydentate centers

of equilibrium constants

Electrostatic model

Statistical polydentate
centers

Equivalent degree
of sorption

Fig.1.

It seems at first glance that models based on
chemical reactions (CR), fixed polydentate cen-
ters (FPC), and statistical ones (SPC) describe
isotherms of the adsorption on CCMS surface in
different manners. All these models, however, are
in effect several versions of the lattice model
which does not include special parameters ac-
counting for the AL inhomogeneity and lateral
interaction therein. Comparising the expressions

for Bip (CR model) and [3,01,‘ (SPC model) we can
see [17] that

Ig By =Ig (B -1)+(1-i)lgt(Q)-lgi, G0)

g P =IgBY-t)+(—i)lglt(Q-asV))—Igi, BD

where stability constants marked by asterisk are
referred to the "heterogeneous” version of the CR
models (i.e. when concentrations of fixed species
are related to the CCMS mass). The SPC model is
applicable when complexes forming on the sur-
face are mononuclear with reference to the metal.
The area of the CR model application is wider,
and it can be considered as a generalization of the

SPC model.
The interrelation between FPC and CR model

parameters is less evident. To look for it, the com-
mon base for both models, namely, lattice model
was considered. The necessary relations for sev-
eral versions of models have been obtained [44].
So, for a special case when fixed complexes MQ
and MQ2 are formed having, in the context of CR
model, the stability constants B11 and P21, the fol-
lowing expression is valid:

30

o= Y S gl g @),
vyl vyl vg!
v, € Q (32)
I=12,..,

where y is the number of grafted groups forming
a single polydentate bonding center; the set ) is
determined by conditions vi=0;vy=0;v3=0;
y=vi+2va+vs I=vi+vy G=vi+va+vs In
at y = 2, o1=2B11+ 2P (Q),
o1= B%l. If the size of a fixed polydentate center
(y) coincides with the number of functional
groups (s) grafted to a CCMS supermolecule, the
parameters o/ transform to x;, / = 1,2,...,s. Thus,
equation (32) and its analogues [44,45] allow to
go from the chemical reactions model and the
polydentate bonding one to the description of a
CCMS as a single complexing agent. A quantity
depending on experimental conditions, namely,
tho concentration #(Q) is included in Eq.(32). It
would seem that, by varying 1(Q), the FPC and
CR models can be discriminated (it is possible to
establish which of them is more realistic): for this
purpose, one must vary {(Q) and recognize, by
observation, which parameter — B or o-varies.
When the homogeneous version of the CR model
is used, 1(Q) can be varied by changing the a/V
ratio. In the case of the heterogeneous version
application, the a/V changes do not influence on
t(Q) value (mol/kg). Therefore, both models men-
tioned are equivalent, and adsorption isotherms
obtained from each of them will coincide with
each other.

The "equivalent sorption degree” model
(ESDM) [46] is the last those under considera-
tion. It is proposed as an alternative to the ap-
proach using the stability constants to describe

particular,
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the equilibria of fixed complex compound forma-
tion. The equilibrium of reaction

M+(Q) = MQ, (33)

where Qy is y-dentate bonding center, is supposed
to be characterized, instead of the stability con-
stant, by the equivalent sorption degree
1) - [MQ,]
a,= MQl/t (W) == o=t
where total and equilibrium concentration are re-
lated to the solution volume (mol/dm®), (M) is
the known total concentration of M equal to
1(Qy) concentration. The application of ESDM,
according to [46], is justified when the only com-
plex MQy is formed on the surface, lateral interac-
tions between grafted species do not take place,
ligands are grafted to the surface uniformly. It is
obvious that the formation of the only fixed com-

(G4

plex is described with the only parameter, be it

the stability constant or a.. At the specified (M),
there is an unique correspondence between a. and
o, thus, the ESDM is a special case of the FPC
model.

The analysis performed allows to establish the
unified, thermodynamically justified system of
meaningful physico-chemical models for the in-
terpretation of the QPCA results (see Figure).
Names of models which are recommended for the
treatment of original experimental data are given
in bold frames.
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Ko/ m4ecTBeHHbIH (PH3UKO-XHMHYECKHIl aHAMH3 XeMoCcopOuMH Ha
KOMILIEKCO00pa3yIUX KpeMHe3eMaXx.

I0.B.Xonuu

B cratbe paccMOTpEH OOHUH U3 naubonee paCﬂpOCTpaHeHHBIX MCTO}IOB’ HCcCIeaOBaHHA
KOMIIEKCOOBPa3YIOUIHX XHMHYECKH MOITH(UIIHPOBAHHBIX KPEMHE3EMOB — KOJIM4ECTBEHHbIA (PH3HKO-
xumuueckuii anamus (KOXA). ITpoanalnusupoBaHo, Kak CIeAyeT H3MEHHTh MeToJHKH KODXA,
MPEIOKEHHbIE IS HCCIEIOBAHHS KOMIUIEKcOOOpasoBaHHs B -PacTBOPaX, YTOObI KOPPEKTHO y4ecTb
0COBEHHOCTH XeMOCOpOUHHM Ha KOMMlekcoobpasylowux kpemueseMax. Ilpenctasnen o63op
Co/lepKaTeNbHbIX (U3MKO-XHMHYECKHX MOJIeNeii, HCIONb3YeMbIX Ul HHTepNpeTaluy NepBHYHBIX
naHubix KOXA. PaccMOTpeHbl METOMIbI CTPYKTYPHOH M MapaMeTpHYeckoH HAEHTHOHKALMH MOJenei.
O6cyxeHa TepMOaHHaMHyeckas 000OCHOBaHHOCTb MOJienieH, HalIeHb! CBA3H MEX/y HX NapaMeTpamH.
[Ipemtoxena Hepapxuyeckasi CHcTeMa Mojielleli H 1aHbl peKOMEHAALHH MO HX HCHOTB30BaHHIO.

32 Functional materials, 2, 1, 1995




—

Functional Materials 2, No.1 (1995)

© 1995 — Institute for Single Crystals

is found out.

“OnACAEHG CHAETES Ta OXapaKTepH30B
KpeMHe3eMiB, 10 MicTaTh Ha

krpockonii SIMP Bucokoi posmimbhoi 3
NMPOTOJNTHYHI Ta KOMIUIEKCOYTBOPIOKOY|
Busmneno Bucoky cenexrupnicrs B3aeMogii

Inorganic materials with chemically modified
surface nature (CMM) have practically excluded
- the organic polymers in such areas as chroma-

tographic stationary phases (11, catalysts [2], car-
riers for enzymes immobilization [3], owing to
their advantages over the polymeric materials.
Various modifications of silica are the main and
most comprehensively studied bases for the
CMM creation [4]. Silica is chemically inert and
does not effect substantially on the CMM proper-
ties because contains no strongly acid or basic
centers, in opposed to, for example, Al203 or
TiO2 [5],; Wide varieties of organic compounds
have been fixed on silicas by means of covalent
- immobilization, e.g. alkyl and aryl derivatives

[6], alcohols and amines, heterocyclic and sul-
phur-containing [4] compounds.For the ion-ex-
change properties development, CMM have been
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The synthesis and properties of two representatives of a new class of ¢
containing organophosphorus complexones bonded to surface of silica are d
di(methylene phosphonic) and ethylenediamine-N',N’
stances have been characterized by elemental analy
spectroscopy on 3'P and 13¢. Protolytic and complexi
-, /- and d-metals are investigated. The high selectivit

noBepxHi $ocdopopraniuni komn
mu(MeTHIeRDOChOHOBY) Ta N-erunengiamin-N', N’

OXapaKTepH30BaHO JaHHMH eIeMEeHTHOro aHanisy

The silicas chemically modified with
amino-di(methylene phosphonic) and
ethylenediamine-di(methylene phosphonic) acids

V.N Zaitsev, L.S.Vassilik, J Evans* and A Brod**

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252017, Kiev Ukraine
*Southhampton University, Great Britain
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obtained containing fragments of carboxylic and
alkyl sulphonic acids (8] as well as of quarternary
ammonium salts [8,9]. Yet, the methods for ob-
taining silicas having the organophosphoric com-
plexing agents are not sufficiently advanced.
Phosphorus-containing silicas obtained pre-
viously are hydrolytically unstable and have low
coating degree of the surface by modifying agent
[10]. In the same time, it can be suggested that
unique properties of amino phosphonic acids [11]
allow to obtain promising CMM that could have
prospective properties as medium-acidity ion-ex-
changers having increased affinity to s- and f-met-
als, stationary phases for the ligand-exchange
chromatography, adsorbents, etc.
The aim of the present research is to develop a
procedure for obtaining a new class of chemically
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modified silicas containing organophosphorus
complexing groups with general formula

PO
o

EIERAR TS

$i0,
[where R=H, CHa, CH2PO3H2,
CH2CH2N(CH2PO3H2)2]

which combine the properties of ion-exchangers
and chelating ligands. We also intend to describe
the physico-chemical properties of two com-
pounds from this class, namely, of amino-
di(methylene phosphonic) acid (ADPA-SIO2)
and ethylenediamine-N’,N’-di(methylene phos-
phonic) acid (EnDPA-SiO2) covalently bonded
to the silica surface via propylsilyl spacer:

o _ CH,POH,
> Si—(CH); —N

| N
0 \)R CH,POH,

TLEALEUE R R RN RIR L]

ADFK-SIO,

—O> Si—(CHy), —Né—_\
ro br

H,PO,H,

\CH2P03H2

Mt RN

EnDFK-SiO,

Experimental
Instruments

IR spectra were recorded on the Perkin-Elmer
Fourier transform spectrophotometer, samples
being prepared as thin films between KBr win-
dows. NMR spectra on 31p and '3C nuclei were
taken for wetted and air-dried powders in the
temperature range 180-300 K on the Durham in-
strument (200 MHz) in the static regime as well as
with "magic angle" speening and cross-polariza-
tion.The contact time was varied from 0.1 to
20 ms. The pH-metric titrations were performed
on the EV-74 ionometer with the silver chloride
operating clectrode and glass auxiliary one
(ESL 43-07 type).

Procedures

The elemental analyses (C, N, H) were per-
formed on an elemental analysator by Dumas
method. The phosphorus content was determined
in London Analytical Laboratory service as well
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as in authors’ one by following method [12}: to
the certain amount of sorbent (0.1 g) placed in the
volumetric flasks of 50 mi volume, 0.6 cm” of gla-
cial acetic acid and 0.2 cm’ of bromine were
added. The flasks were heated on a sand bath
until solution discoloration, then 5 cm? of 25 %
H2S04, 10 em’ of 0.25 % potassium vanadate so-
lution and 10 em® of 5 % ammonium vanadate
solution were added to flask and diluted with
water. The solutions were allowed to stand for
30 min to colour development. The absorption
was measured at A=430 nm, /=1 cm. The calibra-
tion plot was obtained with potassium dihydro-
phosphate solution. Instead of the
phosphorus-containing sorbent, an amino silica
was used in that case. The dependence of the solu-
tion optical density on the phosphorus concentra-
tion can be described by the straight line
y = 1.1323x+0.0519 with the correlation coeffi-
cient r=0.998.

The immobilized groups concentration was
determined by pH-potentiometric titration and
additionaly from elemental analysis data. Since,
at pH>8.5, SiO2 is beginning to react appreciably
with alkali, the titrations were performed in I N
KCI solution, what diminishes the matrix dissolu-
tion rate. A sample of sorbent was placed into a
glass containing 25 ¢cm’ of KCI solution, and
0.1 N sodium hydroxyde was added under con-
tinuous mixing.

The complexing properties of sorbents were
examined potentiometrically. To this end, the
sorbent (0.2 g) was placed into a glass containing
25 cm? of 1 N KCl solution; then, a solution of a
metal salt was added in the amount required to
achieve the molar ratio M(soln.):L(sur/)=1:1 and
the sturry was mixed for 20-30 min. Then, under
continuous mixing, the mixture was titrated with
0.1 N NaOH solution.

The non-linear least-square method [13] was
used to calculate the stability constants values for
the fixed complexes, by minimizing the function

2

se= [N -MIT W, (pHZ - pHi)
where k is the No. of the experimental point; N,
the number of points; ¥/, the number of unknown
constants (indices b and e meaning the value cal-
culated using estimated constant and the experi-
mental one, respectively); Wk, the statistical
weight of k-th measurement (the estimated error
ApH=0.1). At each iterative step, the correction
1g K» to approximate lg K estimations was deter-
mined using Gauss-Newton method [14,15). The
iterative process was continued until the lg K
values were converged, and the information was

Functional materials , 2, 1, 1995
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Table 1. Results of independent determination of the fixed groups concentration on various CMM

Method of determination
Silica Elemental analysis pH-poten-
c H N P tiometry
% C, % % Cy, CL. C..
mmol/g mmol/g mmol/g mmol/g mmol/g
ADPA- 1.53 0.255 0.34 0.3 0214 0.25 0.28
Silochrom
EnDPA- . 4.74 0.56 0.87 145 0.517 0.5 0.6
Aerosil

obtained about their co-variation matrix, equlhb-
rium compositions for all points, and (pHK) val-
ues. The algorithm is realised in the form of a
computer program.

Synthesis of the chemically
modified silicas
Synthesis of the silica with surface fixed
amino-di(methylene phosphonic) acid was per-
formed similarly to the procedure described in
[16] according to scheme

l—~NH3*cr + 2HPO, *+ 2CH,0

—» Si0,

110-125°
Sio, —

e

Diglym

WO
)
o
)
I
N

20 g of aminopropyl silochrom with

2- 10~* mol/g (CL) concentration of bonded ami-
nogroups were placed into a reaction vessel with
diglym and, under mechanic mixing, a hydrogen
chloride flow was allowed to pass. Then, under
continuous mixing and heating (110 °C), the solu-
tion of 0.98 g H3PO4 in diglym was added to the
Protonated sorbent, and, additionally, 0.51 g of

3C enriched formaldehyd in diglym was added
dropwise during 1 h.After cooling, the precipitate
was washed with dioxan in a Soxhlet apparatus,
then with water, and dried in air at 110 °C.

The synthesis of the ethylenediamine-N’,N'-
di(methylene phosphonic) acid bonded to the sil-
ica surface was performed similar to the
above-described one; 6.3 g of protonated ethylene
diamino propyl aerosil (CL=5-10'4 mol/g) were
used ‘and 0.93 g of H3PO4, 0.34 g of CH20 were
added.

Functional materials , 2, 1, 1995

To the prompt control of the completeness of
the silica modification, the presence of residual
amino groups was monitored by means of ninhy-
drine.

Results and discussion

The fact of organophosphorus ligand immo-
bilizing to the silica surface is confirmed by ele-
mental analysis data, NMR and IR spectroscopy.

Table 1 shows the results of CMM elemental
analysis and values of the bonded groups concen-
tration calculated both from pH-metric titration
and chemical analysis. The good agreement of
the data obtained provides the evidence of the
completeness of modification reactions.

Only narrow parts of IR spectra can be suc-
cessfully used for silica sorbents characterization
due to strong matrix effect (Fig.1). An intensive
absorption of the Si—O bond stretching vibra-
tion in the 950-1200 cm™! range gives no chance to
observe the vibration bands vas(PO) of phos-
phonic groups falling in the 918-1190 cm’ range
In the spectrum of ADPA-SiO2, an intense band
near to 1516 cm’!, characteristic for protonated
amino group, disappears; mstead other band
arises in the range of 1698 cm’'. For ADPA-SiO2
vacuum-treated at 110 °C over P20s, in the re-
gion of stretching vibrations, the band at
3689 cm™' related to the absorption of hydroxyls
contained in phosphonic groups, and other band
near to 3350 cm’' are observed. The broadening
of this latter being indicative for the zwitter-ionic
form of immobilized ligand.

NMR spectra of ADPA-SiO2 are in general
relatively insensitive to the excitation methods.
Poor resolution is feature for the spectra of ~C
nuclei, in static and with "magic angle" speening.
This fact can be explained whether by unhomo-
geneous micro-environment of several fixed
groups, or by the absence of the grafted groups
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Fig.1. IR spectra of SiO2-NHz (1), SiO2NH3CI- (2), and ADPA-SIiO2 (3).

100 50 O

-50 ppm

Fig.2. NMR spectra on 3¢ nuclei of monopotassium
(1) and dipotassium (2) salts of ADPA-SiOx3.
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Fig.4. NMR spectra on 3¢ for various resonance
excitation times (from 0.1 to 20 ms).
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Fig.3. NMR spectra on 31p (a) and 3¢ nuclei ()
recorded at rotation at "magic angle" for air-dried
samples (1) and without rotation for wetted ones (2).
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Fig.5. ADPA-SIO2 structure as depended on the
treatment conditions:'air-dried (a) and wetted (b).
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rotation on the SiO2 surface. The static spec-
trum of ADPA-SiO2 remained unchanged be-
tween room temperature and 180 K, indicating
that the line width in the "magic angle" speen-
ing spectrum results from a range of isotropic
chemical shifts, and not from bonded groups
motion.

The '3C spectrum has two (instead of one
being expected) lines for the equivalent carbon

SeHpon  H

spectra for hydrated ADPA- and EnDPA-SiO2
was found to be very narrow, with line shapes
indicating motion nearly in the fast limit at
room temperature.

. The analog of ligands fixed to the surface of
ADPA-SiO2 and EnDPA-SiO2, is N-cthyl
imino di(methylene phosphonic) acid which ex-
ists in the solid state in form of a zwitter-ion,
and in solution in the following forms [17]:

H*,CHPOH - pK,=4.68
C,HsN _—— C2H5‘N\ -:-—:—'—‘
CHPOH  H

H*,CHPOH pK =592 H*,CH,PO5* pK,=11.98 CHPOS*
C,HsN -;‘ CHsN : # C2H5'N\
NeHpoz  CH Nenpoz H CH,PO

atoms of the aminomethyl phosphonic acid
methylene link, namely, at 44 and 53 ppm; the
intensity ratio of these bands being changed when
passing from mono-potassium salt to the di-po-
tassium one (Fig.2). This allowed to assign the
observed bands to the absorption of —
CH2PO3H™ and —CH2PO3H2 groups, respec-
tively.

NMR spectra on 3P nuclei show also the
presence of several chemical forms of the
bonded amino-di(methylene phosphonic) acid.
In a broad multiplet having maximum at
10 m.p., three components can be distinguished
corresponding to the grafted groups having dif-
ferent ionization (Fig.3). To clarify the nature
of this signal splitting, spectra of “C were
taken for a range of contact times. It can be
seen from the spectra (Fig.4) that the two peaks
differ quite markedly in their behaviour, reflect-
ing differences in their environment relative to
the nearest protons. This fact confirms the as-
signation of 44 and 53 ppm bands to methylenic
carbons of distinct branches of the amino-
di(methylene phosphonic) acid; the distinctions
observed effect the various chemical environ-
ments as well as various mobility features of the
fragments of grafted groups (Fig.5). The split-
ting in NMR spectra of the bonded groups and
a significant signal broadening allow make the
suggestion about the strong hydrogen bonds
between the grafted molecule and silica surface,
what, on the one side, prevents the free rotation
of grafted groups and, on the other, causes their
differentiation. This conclusion is confirmed by
a sharp narrowing of 3¢ NMR signals in static
spectra of bonded aminophosfonic acids for the
wetted samples (Fig.3) since the hydratation of
silica surface results in the breaking of intermo-
lecular bonds and is favourable to the grafted
molecules free rotation (Fig.5,b). The 3P static
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The calculation of protonization constants for
the fixed ligands was performed assuming that
acid-base equilibrium on the surface can be de-
scribed by the same constants set. We failed to
calculate pK values. The second acidic dissocia-
tion constant is near to that for the homogeneous
analog (4.5310.22 for ADPA-Silochrom and
5.8840.15 for EnDPA-Aerosil). The third stage of
dissociation occurs significantly weaker for fixed
ligands then for similar ligands in solution
(8.39£0.2 and 8.56+0.2 for ADPA-Silochrom and

EnDPA-Aerosil, respectively). The pKi‘{ value
cannot be calculated, since the range of existence,
for that form, falls within the basic medium
where a sensible dissolution of the silica matrix is
observed.

At the contact of metal salts with bulk silicas,
no substantial physical adsorption of metal ions
is observed (it can be at least stated with assur-
ance that metal adsorption value is within the
range of titration error [18]). Therefore, the ad-
sorption observed at the contact of metal salts
with ADPA-Silochrom and EnDPA -Aerosil must
be assigned mainly to the complexes formation
between the surface-fixed complexing agents and
metal cations of the solution. On Fig.6 and 7, the
experimental data are shown characterizing the
adsorption features for some metall ions as de-
pending on the solution acidity. It follows from
the potentiometric titration curves presented on
Fig.6 that ADPA-Silochrom possess a high affin-
ity to La®* and Eu®* ions. Thus, at pH=4.0, the
shift of the ADPA-Silochrom titration curve by
1 mol of H* is observed in the presence of equi-
molar amount of La®* ions as compared to the
similar curve obtained in the absence of the met-
al. Since free protons can arise in solution only
from the reaction
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Fig.6. Potentiometric titration curves for ADPA-SiOz (1) and for the same in the presence of cations Sr* 2), La¥*
(3), and Eu®* (4).
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Fig.7. Potentiometric titration curves for EnDPA-SiOz (1) and for the same in the presence of cations srét 2),
Ca?* (3), Cu** (4), and La** (5).

Table 2. Equilibrium constants logarithms for the complexing reactions involving EnDPA-Aerosil.

Jons IgK, 1gK; 1gK,4 1gK, Sé
2

ca®’ 2.4240.16 3.41+0.24 -8.08+0.3 ' -9.9£1.0 2.0
2+ .

Sr 2.4740.21 3.3810.23 -9.3810.4 - 3.1
2

cd”’ 2.7140.17 3.7240.9 -6.330.18 -8.13+0.2 0.7
2+ -

Cu - 8.7140.3 -4.9910.4 -7.040.3 14
3

La™ - 8.68+0.21 -6.840.12 -9.34140.3 11

Table 3. Equilibrium constants logarithms for the complexing reactions involving ADPA-Silochrom.

1gK Metal ions
2 * > Pb> Cu 3 Dy Eu*

Ca Sr Ni 2
1gK, | 2.85:0.17 | 2.84%0.1 | 4461014 | 44120.16 | 3.14203 | 483403 | 441405 | 445405

La

1gK, 5.7540.16 | 4.8740.09 | 7.5140.13 | 8954104 8.5404 887104 | 8.7610.38 | 9.0510.4

1gK, 8.6940.1 | -9.3240.12 | 6.6240.05 | -5.4540.14 | -5.2140.27 | -7.5840.15 | KyandK, | -7.040.17

nversion
1gK, - - 94240.14 | -7.440.12 -8.1402 | -8.5830.36 - -7.1£0.21 .
82 1.3 1.0 0.3 1.2 1.8 2.0 1.3 1.25
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Hol +La’* - HplaL™ +H’

it may be concluded that the lanthanum and
europium ions are nearly completely adsorbed on
the modified silicagel surface at pH=4.0, and
equimolar complexes being formed. When the
medium acidity increases, titration curves remain
parallel to each other, i.e. complexes of different
composmon do not form up to pH=8.0. The
ca®* ions affinity is lower comparising to that of
La®*, both for ADPA-SiO2 and EnDPA-SiO2.
That fact is indicated by a poor shift of the titra-
tion curve in the presence of ca**in comparison
with free acid titration, especially, for EnDPA-
SiO2. The last-mentioned adsorbent also shows
considerable affinity to copper ions. These ions
are adsorbed from solution by the EnDPA-SiO2
at pH>5.0, where the most essential shift is ob-
served between the titration curves recorded with
and without copper ions (Fig.7).

The heterogeneous equilibrium constant were
calculated assuming that the metal ions interact
with ﬁxed llgands according to scheme

M2t + H2L "= MH2aL ngl
M2* + HsL? = = MHsL" 1gK,
MHaoL = MHL™ + H*  1gK3
MHL = ML% +H*  1gK4

The calculated constants values are given in
Tables 2 and 3. These data show that the stability
of surface fixed complexes is higher then that for
similar homogeneous ones. For the functional-
ised silicas studied, the metal complexes stability
decrease through the series:

ADPA-SiO2: Eu~Dy=La~Pb>Cu>Ni>Ca>Sr

EnDPA-SiO2: La~Cu>Cd>Ca>Sr

As would be expected, the phosphorus-con-
taining modified sorbents have the maximum af-
finity to lanthanum. The EnDPA-SiO2 forms
strong complexes with d-metals, too.
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KpemHe3eMbl, XUMH4ECKH MOAHGHUHPOBAHHBIE
aMuHo-Iu(MeTHIeH(PocHOHOBOIH) H ITHIECHIHAMHH-
au(mernieHpocpoHOBOMH) KHCIOTAMH

B.H.3aiiues, JI.C.Bacunuk, Jx.OBaHc, A.bpon

OnKucaH CHHTE3H OXapaKTePH30BaHbl JBa MPEJCTaBHTENs HOBOrO Klacca XHMHYECKH
MOMHHIHPOBAHHBIX KPEMHE3eMOB, COAEPXKAlIHX Ha MOBEPXHOCTH gochopopraHHyecKkHe
xoMIiekcoHbl: N-nponunamuno-nu(MeTHiaeHdochoroByo) H N-aTunennuamun-N' N'-mu(Mernien-
dochoHoBYI0) KuCIOTEL. HOBbIE BeleCTBa OXapaKTEPH30BaHbI JaHHBIMH 3JIEMEHTHOrO aHAlIH3a, HK-
CTIEKTPOMETPHY C (I)y?be npeo6paszoBaHUeM U crieKTpockonHu SIMP BbICOKOTO paspellieHHs B TBEPIOM

TCJIC Ha supax

C I/IBy‘lEHbl NPpOTOJIHTHYECKHE H KOMIUIGKCOOGpaZ!y]OLLIHC CBOiiCTBa YKa3aHHbIX

COCJIHHCHHH C psaaAoOM S-, f H d-Me’TaJUI(a)B OGHapy;KeHa BLICOKASi CE&IEKTHBHOCTb B3aHMOJEHCTBHS

3aKperUIeHHbIX KHCIIOT ¢ HoHamHu Ca“®’, La
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Chemisorption of dithiooxamide on silica surface

LN Polonskaya and L.A Belyakova

Institute of Surface Chemistry, National Academy of Sciences of Ukraine,
31 Nauki Ave., 252022 Kiev, Ukraine

Organosilica sorbent with grafted dithiooxamide groups was obtained as the result of a two-stage
chemical modification of the SiOz surface: Mechanism of surface chemical reaction and concentration of
grafted thiooxamide groups were determined by means of IR -spectroscopy and differential thermographic
technique. The possibility of the synthesized organosilica application for selective extraction of cobalt,
copper, silver and palladium cations from aqueous solutions was tried and found to be effective.

BHacninox gBocrafiiiHol xiMiyHOI peakuii MoaudikyBaHHS MOBEpXHi aMOpP(HHOrO KpeMHe3eMy
OJlepKaHo OpraHOKpeMHe3eMHHH COPOEHT 3 3aKpillVIeHHMH U TIOOKCaMiTHHMH IrpyrniaMH. 3a JoroMoromo
metoniB IY-cnekTpockomii Ta JepuBaTorpadii SJOCTiZXeHO MeXxaHi3M peakHil i BCTaHOBJEHO
KOHLIeHTpaLlii NpHUIelUIeHUX OpraHiyHHX JiraHaiB. [Tokaszana MOXIINBICTb 3aCTOCYBaHHS OJIEPXXaHOTO
copBeHTy I CeNeKTHBHOTO BHIIYyYeHHS KobalbTy, Mifi, cpifna Ta manamiio 3 po3BeNeHHX BOAHHX

PO3YMHIB.

Dispersed silicon dioxides with nitrogen- and
sulphur-containing organic ligands chemically
bonded onto their surface possess a special place
among the wide group of modified supported sili-
cas due to strong complex formation properties
of grafted ligands. The application areas of such
organosilicas are concentration, separation, ex-
traction and analytical determination of metal
ions in different organic and inorganic solutions
including very dilute ones.

In the present work, the chemisorption of
dithiooxamide (reagent that forms stable chelate
complexes with some transition and heavy metals
in solutions) on silica was studied.

It is known [1] that dithiooxamide is able to
form. N,N’-dialkyl-derivatives while treated with

Li —O— Si(CH,)sNH,

i —O— Si(CH,);NH,

SOOI

40

+ H2N—ﬁ—E—NH2 —_—
S

primary amines in a solutions. So the preparation
of organosilica with grafted aminopropyl groups
was the first stage of chemical modification proc-
ess. For this purpose, the silica surface was modi-
fied with y-aminopropyltriethoxysilane [2]. The
second stage of immobilization process consisted
in treatment of the obtained aminopropylsilica
with dithiooxamide in aceton solution.

Surface chemical reactions proceeding was
controlled by means of IR-spectroscopy (Fig.1).
In the IR-spectrum of aminopropylsilica the
stretching vibration bands at 3300 cm™' and
3375cm™, and the bending vibration one at
1580 crvn_I of primary amines N—H bond are ob-
served. But in the IR-spectrum of dithiooxamide
treated silica these absorption bands are absent.

; Li—O——Si(CH2)3Nl-K .
/

/ oL o=s
AR
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absorption

3300
Fig.1. IR-spectrums of aminopropyisilica (1), dithiooxamide supported silica (2).
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Fig.2. DTG and DTA curves of aminbpropylsiiica 1)
and dithiooxamide supported silica (2).

At the same time, the absorption band at
1530 cm™' of N-H bond of -NH-C-S group and
the adsorption band of C—S bond with maximum
at 1470 cm™! appear in spectra of these samples
[3]. These facts prove the performance of chemi-
cal immobilization of dithiooxamide on amino-
propylsilica surface.

Additional evidences of immobilization are
seen from data of the differential thermographic
analysis (DTA) (Fig.2). The interpretation of the
DTA curves are as follows: heating to 200 °C pro-
motes desorption of physically adsorbed water
molecules, then in the range from 220 to 320 °C
the residual ethoxy groups decomposed, this

Functional materials, 2, 1, 1995

1200 cm™!

. Table 1. Concentration of grafted organic groups

Grafted organic NH,-group Dithiooxamide-
layer aminopropylsilica | group (mmol/g)
(mmol/g)
0.20 0.08
I 0.26 0.10
0.46 0.24

process is followed by an exothermic effect with a
maximum close to 360 °C which is related to the
destruction of sulphur-containing groups. Ami-
nopropyl groups are removed from the silica sur-
face at temperatures above 480 °C. The
concentration of grafted groups was calculated
from the curves of mass loss. These results give
evidence for a chemical interaction between one
dithiooxamide molecule and two grafted amino-
propyl groups (Table 1). So the cyclic structure is
formed on the silica surface.

In order to investigate sorptional ability of
dithioxamide-containing organosilica, the uptake
of copper, nickel, cobalt, silver, and palladium
ions from aqueous solutions was studied.

The values of static sorptional capacities cal-
culated for the case of maximum saturation are
presented in Table 2 and found to be high. The
affinity to metals studied is also proved to be
rather high as the values of the distribution coef-
ficients show calculated for the case of cations
extraction from very dilute solutions (Table 2).

The intensive colours (Table 2) that dithioox-
amide treated silica samples get just after the con-
tact with metal salts solutions reveal that cations
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Table 2. Sorptional properties of dithiooxamide
treated silica

Concentration| Cation sorption capacities (mmol/g)
of grafted
ligands
(mmol/g)

Co(i) | Cu(ll) | Ni(1h | Ag(il) | Pd(il)

0.08 0.08 | 0.08 | 0.03 { 0.08 -

0.10 0.09 | 0.10 | 0.04 } 0.13 | 0.07

0.24 0.09 | 023 | 007 | 024 -

Distribution | 915 1000 | 432 | 2300 | 1800
coefficients

Colourof | dark- | green | red | orang. | red
metal- green '
saturated

sorbent

extraction from the solutions is due to the metal
complex formation with grafted ligands. This is
confirmed by the IR-spectral investigation of
metal saturated dithiooxamide-containing or-
ganosilica (Fig.3). For example, the absorption
band related to the vibration of the C=S bond
with maximum at 1470 cm™' is not observed in
the IR-spectrum of 002+-containing sample at
all. In the IR-spectr of samples saturated with
copper, silver, and palladium ions, the intensivity
of this band is much less than in the IR-spectrum
of initial dithiooxamide containing silica. The ob-
served splitting of the band in IR-spectra of met-
al-containing samples related to the bending
vibration of N-H bond in -NH-C~S group with
maximum at 1530 cm™' on two bands in the range
of 1510—1550 cm ™ is caused both by metal inter-
action with nitrogen atom and by increase of
C-N bond multiplicity [3]. This fact proves the
interaction between metal cations and the bonded
groups.

Conclusion

A rather simple and effective method has been
created for preparation of chemically stable or-
ganosilica sorbents with high concentration of
grafted dithiooxamide ligands. The comparison
of IR-spectroscopy data and the results of the
DTA analysis of organosilicas made it possible to
determine the concentration of grafted functional
groups and the structure of surface organic layer.
The high level of sorption capacities and observed
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absorption

1650 1500 1200 cm-!
Fig.3. IR-spectrums of dithiooxamide treated silica
saturated with Co?* (1), Cu?* (2), Ni?* (3), Ag?* (4),
Pd?* (5).

1350

differences in distribution coefficients of metal
cations indicate the prospectivity of dithioox-
amide-containing silica sorbent utilization for
metal cations extraction, separation and analyti-
cal determination.
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XemocopOuus AMTHOOKCAMHIA HA MOBEPXHOCTH KpeMHe3emMa

W.H.Ilomnouckas, JI.A.bensikoBa

B pesynsTare ABYXCTaJHIHON peaKiiHd XHMHYECKOTO MOAHGHUHPOBaHHS MOBEPXHOCTH amopgHoro
KpeMHe3eMa MOJTydeH OpraHOKPEMHE3eMHbIH COPOEHT ¢ PHBUTHIMH JIMTHOOKCAMHHBIMH rpynnamMu. C
noMoupio MeTogoB MK-cnekTpocKonHH H AepHBaTOorpadHH HCCIeJOBAaH MEXaHH3M DEakLHH H
onpe/ieneHb! KOHLEHTPALHH NPHBHTBIX OPTaHHYeCKHX JUraHaoB. IToka3aHa BOBMOXHOCTb MIPHMEHEHHS
MOJNy4eHHOro copGeHTa A CEleKTHBHOTO H3BiAedeHHs koGanbTa, Menu, cepeCpa M najnajgus u3
pa3baBiieHHbIX BOJHBIX PACTBOPOB.
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Thermodynamic and Kkinetic study on protolytic and
complex formation reactions at the surface of porous
matrices
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Basing on the formal thermodynamics, we have derived a generalized law of mass action which can be applied
to describe protolytic and ionic reactions at the surface of rigid matrices in contact with electrolytes solutions.
Using this law, we have made an attempt at theoretical reanalyzing and systematizing of influence of various
factors, such as porous structure, fractality, and mechanism of surface charge formation, on the protolytic
properties of porous silica gels modified with organic ligands. In the framework of a semi-infinite diffusion
model, we have investigated the kinetics of chemisorption of hydrochloric acid and a number of sulpho-sub-
stituted phthalocyanine complexes of cobalt (H) onto such silica gels.

3 BUKOPHCTaHHAM anapary GOpMaIbHOI TePMOIHHAMIKH BHBEJIEHO y3arajlbHeHHH 3aKOH J{IOYHX Mac,
KOTpHit MOxe GyTH BUKOPHCTaHHIT U9 ONHCY NPOTOJHTHYHHX Ta iOHHHX peakiliii Ha MOBEPXHi TBEPIHX
MAaTpHLIb B KOHTAKTi 3 PO34MHAMH eNeKTpoiiTiB. Ha OCHOBI LibOTO 3aKOHY 3pobIIeHO cpoSy TEOPETHYHOro
EpeOCcMUCIIEHHs Ta CHCTeMaTH3aLlil BIUIMBY Pi3HOMaHITHHX (akTopiB, TaKHX sIK NMOPHCTA CTPYKTYpa,
dpaKTaTLHICTL Ta MexaHisM GopMyBaHHSI TOBEPXHEBOTO 3PSy, Ha IPOTOJITHYHI BIaCTHBOCTI TOPHCTHX
-cimikareneii, MOTH(IKOBaHHX OpTaHiYHUMH HiraHgaMH. B paMkax Mofiesi HamiBHecKiHYeHHOI Ju(y3il
HOCTIKeHO KiHeTHKY XeMocpbLii ColsHOl KHCIOTH Ta psfly cyib(osaMillleHHX (TanoLiaHiHOBHX

koMiuzekciB Co(ll) Ha LHX MaTpULSX.

Introduction

Protolytic and complex formation reactions
when proceeding at the surface of rigid matrices,
reveal some new features as compared to the same
reactions in solutions, among which we should

mention (i) the simultaneous formation of many -

sorts of interfacial compounds, (ii) the dependence
of the stability of these compounds on the degree of
reaction completeness, as well as on the topology of
the supporting surface, and (jii) the excess free elec-
trostatic energy as a result of the electrostatic inter-
actions. All these factors can be accounted for in the
framework of a generalized equilibrium constant
concept. In this communication, we have restricted
ourselves to application of this concept to the pro-
tolytic equilibria involving ligands immobilized at
the silica gel surface. However, most of the results
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obtained here remains valid in a more general
case of complex formation reactions.

Thermodynamic study
The main thermodynamic relation

As far as modified silica gels are usually consid-
ered as rigid matrices, we will think of chemical
equilibria involving their surface as equilibria be-
tween a two-dimensional surface phase - as it was
understood by van der Waals (jr.) and Bakker [1] -
and a bulk solution phase. Then, the equilibria must
obey the following generalized law of mass action [2]:

K/ =T1xto=K et -0y Tvovai O

where x; is the mole fraction , {i} the superfacial
concentration of the i-th component involved in

Functional materials, 2, 1, 1995
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the j-th reaction with the stoichiometric coeffi-
cient vij; K;° is the intrinsic equilibrium constant
of that reaction, whereas Kff is usually termed as
its apparent or effective equilibrium constant;
and y is the surface tension. We can point out a
lot of factors which contribute to v, yet there is
little doubt that, for sorbents in contact with elec-
trolytic solutions, the main contribution to 7y is
made by electrostatic interactions. Therefore, we
can assume that y = Fe, the latter being the elec-
trostatic contribution to the surface tension.

Calculation of Fe

Let us consider a porous sorbent in contact
with an electrolytic solution. As usually, it is sug-
gested that pores are infinitely long and of cylin-
drical symmetry. Introduce the dimensionless
potential, u = ey/kT, and radius p = %r, 0 <r <R,
% being inverse Debye’s length and R the radius
of pores. The free electrostatic energy per unit
surface area of such a cylindrical pore can be ex-
pressed through the potential by means of Der-
jaguin’s formula [3]

xE s(k7)2 Ay
F _ A0 2 .2 d
{c») -y P{ L“ (o1p) + ) (crP)ledp
ooy 0 = — T = iy,
u(G,P) = lo(P); oy = PrENSATIS u' = Yap)

where the upper limit of integration is A = %R, o3,
is the charge density at the pore surface, ¢ is the
dielectric constant of the solution, g¢ is the per-
mittivity of vacuum, e is the proton charge, and
In(n = 0;1) are Bessel's functions. Integration
yields

S lo(V) chxu( cﬂ
Fo(sz)= = ®)
2g48yd1 (M) e
Let A(A) be the pore size distribution for the

sorbent in question, and let us choose it to meet
the conditions

A(0)=A(x) =0 and

[AQ =1V, @
0

where Vio: is the total volume of all pores per unit
mass of the sorbent. Consequently, A(L)/A is the
corresponding distribution of the surface area,
herewith

fAmyan=5s,,2 ©)
0
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Ssp being the specific surface area. The combina-
tion as follows:

Fe(cx) AV)/A ©)

will, therefore, represent the distribution of the
free electrostatic energy over the sorbent surface.

The mechanism of charge formation

The above thoughts would be of little interest
if the surface charge density were assumed to be a
constant independent of the pores size [2,4]. Yet
this is not the case. The surface charge is known
to take rise from equilibrium processes of adsorp-
tion of ions and dissociation of surface ionizable
groups [5]. In that case, in particular when there
is no specific adsorption, it is called forth by pro-
tolytic reactions [6], such as

AH S

f
B+ H++1§> BH" M
where AH is some acidic group and B is some
basic group, herewith being possible that B = AH
and then BH" = AH3. Thus,

or=eN([BH", ~{AT ) =en all, ©

where ez; is the charge of the i-th species, and N4
is Avogadro’s number. By subsequent substitu-
tion of Eq.(8) into Eq.(3), and what results, into
Eq.(1), we come to a well-known form of the law
of mass action [2,7,8],

Kff(c;‘) = H XV = Kjo exp[ - ? viZit())] ®

A +H'

From Eq.(14), one can draw the conslusion
that the equilibrium state of a given ionic process
proceeding at the surface of pores of different ra-
dius is characterized by different local equilib-
rium constants. Experimentally, we can only

_determine the average of the local constants over

the sorbent surface [2],

< an;f (Gx) >=

= Z(XZSSP)—I [2'A0) mkZopan (10)
0

Suppose now that total surface concentrations
of acidic and basic groups amount correspond-
ingly to CA” and Cg”, not depending on the
pores size and not changing in the course of reac-
tions. Then the concentrations of the charged spe-
cies, A" and BH*, are
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(I

a~55.56 mol- T and b("x) = exp u(cx)
Substitution of Eq.(11) into Eq.(8) yields a
transcendental equation, whose solution makes it
possible to see that oy does really depend on A. In
particular, we come to the conclusion that o3, ~ A
as A — 0, and therefore

e . + - + 12
i, -], < ], =] 2

so that the equilibrium concentrations of charged
species become independent of the real pH and
approximate to each other as if pH were going to
the pHpzc. Yet, this situation is quite different
from that in the pzc, for the potential u(c3) takes
now on a finite value, uj - 0 # 0, which thereto
appears to be independent of &, whereas at pHpzc
o, /102 C-m? u(oy)

pzc
3 | 1 al
6 8 10 pH

Fig.1. Surface chaarge density, o (broken lines), and
surface potential, u(c3) (solid lines), versus pH for a
hypothetical uni-pore-sized sorbent with R =500 in
contact with an electrolytic solution whose ionic
strength equals (1) 107, (2) 107, and (3)
10" mol-dm™>, respectively. A tenfold decrease in the
jonic strength in the sequence (1) — (2) — (3) entails
an 8.3-times’ decrease in o, whereas u(c)) remains
almost unchanged and increases only by 1.6 and
0.2%, respectively. In the calculations, we have used
K'=310"% K =410" [20]; and CA'=C¥' =
=510 mol-m™.
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Fig.2. The distribution of 0‘;; over A (o) has been
determined in Eq.(26)).

this potential is equal to zero. It can be proven
that when A — 0, the surface of porous sorbents
tends to be of equal potential rather than of equal
charge density. The influence of porosity becomes
appreciable as soon as A reaches unity and rises
dramatically as A becomes lower and lower. In
Fig.1 and 2, we have pictured some results of our
calculations for a hypothetical sorbent whose
pores are all of the same size. These results help to
realize how real and how pronounced the dis-
cussed effects are.

“The conclusion that o3 falls down together
with A is of importance for studies of protolytic
processes at the surface of the so-called fractal
sorbents, some of which can be imagined as an
infinite set of self-similar cylinders with a power-
law-like pore-size distribution [9],

AQ) = AFP) 2<D<3 (13)

The mean electrostatic contribution to the
surface tension of such sorbents becomes negli-

gible as A > 0:

| FCYNSLZE

< Fe(G}) >= 9 z},D—z

>0 (14
[ AGYD/2
0

Nevertheless, the average of the local equilib-
rium constants does not come to the correspond-
ing intrinsic constant but takes on the value

<Ink¥(cy) > = IHK?(GQ - ? ViZith, 50 (13

It should also be pointed out that, for fractal
sorbents, the mean surface charge density, degree
of protonation, degree of dissociation, etc., are all

Functional materials, 2, 1, 1995
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equal to zero independent of pH. So, the chemis-
try of protolytic and ionic reactions at the surface
of fractal sorbents would be of little interest if
there were no mechanism for compensation of the
surface charge arising from adsorption of ions or
dissociation of surface ionizable groups. And it is
association with counterions that provides such a
mechanism.

Ton association

Consider, in addition to reactions (11), two
other association reactions,

j <4
A +Me <:3 AMe
Kif
BH'+X & BHX (16)

where Me™ is a cation, and X', an anion, of the
background univalent electrolyte. Reasoning in

the same manner as has led us to Eq.(11), we find -

that
IAMe|, = C'and [BHX), =0 as[H*] >0,
and an

|AMe], _ =0and [BHX], |  =Cg'as [H] >

A

herewith {A}x-»0 = {BH'}a 0 in both cases.
Thus, the association with counterions makes
possible, at least in principle, the quantitative
participance of surface groups in protolytic trans-
formations.

The influence of space dispersion of the dielec-
tric constant

It is known that the dielectric constant of a
solution in the neighbourhood of a surface is dif-
ferent from that of the bulk solution [10,11]. A
change in the dielectric constant results inevitably
results - according to the Born equation [12] -in a
change of the dissociation ability of ionizable
groups. It seems to be of concern to analyze how
does this effect on the protolytic properties of
porous sorbents. \

The simplest and commonly applied way to
take into account the space dispersion of the di-
electric constant is to introduce into considera-

tion a dense part of the electric double layer. That

is, we are to put forward

e 0<p<A-m
E(p)" 82,7\'—T]<P<7V (51>82,p>n) (18)

where £ and g; are the dielectric constants of the
bulk solution and of the dense part, respectively,
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and 7 is the thickness of the dense part. Herewith,
we assume that the area A -n < p < A is free of
charges and that there is no specific adsorption
on the interface p = A - n. A solution the Debye-
Hueckel equation for such a task [4,13] can be
represented as

excx[ Iy —m)

ud) = KTegy] (o= e j(h =)

TR | (19)
SZln(l x)]

Now, the same situation as expressed in Eq.(12)
occurs when A — n, yet the surface charge density
falls down steeper, as oa ~ (A - n)'z.

Another kind of dielectric constant dispersion
takes rise from electrostatic saturation effect
[11,14-16). It is described by the Booth-Kirkwood
formula [14],

() = £,[1 - O(grad ) 1(p)

where 0 = q(ka/e)z, 7q being a parameter of the
order magnitude 10" m?v?, and u is the disper-
sion-disturbed potential. The Debye-Hueckel
equation for u, in the case of cylindrical symme-
try, takes on the form

20

2
1d, d du

Lddg o) = .
o dpPdpl (dpJ]] “ @

Because of the smallness of 8, we can look for
a solution to Eq.(21) in the following approxi-
mate form

u(p) = ug(p) +Ouy(p) 22

where uo(p) is the undisturbed solution given in
Eq.(2), and u1(p) is a correcting function given by
the power series

n=co

2n
u(p)==Za
1P 2 P 23)

a,=bfa, TE};I(I),C]; b,= (Z"n !)-2

k=n
(Dn=423_(ﬁ__k)_ﬁbn_

o N—k+1

m=k
xZmk-m+1)b,b, ..
m=0 .
The free coefficient, ao, as found from the
electroneutrality condition:
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A

Aoy — 2eny I pu(p)dp =0 Q4)
0
where n, is the density of background (1-1)-elec-
trolyte ions, is

n=w k=n-1

2 (2n +2)° b,,ﬁ"*zzz) o,

- aO()") =

n=o0

T (@2n+2) b 222 @5)
n=0

As X — 0, we get the asymptotical formulas,

- a(x) ~ {x) +0(2 ) 6

2 4
ozful(}») ragM[1 + (%J + %(22”—) ]+

+ Ell—f Erlght) + O(?f)

which allow to see that when A —0, the influence
of the dielectric constant dispersion brought
about by the saturation effect gets vanishing.

To investigate another limiting case as A — oo,
it is convement to introduce preliminary a new
variable, p =X - p, that is the distance from the
cylinder surface to a given point within the cylin-
der cavity, whereas p has been the distance to the
same point from the cylinder axis. Then the cor-
recting function, u1(p‘), meeting the condition
(24)is

ul(p‘) =lim a3 T (\)[1/8 exp (- 3p") -
A
~1/24 exp (- ] @n

And in this case, the dispersion of the dielec-
tric constant will decrease the dissociation ability
of ionizable groups at the surface, affecting their

dissociation constants in accordance with Born’s
equation (8,11,12]:

K (e) = Kd,s( )exp [0)( l—s“)]
Gme20'2

~ K€1) exp[ -
) *Tn) e} (28)

where o =limoy, and o =2.10% if dissociation
A—> o

yields two unicharged ions.
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N

amount of acid / 10 mol.g™'

Fig.3. Changing of the titration curve in the time
course: in the case considered, the equilibration time
is over a week.

Kinetic study
Application of the semi-infinite diffusion model

Many reactions, which are very fast in solu-
tion, get considerably slowed down when pro-
ceeding at surface. A reason for this is quite
evident: the rate-determining of surface reactions
is more often than not the stage of diffusion one
(17,18]. Consequently, it can take a long time for
a surface equilibrium to be established. As an in-
dicative example, we have pictured in Fig.3 how
the titration curve for a porous amino-containing
matrix was changing in the course of time until it
took its final equilibrium form.

To examine the diffusion effects like that men-
tioned, let us consider a long tube filled up with a
sorbent and connected with a bowl filled up with
a solution containing some adsorbate. Our task is
to study the time dependence of the adsorbate
concentration in the solution. If the length of the
tube is much larger than the dimensions of the
bowl and the starting concentration of the adsor-
bate is low enough, the drift of adsorbate within
the sorbent phase at the beginning of the diffu-
sion process can be described using the semi-infi-
nite diffusion model [18]. In its framework, the
time dependence of the adsorbate concentration
in the overlying solution is expressed as follows:

Functional materials, 2, 1, 1995
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c(t) / c(0)

0.2 I | I N
0 2 4 68 gt'?/10?¢"2m"

Fig.4. Determination of the diffusion coefficient by
using Eq.(28): the experimental points (A) are ap-
proximated by a straight line with g=1 96m’; -
p=0.5T=10"%and D =1.510"% m%s [20].

o(ty = 2O exp [2p%1)[ exp(- Pydr;

1/2
172
B(r)
/2
B=g (g(l + DD)I 29)
T

where c(0) is the starting concentration of the ad-
sorbate, c(t) is its concentration at the time ¢z, p is
the porosity coefficient, T is the Henry coeffi-
cient, D is the diffusion coefficient, and g is the
geometrical factor, g = Ser/Visol, Scr being the tube
cross-section area, and Vo the solution volume:
Ast — 0, Eq.(27) can be brought to the form

o(ty/cOy~1-2p0" % vompy GO

The latter equation was used to study the ad-
sorbtion kinetics of hydrochlorid acid and a num-
ber of Co(II) phthalocyanine complexes onto a
series of porous-organopolysiloxane sorbents
having recently been described elsewhere [19].
The corresponding c(#)/c(0) vs gt 12 fines are rep-
resented in Fig.4 and 5.
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TepmoauHaMuyeckoe U KHHETHYECKOE HCCIeJ0BAHUE PeaKLMi
NpPOTOJIH3a H KOMILJIEKCOOOPa30BAHHSA HA MOBEPXHOCTH MOPHCTBIX
MaTpHIl

B.B.)XKmynb, A.B.Ileuensiii, A.A.T'ony6

C ucnonb3oBaHHeM anmnapara GopManbHOH TepMOAHHAMHKH BbiBefleH 06oOIIeHHbIH 3aK0oH
NEHCTBHS Macc, KOTOpbIH MOXeT ObITb HCMOJb30BaH [UI1 OMHCAHHS MPOTOIHTHYECKHX H HOHHbBIX
peaxuHii Ha MOBEPXHOCTH XECTKHX MATPHL B KOHTAKTe C PacTBOPaMH 311eKTposuToB, Ha ocHoBe 3TOr0
34KOHA CJIeJIaHa MOMbITKA TEOPETHYECKOTO MEPEOCMbICIIEHHS W CHCTEMATH3ALIMH BIIMSHHA Pa3IHYHbIX
¢$aKTopoB — MOPHCTOMH CTPYKTYpPhl, GpaKTAILHOCTH H MeXaHH3Ma (QOPMHPOBAHHS MOBEPXHOCTHOTO
3apsfia — Ha MPOTOJHTHYECKHE CBOHCTBA MOPHCTBIX CHIHKarenei, MOOHGHUHPOBaHHbBIX
OpraHMyecKUMH JIMraHfaMu. B paMmkax mofems noiyGeckoHeunoi auddysuu HocnenoBaHa KHHETHKa

XeMocopBILIHH CONSHOM KHCTOTBI H psiia cyibdo3aMerlieHHBIX (raolHaHoBbIX koMmmnuekcos Co(ll) Ha
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Catalytic hydrosilylation reactions involving
~ modified silica surfaces

0.V.Simurov, L.A Belyakova and V.A Tertykh

Institute for Surface Chemistry, National Academy of Sciences of Ukraine,
31 Nauki Ave., 252022 Kiev, Ukraine

The systematic investigation of transformations silica surface taking place at =Si—H groups of different
natyre and olefins contacts as well as at =Si—CH=CHz groups and hydrosilane contacts is first carried
out. The principal possibility of proceeding of the hydrosilylation reaction on silica surface is shown and
the optimal condition are found. The reaction mechanism and physico-chemical properties of obtained
organosilicas are investigated.

Hamu Bnepiue Gylo MpOBE[EHO CHCTeMATHYHE BHBUCHHI XiMiYHHX MepeTBOpeHb Ha MOBEPXHi
KpeMHeseMy NpH KoHTakTi =Si—H (pisnoi npupoau) Ta onedinis, 8 TAKOX =Si—CH=CH2 rpyn
rigpucanany. IIoka3aHO IPHHUKMIOBY MOXUIHBCTb IPOBE/ICHHA peaxilii T[iApOCHIIIOBaHHS Ha MOBEPXHi

KpeMHe3eMy, 3HaHJIeHO ONTHMAaIbHI YMOBH. JlocnipkeHO MeXaHi3M peakiiii. BupueHo dizuKo-XiMiyHi

BIIACTHBOCTI OIepKaHHX OPraHOKPEMHEIEMIB.

It is known that a wide variety of objectives
can be achieved using chemically modified silicas
(CMS). Such silicas are widely used, e.g., as high-
“specific adsorbents, selective catalysts, active fill-
ers for polymers, effective thickeners of dispersive
media, etc. [1]. Yet, the wider CMS are used, the
more critical becomes the problem of their hydro-
lytical and chemical stability which should assure
the long-term and repeated use of modified matri-
ces without loss of their properties. At the same
time, for various reasons, the known methods of
chemical treatment of silicas do not always con-
sistent with the requirement mentioned. There-
fore, the development of new methods for silicas
modification with the aim to form, on their sur-
faces, thermally and hydrolytically stable coat-
ings remains to be of great importance. In this
connection, the hydrosilylation reaction has
drawn our attention. The idea of the using of this
reaction to obtain CMS has its own history. This
can be traced from the first suggestions and reali-
zation attempts [2-4] to serious theoretical works
[51-

As a whole, the following situation is set up at
present:

Functional materials, 2, 1, 1995

a) the hydrosilylation reaction with the par-
ticipation of homogeneous reagents is well stud-
ied and widely used to obtain various organo
silicon compounds [6,7]; v

b) the introduction of hetegencous catalysts
has allowed to obtain some experience of the
process performing on the phase interface [7];

¢) there is a sufficient amount of information con-
cerning the synthesis and properties of silicas con-
taining the surface-fixed =Si—H and =Si—CH=CH2
groups [1,8].

Thus, as a whole, it seems to be logically
enough that we set ourselves the following tasks:

1) to study comprehensively the chemical
transformations on the silica surface at the con-
tact of =Si—H groups (being of various origins)
with olefins, as well as of grafted =Si—CH=CH2
groups with silicon hydrides;

2) to investigate the course and mechanism of
these reactions;

3) to study the physico-chemical properties of
the modified silicas obtained by these reactions.

As is known, one of most widely used tech-
niques for obtaining of silicohydride groups on a
silica surface is the treatment of the substrate
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with the respective silane. We have used the
methyldichlorosilane:

=S—O0H + CH3SiCLH —
=8i—0—S8i(CH3(ChH + HCI

In the IR spectrum of such silica hydride, the
absorption band 3750 e, corresponding to the
stretching vibration of =Si—OH groups, dees not
observed; instead, the band 2204 cm’! v(Si—H)
appears as well as those corrcbpondmg to
Vas,s(C—H) (2984 and 29'%1 cm™") and 1o 8(C—H)
of methy! groups (1400 '),

The silica hydride so obtained was brought
into contact with clefins under progressively
changed reaction conditions. The investigations
performed have shown that the reaction of
=8i—0—Si—H groups fixed on the silica surface
with the simple terminal olefins does not proceed
effectively neither in gas nor liquid phase in the
absence of catalyst and at moderate tempera-
tures. The usc of Speier catalyst (0.1 N of the
chloroplatinic acid in the iso-propyl alcohol) al-
lows almost quantitative reaction to be per-
formed. In the IR spectra, this fact manifests
itself as follows: the intensity of the Si—H bonds
absorption band diminishes (more then by 90 per
cent); that of the methyl groups v(C—H) in-
creases; the 2880 em™’ band of methylene links
v(C—H) appears. The increase of the surface con-
centration of C—H bonds makes itself evident
also as the absorption in the 1500-1300 cm™!
range which corresponds to the bending vibra-
tions of the methyl and methylene groups (Fig.1,
curve 3). The band corresponding to the stretch-

ing vibrations of C—H bonds contained in the -

CH2=CH— groups (3090 cm"), which is present
in the spectrum of initial octene (Fig.1, curve 2),
is vanished in that of modified silica. These re-
sults establish that, on the silica hydride surface,
the hydrosilylation reaction occurs:

H3
Z:Sl—o——Si——H +  HC=CH—CHyCH; —»
s |
Z 1
[ ¢|Sl——0 i—(CHQ)n,zCHs

The hydrolytic stability of the organosilicas
obtained by hydrosilylation reaction serves as an
additional verification of the Si—C bonds forma-
tion on the silica surface. The treatment of the
specimens synthesized by the water vapour in the

"pyridine presence does not result in any signifi-
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cant change of the IR specirum (Flg I, curve 4).
The appearance of the 3759 om’! band corre-
sponding to silanol groups can be explained eas-
ily by the hydrolysis of =Si-—Cl groups presented
in surface compounds of ‘
=8i—0—Si(CnH2n+1){CH3)Cl type.

Besides, it is established that following reac-
tions may take place in parallel with the solid-
phase hydresilylation process:

1) the hydrolysis of =Si—H group in surface
compounds similar te =8i—O—Si(Cl)(CH3)H;

2) the iso-propanol addition to the surface of
initial silica as well as to that of of silica hydride;

3) the chemisorption of I-olefins ¢n the initial
silica surface.

However, the side reactions can be kept to a
minimem by using the proposed optimum reac-
tion conditions (1 to 1.5 h at 100 °C in the pres-
ence of the Speier catalyst) as well as by the

pre-drying of reactants and ensuring the maxi-

mum conversion of =Si—OH to =Si—0—Si—H
groups [9].

To reveal the potential possibilities of the
solid-phase catalytic hydrosilylation as applied to
polyfunctional unsaturated compounds, the silica
with fixed =Si—0—Si—H groups was treated by
trimethylvinylsilane or by trichlorovinylsilane for
1 h at the boiling temperature in the presence of
the Speier catalyst. It is found [10] that, after the
contact with vinylsilanes mentioned, a significant
intensity drop (by 80-85 %) of absorption band ot
the Si—H bond stretching vibrations (2204 cm” )
is observed in the IR spectra of modified silicas
(see Fig.2), as well as the appearance of the ab-
sorption bands corresponding to the asymmemv
cal (2926 cm’ ) and symmetrical {2853 cm’ )
strétching vibrations of the methylene C—H
boirds (Fig.2, curves 2,4). In the case of the silica
hydride-trimethylvinylsilane interaction, the in-
tensity of absorption bands corresponding to of
methyl C—H bonds, also increases (Fig.2,
curve 4). Besides, in the IR spectra of the silicas
modified by vinylsilanes, the following absorp-
tion bands are absent: one of v(C-—H) attachin
to carbon-carbon double bond (3080 to 3000 cm™
range) and one corresponding to Lhe C—C
stretching vibrations (near to 1600 cm’ ) (Fig.2,
curves 2,4), while these bands are easy to observe
in the spectra of individual vmvisdancs namely,
3082; 3032; 3004, and 1602 cm’' for the vinyl-
tnchlorosﬂme (Fig.2, curve 3) and 3052; 3010,
and 1596 cm™ for the vinyltrimethylsilane (Fig.2,
curve 3). The described changes in IR spectra in-
dicated that, already in the conditions mild
enough, Si—H bonds transform-in Si-~C ones as
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a result of the hydrosilylation reaction in the sur- It is known that the proposed method in the
face layer of the silica hydride: silica hydride synthesis is not the only possible.
) H, We believe that the method based

" HC=CH—si =>si—0—Si—CH—cH—sici, ©On the methoxy silica thermal de-

H,PtClg | struction can be a promising one:

=»Si~—0—Si—H
=Si—0OCH; — =Si—H + H,CO

=>»S5i—O0— Si—CH,—CH,—SiCH,), Therewith, in the IR spec-

H,C==CH—Si(CHy), "y trum, a sharp intensity drop was

observed for the adsorption

bands of the methoxy groups, the

appearance of a rather intensive 2280 cm™ band

(v(Si—H)) as well as of a moderately intensive

Thus, the reaction proposed can be used for
the synthesis of the functional organosilicas.

2931-

2984 -

Transmission ———>

| ] ]
3600 3000 2400 1800 v. om-

Fig.1. IR absorption spectra of the silica hydride with the fixed =Si-O-Si-H groups (1); after interaction with
1-octene at 100 °C in the presence of the Speier catalyst (3); after the water vapour treatment in the presence of
pyridine at 25 °C for 1 h and subsequent vacuum exposure at 300 °C for 1 (4); the IR spectrum of the 1-octene (2).
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one of silanol groups (3750 Cm-l). To eliminate Under the interaction of surface =Si—H
Fhe pogsible side effects associated with t.h? aris- groups of the silica hydride obtained with
ing of silanol groups, the surface was additionaly ) ¢ Spei {
treated by the hexamethyldisilazane vapour at I-octene in the presence of Speier catalyst
100 °C. (100 °C, 1 h), in the IR spectrum (Fig.3, curve 2),

N

Transmission —————>

I | ' |
3300 2700 2100 v, cm? 1

Fig.2. IR absorption spectra of the silica hydride (1); of that treated by the vinyltrichlorosilane (2) or vinyl-
trimethylsilane (4) in the presence of the Speier catalyst and exposed to-vacuum at 300 °C for 1 ; the IR spectra of
the vinyltrichlorosilane (3) and the vinyltrimethylsilane (5). t
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Transmission ————>»

] N
3600

Fig.3. IR absorption spectra of the silica hydride with
surface-fixed =Si-H groups (obtained by the
methoxy-silica thermal destruction and post-treated
by the hexamethyldilazane) (1); after the interaction
with 1-octene (100 °C, 1 h) and subsequent vacuum
exposure (300 °C, | ) (3); IR spectrum of methoxy
silica before (4) and after hydrolysis in the pyridine
presence (25 °C, 1 h) and subsequent vacuum treat-
ment (300 °C, 1 h) (5).

a significant (more than by 90 per cent) weaken-
ing of the absorption band belonging to =Si—H.
groups. Simultaneously, the bands corresponding
to the stretching v1brat10ns of C—H bonds in
methylene (2930; 2855 cm’ ) and methyl (2980;
2900 cm’ ) groups become more intensive. This
evidences the transformation of the =Si—H
groups into the chemically bonded hydrocarbon
radicals:

=>si—H +

The data concerning the hydrolytic stability of
the organosilicas obtained by solid-phase hydrosily-
lation form the additional prove for the surface -
Si—C bonds formation. In the same time, for the
methoxy silica, the Si—O—C bond destruction and
the silanol groups formation is observed, what is
indicated by the weakening of the bands intensity in
the 3000-2800 cm’! range, corresponding to the
ether groups, and the appearance of the 3750 cm’!
band (Fig.3, curves 4,5; see [11,12)).

H,PtCl,
(CH,)s —CH, —.. =>8i—(CH,),CH,

CH,=CH—

Functional materials, 2, 1, 1995

Thus, it is established that the sythesized
=Si—H groups on the silica surface possess a high
reactivity toward 1-olefins. The method proposed
can be used to synthesize the organosilicas having
thermally and hydrolytically stable Si—C bonds
between the silica support and organic functional
groups, without use of organo silicon reactants.
This results in a substantial extending of the ex-
perimental possibilities at the obtaining of dis-
persed silicas with chemically modified surfaces.

To elucidate the influence of the phase state of
the compounds containing CH2=CH— groups on
the hydrosilylation reaction, the interaction be-
tween the silica having fixed =Si—O—Si—
CH=CH2 groups and the methyldichlorosilane in
the presence of the Speier catalyst was studied.

The vinyl silica was obtained by the silica
treatment with the vinyldichlorosilane vapour at
300 °C for 2 h:

=Si—OH ¥ CI3SiCH=CH, —»
— =Si—0—Si(Cl,)CH=CH, + HCI

Therewith, in the IR spectrum the absorptions
bands appear of v(C—H) attached to C=C (3082;
3032, and 3004 cm’ ) as well as v(C=C) band at
1602 cm™'; while absorption band of the stretch-
ing v1bratlons of the isolated silanol groups
nearly vanishes. To elemenate the residual =Si—
OH groups the vinyl silica was end-capped by the
hexamethyldisilazane. Therewith, the absorption
bands of v(C—H) m the trimethylsilyl groups
(2970 and 2910 cm’ ) were observed in the IR
spectrum.

After the interaction of the vmyl silica with
the methyldichlorosilane, the absorption bands
characteristic for the CH2—CH groups (3082;
3032; 3004, and 1602 cm’ ) are vanished in IR
spectra. The band belonging to =Si—H groups is
not observed after the vinyl silica treatment by
the methyldichlorosilane. In the IR spectrum of
the product obtained, only the stretching vibra-
tions bands of the C—H bonds belonging to
methyl and methylene
groups are presented.
Consequently, the follow-
ing transformations of
the modifying groups occur on the silica surface:

H,PtClg

>Si—0——ri——CH=CH2 + H"—ri--CH3 —

— =»§i—0— ri ~=—CH,—CH,— ]Si —CH,
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Table 1. Structural and sorption characteristics of the CnHzn+1-silicas obtained by the solid-phase hydrosilylation in

the presence of the Speier catalyst

Silica Solid-phase hydrosilylation with the Speier catalyst After trimethyliodosilane end-capping
C S?, V;, d, C, S?, ' Vz, o,
m/g cm' /g {Angstroms| mg/g m'/g cm’ /g degrees
mglg | pmol/m’ '

Silochrom 120 [ 24.0* 3.78 140 1.16 330 24.0 141 1.16 90

Silica hydride 13.6 2.94 132 1.12 340 - 132 1.12 105
[-CgHqa 572 347 132 1.08 323 72.4 116 0.99 -
[-CaHq7 61.6 3.01 131 1.06 323 - 113 0.98 96
}-C1oH21 50.1 2.05 128 1.05 330 63.9 112 0.96 -
[-C14H2g 320 0.99 127 1.05 330 47.6 111 0.94 -
[-C4gHa33 319 0.88 125 1.04 335 453 101 0.92 -

[-CqgHa7 28.5 0.71 125 1.04 335 39.8 101 0.92 106

* determined by the trimethyliodosilane chemisorption.

No difference is found to exist in the reactivi-
ties of the modified silicas containing vinyl or
=Si—H groups: the hydrosilylation reaction of
the fixed groups resulting in the surface com-
pounds containing Si—C bonds occurs substan-
tially to completion.

Among the main problems occuring during
the study of any synthesis process is the reaction
mechanism investigation.

Using the IR spectroscopy we have recognized
that the contact of the Speier catalyst with the
silica hydride as well as with the vinyl silica re-
sults in the activation of the Si—H bonds as well
as of C=C ones. In the silica hydride spectrum,
this phenomenon manifests itself as the intensity
lowering (or the complete vanishing) of the
2204 cm’! band belonging to the =Si—H groups
adsorption; while, in the vinyl silica spectrum, the
—CH=CH2 group bands at 3070 and 1650 cm’!
became not observable.

The clectron spectra of the system consisting
of the Speier catalyst, silica hydride, and
1-decene, have shown that, regardless of the reac-
tants and catalyst introduction sequence, the
solid-phase catalytic hydrosilylation reaction is
preceded by the formation of the catalytically ac-
tive intermediate including both reactants and the
catalyst.

The consideration of the structure of these in-
termediate complexes permits the conclusion that
the intracomplex transformations which result in
the formation of the hydrosilylation products can
be related to the nucleophilic addition processes
at the silicon atom. Generally, the increase of the
silicon atom electrophilness in the silica hydride
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(or in the hydrosilane) and enhancement of the
complexing ability of the olefine (or olefine-silica)
should be lead to the yield increase of the solid-
phase hydrosilylation product. The role of the
modified silica surface in the simultaneous activa-
tion both of Si—H and C=C bonds by the Speier
catalyst should be noted as well as the increasing
importance of the steric factors and adsorption
interactions in the course of the formation of the
intermediate surface complexes which result in
the solid-phase hydrosilylation products.

The investigation of the structure and adsorp-
tion-structural characteristics of the porous sili-
cas with the long-chain alkyl groups fixed on the
surface by the solid-phase hydrosilylation have
shown that the proposed method allows to obtain
the effective and stable modifying coatings.
Moreover, it is found that, with increasing length
of the fixed hydrocarbon radical, the water ad-
sorption diminishes, and such a relationship is
observed on the backgroud of the diminishing
grafted organic groups concentration (see Ta-
ble 1). This apparent inconsistency can be ex-
plained as follows. In Table 2, the data about the
thickness of the organic layer for the CnhH2n+1-
silicas are presented which are obtained experi-
mentally (as the difference between the pore radii
before and after the modification) and by calcula-
tion. The organic layer thickness obtained from
experimental data is obviously significantly less
then the calculated length of the corresponding
organic radical, except for the value for n=6.
Thus, the CnH2n+1 groups fixed on the silica sur-
face do not a brush-like structure; on the con-
trary, the hydrocarbon chains are placed

Functional materials, 2, 1, 1995
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Table 2. The length of CnhHzp+1 radicals fixed on the
silica surface by the solid-phase hydrosilylation

Radical n

| 6 | 10|14 16] 18
-Si-0-Si ~C_Hyp,1
|

Length®*, | Calculated | 11 | 16 | 22 | 24 | 26
Angstroms value
Experimental} 7 | § 5 {1015

data
* rounded to the nearest integer.

obliquely to the silica surface. This explains the
enhancement of the hydrophobic properties of
the CnH2n+1-silica surface as well as of the angle
of contact at the wetting with the increase of n, in
spite of the substantial lowering of the grafted

alkyl group content (Table 1).
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Peakuyu KaTAIHTHYECKOIO THAPOCHIHJIHPOBAHUA C YHaCTHEM
TOBEPXHOCTH MOI[Hd)HlalOBaHHOFO KpeMHe3eMa

A.B.Cumypos, JI.A Bensxosa, B.A.TepTeix

Hamu BnepBsie GLUIO NPOBEJEHO CHCTEMATHYECKOe M3YYeHHe XHMHYECKHX NpeBpallieHHH Ha
MOBEPXHOCTH KpeMHe3eMa IIpH KoHTakre =Si—H (pasmuHoii nprpoabl) H oneduHoB, a Takxe =Si—
CH=CH2 rpynn u ruppuacunaHa. ITokazaHa NPHHUHITHATBHAS BO3MOXHOCTh NMPOBENEHHS peakKLHH
THAPOCHIIMIMPOBaHHS Ha MOBEPXHOCTH KpeMHe3eMa, HalifieHbl ONTHMajbHble ycnosus. HccnenoBan
MeXaHU3M peakliny. M3yyens! Gpu3HKO-XHMHYECKHE CBOICTBA MONYYEHHBIX OPraHOKPEMHE3eMOB.
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Chemisorption of styrene on the silica hydride surface

V.A Tertykh and S.N.Tomachinsky

Institute for Surface Chemistry, National Academy of Sciences of Ukraine,
31 Nauki Ave., 252650 Kiev, Ukraine

The reaction of solid-phase hydrosilylation between styrene and silica hydride in the presense of Speier
catalyst was carried out. Analysis of IR spectra shows that the degree of transformation of bonded Si—H
groups in various experiments was amounted to 82-88 %. This value did not depend from presence of | %
hydroquinone in reaction mixture. The optimal reaction conditions were found preventing side reactions

and polymerization of styrene.

3pificHeno peakiiio TBepAOGAa3HOTO TiJPOCHIIMOBAHHS MiX CTHPOJIOM | TiApHIKPEMHE3eMOM Y
MPHCYTHOCTI KaranizaTopa CneHepa. AHaniz IU-crekTpiB mokasas, wo CTYNiHb MEpeTBOPeHHs
noBepxuepux Si—H rpyn y pisHux gocnigax cranoBuB 82-88 %. IS BelMUHHA He 3aiEKHTh Bi{
MPHCYTHOCTI | % rifpoXiHOHY y peakuiifnilt cymimi. Bymo 3HalieHO oNTHMAaNbHI YMOBH MpOBeeHHS
peaxuyii, 1o 3anobiraloTs nepebiry noGiuHKx peakwiii Ta nosiMepH3allii crupoly.

Recently, the realization possibility of solid-
phase hydrosilylation reaction was shown [1-5]
involving the Si—H groups linked to the silica
and a series of various structure olefins, such re-
actions result in the forming of surface chemical
compounds containing Si—C bond. The fixation
of styrene on the silica hydride surface is no
doubt of interest in terms of the functional matri-
ces obtaining by such a method. The mentioned
reaction in the silica surface layers is yet not in-
vestigated. It is known, however, that, in the lig-
uid phase silylation reactions, styrene is almost
twice less active as compared to the terminal ole-
fins [6]. The purpose of this work is to study the
realisation possibilities and performing condi-
tions for the styrene hydrosilylation resulting in
the obtaining of silica modified by phenyl ethyl
groups. As in the case of styrene — divinyl ben-
zene copolymers, such matrices are of interest for
the incorporation of required functional groups
in the course of the chloromethylation, nitration,
and azo combination [7].

The IR spectra of the styrene as well as of
initial silica (aerosil, the specific surface 300 m2/g,
measured using methanol) and modified ones,
were recorded by means of IKS-29 spectro-
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photometer in the frequency range from 4000 to
1200 cm'l; the thickness of pressed plates corre-
sponded to 10-15 mg/cm?; the tabletting pressure
was 1.72:10 Pa. To obtain the silica containing
Si—H surface groups, the initial silica, according
to the method described in [5], was vacuum
treated at 400 °C for 2 h in a quartz cell with
CdF2 windows and then brought into contact
with methyldichlorosilane vapour for 2 h at
360 °C. The silane excess and gaseous reaction
products were removed by vacuum treatment for
2 h at 300 °C. Therewith, in the IR spectrum of
silica hydride obtained (see Fig.1, curve 3), the
3750 cm’! absorption band of the initial silica
(Fig.1, curve 2) vanishes, while that of Si—H
bond valence vibrations (2204 crn'l) arises as well
as bands at 2984 and 2931 cm’! corresponding to
the valence vibrations and at 1400 cm™' — to the
deformational one of methyl C—H bonds [10-12].
The «chemically pure» styrene stabilized by 1 per
cent of hydroquinone was used. The polymeriza-
tion stabilizer was removed by multiple washing
with 10 per cent KOH solution. Next, the styrene
was washed with distilled water up to neutral re-

action, and dried over 4 A molecular sieves at
0 °C for a day [8]. IR spectrum of the styrene

Functional Materials 2, 71,1995
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Fig.1. IR spectra: styrene, /[=0.011 mm (1); silica vacuum-dried at 400 °C for 2 h (2); after methyldichlorosilane
treatment at 300 °C for 2 h and vacuum treatment at 300 °C for 2 h (3); after subsequent modification by styrene,
washing by boiling CCls for 1 h and vacuum drying at 300 °C for 2 h (4).

(Fig.1, curve 1) was identical to that given in the alcohol (Speier catalyst). Next, the modified silica
literature [9]. was washed by carbon tetrachloride in the Sox-

The hydrosilylation reaction was performed  hiet apparatus for 1 h and vacuum treated at
in the liquid phase without solvent use, in a 300 °C during 2 h.The reaction results in a signifi-
shaded reactor, at 100 °C for 3 h, in the presence cant diminishing of the intensity of Si—H bond
of 0.1 N platinumhydrochloric acid in iso-propyl absorption band in the IR spectrum of modified

Functional Materials 2, 1, 1995 : _ 59
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silica. The maximum of this band was shifted to
2190 ecm™' due to partial hydrolysis of Si—Cl
bonds [10,11] taking place at the contact of modi-
fied silica with atmospheric moisture during
transfer from one vessel to another. The silanol
groups formation is accompanied by the appear-
ance of an absorption band near to 3859 cm’.
Besides, the absorption bands at 3090; 3072, and
3035 cm’! arc observed corresponding to the va-
lence vibrations of C—H bonds in the benzene
ring. The intensities ratio of these bands differs
from that in the styrene spectrum and is charac-
teristic for benzene derivatives having no double
bond in side chain. Moreover, in the spectrum of
the modificd silica, the characteristic bands of the
styrene are absent, namely, 1630 cm’! (valence vi-
brations of vinyl C=C group) and 1575 cm! (ben-
zene ring plane vibrations), the latter appearing
when the conjugation of benzene = electron cloud
with n ¢lectrons of a double bond or with the lone
pair of the substituent takes place [13]. Tt follows
nerefrom that styrene is entered into hydrosilyla-
tion reaction with the Si—H groups of the sur-
face. The absorption bands in 1600 and 1500 ¢cm™’

ranges correspond to the plane vibration of the
benzene rings; the 1450 cm™' band, to the same
vibrations of the aliphatic bridge C—H bonds. A
51gmf1cant intensity increase of 2984 and
2930 cm™! absorption bands (meth?/l groups) as
well as appearance of 2940 cm™ (methylene
groups) and 2890 cm’ (thc combined methylene
and methine groups absorption) bands [10-12]
point to the fact that styrene adds to the silicium
atoms of surface Si—H groups in form of
I-phenylethyl radicals (I) as well as in form of
2-phenylethyl ones (11):

CH, H

o]
ESi——o—sl;i—lc I
Cl  CH,
T
ESi——O—SIi—CHz—CHz -
cl

This conclusion is supported by the fact that,
if the reaction is performed in the homogene me-
dium at 100 °C in the presence of Speier catalyst
and at styrene to methyldichlorosilane ratio 1.8:1
during 16 h, a mixture of products is formed hav-
ing structures similar to (I) and (I1) in the ratio 39
to 61 per cent, respectively [14]. The conversion
degree (1) of the surface Si—H groups was calcu-
lated by the formula [15,16]

60

n=(d, - d)/d, )
where do and d are optical densities of Si—H
groups absorption band before and after the reac-
tion, respectively. The calculated degree of reac-
tion completeness amounted to 82-88 per cent in
various experiments. The surface concentration
of phenyl ethyl group in the modified silica ob-
tained was 0.46 mmol/g, as follgws from thermo-
gravimetric analysis. At the repeated treatment of
a silica specimen having the Si—H group conver-
sion degree 87 % in the identical conditions dur-
ing 3 h, the additional 3 % of Si-—H groups were
converted. Yet, a reference specimen of the initial
silica hydride placed in the same reactor showed
the conversion degree 88 %. Such a slowing of the
Si—H groups reaction at high conversion degrees
appears to be due to steric hindrances formed by
phenyl ethyl radicals attached to the surface.

A specific feature of styrene-silica hydride in-
teraction should be pointed out. If the Speier
catalyst is added to a styrene- silica hydride mix-
ture at ambient temperature, on light, the result-
ing mixture is progressively heated to 100 °C and
exposed for 3 h in these conditions, then, in IR
spectra of specimens obtained, a poor reproduci-
bility of intensities is observed for absorbtion
bands in the range 3000-2850 cm’!, as compared
with those of 3150-3000 ¢ range and 1500 cm’!
band. This effect is to be assigned to side reac-
tions. Thus, iso-propanol containing in the Speier
catalyst may react with Si—Cl bonds even at am-
bient temperature [17,18]. Besides, acetone which
is formed in the Speier catalyst [19,20] reacts on
light quantitatively with Si—H groups [21]. The

both reactions result in the formation of

SiOCH(CH3)2 groups on the silica surface. The
IR spectra of the oxy-iso-propyl groups are very
sirnilar to these of aliphatic part of 1-phenylethyl
group in 3000-2850 cm’! range, and that fact
complicates the interpretation of spectra. How-
ever, if we add the Speier catalyst to the styrene-
silica hydride system heated to 100 °C in the
shaded reactor, then, because of the small catalyst
quantity (0.04-0.06 cm ) the dominant part of
iso-propanol (Bp. 82.4 °C) and acetone
(Bp. 56.2 °C) evaporates rapidly. Therefore, a
good reproducibility of the intensities ratio in IR
spectra is observed for specimens obtained in
these conditions. The same result is achieved
when we add to. the styrene heated to 100 °C,
first, the Speier catalyst, and then, after 1 to
2 min, silica hydride.

It is known that the bond in alkoxy groups on
the surface is unstable and breaks easily under the
action of water in presence of organic bases, such
as pyridine or aniline [22]. After the boiling water

Functional Materials 2, 1, 1995
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Fig.2. IR spectra: silica after modification by styrene in the presence of hydroquinone, washing by boiling acetone
for 2 h (1); after washing by boiling water for 1 h and 2 h with subsequent drying in vacuum at 300 °C for 2h (2,3).

action on the modified silica for 2 h and sub-

sequent vacuum treatment, the IR spectrum of

the majerial in the range 3000-2850 cm” re-
mained substantially unchanged. This fact indi-
cates that the formation of oxy-iso-propyl groups
on the silica surface as a result of side reactions
can be substantially ruled out by the appropriate

Functional Materials 2, 1, 1995

control of the reactants addition sequence and

reaction conditions.
By analogy with the homogeneous reaction

[23], the interaction of the silica hydride with sty-
rene was studied in the presence of a polymeriza-
tion inhibitor (as the inhibitor, the benzoquinone
was served which forms due to hydroquinone
oxydation by air oxygen during the storage and in
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the course of the reaction [8]). In this case, the
styrene grafting to the silica surface was also ob-
served. It was shown, by separate experiments,
that the boiling of the silica hydride in the 30 %
iso-propanolic hydroquinone solution does not
result in any intensity changes of the Si—H bonds
absorption band. Thus, the intensity loss of the
Si—H groups band in the course of the modifica-
tion is to be assigned to the interaction with sty-
rene. This permits to calculate the fraction of
Si—H groups reacted with styrene. The conver-
sion degree yalue with and without presence of
hydroquinone appeared to be substantially the
same.

The absorption band 1508 em’! in the IR
spectrum of modified silica (Fig.2, curve 1) indi-
cates the presence of hydroquinone on its surface
(the other hydroquinone adsorption bands are
hided by the phenylethyl fragments absorption).
The intensity of that band does not changed when
IR spectra are recorded after the specimen wash-
ing by the boiling acetone or iso-propanol for 2 h,
the solvent being changed three times. Yet, the
1508 cm’! band is substantially vanished after the
washing of the specimen by distilled water in the
Soxhlet apparatus for 1 h (Fig.2, curve 2). Simul-
taneously, the hydrolysis of Si—Cl and Si—H
groups occurs, what is seen from intensity de-
crease of the 2190 cm’! absorption band near
3750 cm™'. Without a catalyst, the Si—H bonds
hydrolysm does not take place. The anomalously
high hydrolysis rate of Si—H bonds is due per-
haps to the catalytic effect of acids [24], in this
case, -of hydrochloric one, formed as result of
bonds hydrolysis, and of platinum hydrochloric
one, which was adsorbed, in the trace amounts,
on the silica surface. After the repeated specimen
washing by water in the Soxhlet apparatus for
2 h, the further intensity mcrease of the Si—OH
group band (at 3750 cm’ ) and decrease of the
intensity of Si—H absorption band occur. Other
parts of spectrum remained unchanged. This indi-
cates that hydroquinone was fully removed from
the silica surface during the first water washing
(for 1 h). The fraction of remaining groups
amounts 3.8-4.0 % from the initial one.

The possibility of the polystyrene formation
grafted to the silica surface [25,26], as a result of a
side reaction, in the course of solid-phase styrene
hydrosilylation, requires to be discussed sepa-
rately. In the IR spectra of modlﬁed silicas, the
absorption bands 2856 and 2924 cm’ ! do not ob-
served, in contrast to the high intensity of these
bands in polystyrene spectrum. Both these bands
are very characteristic for the polystyrene [9,13].
Moreover, the intensities ratio of absorption
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bands in the 3000-2850 cm™' range is substantially
identical for the IR spectra of specimens modified
with (Fig.2, curve 1) and without (Fig.2, curve 4)
the presence of a polymerization inhibitor. This
indicates that, in both cases, there is no signifi-
cant polymer amount on’the silica surface. This
can be assigned to the inhibiting effect of the col-
loidal platinum forming in the Speier catalyst
[19,20] upon styrene polymerization [27].

If silica is vacuum treated at 400 °C for 3 h,
then exposed, in the presence of Speier catalyst,
with styrene at 100 °C for 3 h, next washed by
CCl4 in a Soxhlet apparatus for 1 h and vacuum
dried at 300 °C for 2 h, then, in its IR spectrum,
wery weak bands in the 3150-3000 em’! range are
observed. These bands should be assigned likely
to the polystyrene located,on the silica surface.
The polystyrene amount calculated from the opti-
cal density of the 3035 cm’ ! band, is 1.5 to 2 per
cent of the phenylethyl radicals content in the
modified silica. Thermogravimetric analysis gives
a value of 3.4 %. The scatter of values is due, to
obviously, to the error of optical density measur-
ing for very low-intensity bands. These results
point out that, in the process of solid-phase sty-
rene hydrosilylation, polystyrene grafted to the
silica surface do not form in substantial amounts.
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determined by elemental analysis and poten-
tiometric titration [8,9]. »

The standard beryllium sulphate solution with
the concentration Ce=1 mg/cm3 was prepared
according to [10]. The working solutions of minor
concentrations were prepared immediately before
use by the dilution of the initial one. The copper,
cobalt, nickel, iron, aluminium, calcium, magne-
sium, lead, manganese and cadmium nitrates
were prepared by dissolution of corresponding
weighted amounts of metal salts ("pure for analy-
sis" grade) in distilled water [10]. The required pH
values of solutions were established by the intro-
ducing of 0.1 M hydrochloric acid or 0.1 M so-
dium hydroxide. The pH values were measured
by means of EV-74 ionometer.

The recovery of berylium ions was performed
in the dynamic condition. In this case, the solu-
tion under study was passed through a column
filled with sorbent by means of a peristaltic pump

(the sorbent mass was 0.3 g, layer height 10 mm,

column diameter 5 mm, the rate of passage 7 to
10 cm>/min).

The dependence of beryllium desorption from
the sorbent phase on the medium acidity was
studied in the dynamic regime, too, by passing the
hydrochloric acid solution with concenrations of

1-10* to 1-10"2 mol/dm® through the column. For
the analysis, the eluate portions of 1 cm?® volume
each were sampled.

The beryllium content in the column eluate was
determined with two independent methods: atomic
absorption, on the CPQ-800 of Pye-Unicam (N20O-
acetylene flame, the radiation source being the hol-
low-catode lamp with beryllium) and photometry
(after the reaction with the Chromazurol S, CAZ, in
presence of a non-ionic surface-active agent, SAA)
on the Specol-11 spectrophotometer.

As stated previously [8,9], the beryllium ions
are sorbed quantitatively on APA-SiO2 at
pH > 4.3. Therewith, if the sorbent capacity ex-
ceeds the total beryllium amount in solution, the
sorption process obeys to Henry law. Distribu-
tion coefficients are constant throughout this
area and achieve to values of 10° cm /g. There-
fore, the beryllium ions concentration in the dy-
namic regime was performed at pH 4.5. The
results of the study of the berillium concentration
on the APA-SiO2 in the Henry range are pre-
sented in Table 1. They show that, in the experi-
ment conditions, the quantitative extraction of
the element from the solution is achieved regard-
less of its volume. The difference between the in-
itial beryllium content in solution and that found

Table 1. Results of beryllium concentration on the silica gel with grafted aminophosphonic acid groups from different
volumes of solution to be analysed (m=0.3 g, pH=4.5, n=3, eluent 0.01 M HCI, Ve=5 cm3)

Volume of Method of Be Introduced Be,| Found Be, S, Desorption | Concentration
solution under | determination in elvate g ug degree, % coefficient
analysis, dm3 .

02 Photometric 1.0 1.00 0.01 100 40

0.5 Photometric 1.0 0.99 0.02 99 99

1.0 Photometric 1.0 0.97 0.02 97 194

1.0 Photometric 0.5 0.48 0.03 96 192

1.0 Photometric 02 0.18 0.05 90 180

2.0 Photometric 0.5 047 0.06 94 376

2.0 - Photometric 0.3 0.28 0.09 93 372

0.5 Atomic absorption 0.2 0.20 0.01 100 100
spectroscopy

1.0 Atomic absorption 0.2 0.20 0.02 100 200
spectroscopy

1.0 Atomic absorption 0.1 0.09 0.05 90 180
spectroscopy

20 Atomic absorption 0.4 0.39 0.04 98 390
spectroscopy )

20 Atomic absorption 0.2 0.17 0.07 85 340
spectroscopy

Functional materials, 2, 1, 1995
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in column eluate indicates that, after the sorbent
contact with the solution under investigation, the
beryllium content drops to the values less of the
MPC at least by an order of magnitude. This fact

is the evidence of the sorbent high effectivity in

the concentration as well as in water purifying for
the removal of that high-toxic element.

As is seen from Table 1, the sorption-desorp-
tion cycle does not cause the sorbent efficiency
lowering and indicates to the reversibility of the
absorption process.

For the quanmatlve desorption of <2 ug of
beryllium, 3 ¢m® of 0.01 H HCI solution are
found to be sufficient. The concentration coeffi-
cients, in these conditions, have values of
(1...3)x10% (see Table 1).

The alkali metals cations and chloride, sul-
phate, nitrate and acetate ions when present in
the solution in concentrations not exceeding
1 mol/dm3, are established to do not influence the
degree of beryllium extraction on APA-SiO2.

The presence of complexing agents such as
EDTA, oxalic acid, and ascorbic acid
(C<0.05 mol/dms) does not hinder the quantita-
tive beryllium recovery by means of APA-SiO2.
The aforesaid makes the evidence of the forma-
tion of a strong complex of beryllium with amino-
phosphonic acid groups bonded to the carrier
surface, the stability of this complex exceeds that
of the beryllium complexes with the complexing
agents mentioned in solution.

The specifity of the grafted aminophosphonic
groups reaction with beryllium ions allows for
the selective concentration of that high- toxic ele-
ment in the presence of great excesses (up to 10*
times) such s-, p-, and d-metals as calcium, mag-
nium, strontium, zink, cadmium, lead, copper,
nickel, manganese, and tin.

In conditions optimal to concentrate beryl-
lium on APA-SiO2, the sorbent is found to re-
move from solution aluminium and iron (1lf) ions
as well. It was established, however, that the
masking of these elements with the EDTA solu-
tion (0.02 mol/dm®) allows for the selective beryl-
lium concentration in the presence of great excess
(to 104 times) of metals mentioned.

On the basis of the research resuits, the proce-
dure involving beryllium ions preconcentration
and subsequent atomic abscerption or photomet-
ric determination has been proposed. This proce-
dure has been worked out on the modei solutions
containing aluminium, iron, nickel, alkali and al-
kali-carth metals; method was tested also in the
analysis of waste waters. The results obtained are
presented in Tables 2 and 3. To estimate the va-
lidity of the methcd proposed, the beryllium con-
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Table 2. Results of beryllium deterrr'matlon na
model solution containing (mg/dm ) Fe2.0; Al0.3;
Cu 1.0; Ni 1.0; Sn 1.0; Mn 1.0; alkaly-earth metals
2.0 (V=1 dm®, n=3,P=0.95)

Method of beryllium| Introduced
determination in

Found Be, S
Be, ug pg/dm3

eluate
Photometric 2.00 2.0040.02 | <0.01
Photometric 1.00 0.99+0.02 0.01
Photometric 0.50 0.48+0.03 0.03
Photometric 0.20 0.1740.05 0.12

Atomic absorption 1.00 1.0010.01 | <0.01

spectroscopy

Atomic absorption 0.50 0.4840.01 0.01

spectroscopy

Atomic absorption 0.20 0.1840.02 0.04

spectroscopy

tent in the samples was determined in parallel by
the methodof additions. The data shown in the
tables bear out the sufficient accuracy and repro-
ducibility of the proposed procedure which al-
lows to perform the determination of beryllium
ions at concentrations on the level of MPC and

lower.
Thus, APA-SiO2 sorbent can be used to con-

centrate the trace amounts of beryllium from so-
lutions having complex composition. The
preconcentration of beryllium with APA-SiO; al-
lows to reduce the detection limits (DL) for this
element at its determination in the concentrate by
atomic absorption (DL=8-10'5 ug/cm3) or by pho-
tometry (DL=5~1()'5 ug/cm3 after reaction with
Chromazurcl S in the presence of OP-7) by two
decimal orders.

Analytical procedure

To 1 dm” of wastewater add 20 cm” of sulphu-
ric acid (1:1) and boil for 10 min. After cooling
filtrate the solution, add 20 em’ 1 M EDTA, then
0.1 M sodiuin hydroxide to pH 4.5 and pass
through the columu filled by APA-SiO2 (pre-
washed with 0.02 M EDTA and HC! solution
with pH 4.5) by means of a peristaltic pump with
a rate of 7 to 10 cm’/min. Then, wash the column
with 10 cm® of 0.02 M EDTA solution and 5 cm’
of 0.01 M hydrochloric acid solution. Determine
the beryllium content in the aluate using atomic
absorption or photometric method.

Functional materials, 2, 1, 1995
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Table 3. Results of beryllium determination in industrial wastewaters

Sample | Method of beryllium determination | Introduced Be, pg Founded Be, ug/dm3 Be content in

in eluate ) wastewater, uﬁdﬂf

1 Atomic absorption spectroscopy - 0.48+0.03 0.4840.03

(5.=0.03)

1.00 1.5140.03 0.5140.01

0.50 1.0010.02 (5,=0.03)

Photometric - 0.490.03 0.4940.03

($=0.04)

1.00 1.5140.03 0.52X0.01

2.00 2.5340.05 (8=0.03)

2 Atomic absorption spectroscopy - 0.21140.06 0.21140.06

($,=0.11)

1.00 1.2420.02 0.2440.01

0.50 0.7310.02 (5,=0.04)

3 Atomic absorption spectroscopy - 0.3740.04 0.3710.04

 (5.=0.09)

1.00 1.38+0.02 0.3810.01

0.50 0.8740.02 (8:=0.02)

4 Atomic absorption spectroscopy - 0.1040.05 0.1040.05

(5.=0.18)

1.00 1.14140.02 0.1240.02

0.50 0.610.02 (5=0.12)

Atomic absorption is to be measured at
A=234.9 nm, slot spectral width 0.2 mm, the lamp
operating current 12 mA.

To determine beryllium by the photometric
method, neutralize the eluate at continuous mix-
ing with 5 to 10 per cent ammonia solution to
pH 4-5, add to the mixture 1 m! of 1-10> M CAZ
solution, 1 ml of 1-10°>°M OP-7 solution, 0.5 ml of
5-10> M EDTA solution and bring the volume to
10 mi with acetate buffer solution having pH 6.0.
After 15 min, perform the photometric measure-
ments at A=630 nm, I=10 mm.

In parallel, perform the blank experiment us-
ing all the reagents and sorbent.
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KpeMHe3eM ¢ KOBAJICHTHO 3aKpenieHHbIMM IPyNnaMH
aMuHO(ocPOHOBOH KHCI0THI /11 KOHUEHTPUPOBAHUA HOHOB
Oepuiiius

I'.H.3aituena, O.I1.Pa6ymxko , O.H.XKenu6a , B.B.Crpenxo, C.A.XalHakos

IIpennokeH MeTon COPOLMOHHOTO KOHLEHTPHPOBaHUs GepHILTHS, OCHOBAHHBIH Ha M3BICUCHHH
37EMEHTa H3 BOIHBIX PACTBOPOB C MIOMOIIBIO aMHHO(POCHOHOBOM KHCIIOThI, KOBAJIEHTHO 3aKPENIIEHHOH
Ha MOBEPXHOCTH CHJHMKArels, ¢ MOCHEAYIOUMM OMpejeleRneM Gepuius B 3JI0aTe aTOMHO-
aficOpOLHOHHBIM TG0 oTOMeTpHYeckHM (110 peakiuu ¢ xpomasypoioM S B mpucyrterBuu OII- 10)
MeTooM: MeToJ [aeT BO3MOXHOCTb CHH3WTDL INpefieibl oGHapyxXeHHs GepuilIHg Ha [Ba MOpsfKa.
CrietlipHYHOCTL PeaKLMH 3aKPerUIeHHBIX TPYNN aMHHOPOCHOHOBOH KHCIOTHI ¢ HOHaMH 6epmmm
1103BOJISIET POBOAHTE CENeKTHBHOE KOHLEHTPHPOBAHHE 3TOTO 3JeMeHTa B MPHCYTCTBHH 10* kpaTHbIX

_U30bITKOB MHOTHX §-, p-H d-merayioB. Meron TECTHPOBaH MPH aHAJIN3€ CTOYHBIX BOX.
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Copper (II) complexes on silica surfaces with covalently
bonded methylamino and ethylenediamino silanes

VN Zaitsev, V.D.Oleynyk, V.V .Skopenko and V.V.Antoschuk

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252017 Kiev, Ukraine

By chemical modifying of fumed silica surface the materials with covalently bonded (N-methy-
lamino)propyl and (N-aminoethyl)-aminopropyl (En-AS) silanes have been prepared. Interaction of
bonded ligands with CH3CN solution of Cu(BF4)2 has been studied. By physico-chemical analysis, ESR,
FTIR and UV-VIS spectra, formation of complexes such as Culz (where L is bonded ligands) with
axial-elongated (for En-AS) stereochemistry and g1=2.01, g=2.21 has been proved. It was found that
thermal tratment increase tetrahedral distorsion of coordination polyhedral.

LInaxoM XiMiYHOTO MOAHGIKYBAHHS MOBEPXHi HEMOPHCTOrO aMOPGHOTO JHOKCHAY KPEMHilo
OTPHMAHO MaTepial 3 KOBAJIEHTHO 3aKpirliieHHMH rpynamu N-verniramiHonpomin i N-(amiHoeTHT)-
aminonponin (En-AS) cunanamu. BHBYEHO B3aMOJiI0 3aKpilLIeHHX JIraHaiB 3 aleTOHITPHIBHHUM
posunHom Cu(BFs)2. 3a manuMu (isuko-XiMiuHoro asamisy, cnekrpockonii EIIP, 19 3 Oyp’e-
I1epETBOPEHHSIM T4 eleKTPOHHOI CreKTpockomnii fudysifHOro BiAGHTTS BCTAHOBJIEHO YTBODEHHA
xoMmIuTexcis ciaxy Culz (me L — mpHiuenuienuii rany), mo MaoTh y Bunaaxky En-AS akciambHo-
BHTATHYTHI KOOpIMHaLiinuil nomienp 3 g1=2.01 Ta gy=2.21. Tepmiuna o6poGka MPHBOTHTL 1O

HificHnesHs TeTpaeqpPHYHOTrO BHKPHBIICHHS KOOPJMHALIAHOrO By3ia.

Silicas chemically modified with covalently
bonded organic ligands are used in the modern
biotechnology and pharmaceutics, as stationary

phases for the ligand-exchange chromatography,

for the separation of optical isomers [1,2], bio-ac-
tive substances [3], etc. Their use is based on tae
ability of fixed ligands to form a mixed-ligand
complex compounds according to scheme

rated (the coordination number for copper is 4),
and the substance to be separated does not inter-
act chemically with the surface to give the mixed
ligand complex according to scheme (1). And
conversely, the fixed complex with equimolar
composition is the best suited one for chroma-
tographic purposes. Hence, the effective use of
silicas with chemically modified surface in the li-

L + M@Sol), —» }—‘ﬂ- M(SoiV.1 —-ib ‘——1 “M- Qo] (1)

where M is a metal ion, usually Cu2+; Q, an ana-
lyte to be separated. Scheme (1) is simplified since
metal ions and grafted ligands are assumed to
form a complex with 1:1 composition. In fact, the

surface complexes can contain up to 3 fixed k-

gands [4]. It is easy to see that this fact affects
significantly the ligand-exchange ability of the
material. The stationary phases containing biden-
tate grafted ligands are usually unsuitable for the
ligand-exchange chromatography, if a complex of
M:L=1:2 composition is formed on the surface. In
this case, the metal coordination sphere is satu-

Functional materials, 2, 1, 1995

gand-exchange chromatography is only possible
under the condition that composition, stability,
and structure of the surface complexes are com-

prehensively studied.
Ligands fixed on the amino propyl silica surface

are known to form copper complexes mainly of
ML2 composition. Moreover, that composition
does not change if the concentration of the grafted
groups is varied [5]. This fact, in particular has al-
lowed, to suggest the cluster-like distribution of
amino groups bonded to a silica surface [6].
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In this work, an attempt is made to trace the
influence of hydrophilic and hydrophobic substi-
tuents on the composition and structure of com-
plexes formed on the amino silicas surfaces in the
course of interaction with acetonitrile solution of
copper (II) tetrafluorborate and, by this means,
to clarify the influence of such substituents on the
character of groups distribution over the support
surface. Two substances related to amino silicas
were studied with general formula

Sio

N

siZ _CH _NH
07 cH, Q‘CH/QN\R

[RENRINA}

where R=CH3z and CH2CH2NHa.

The methyl group at the nitrogen atom causes
the increase of its basicity but reduce the hydro-
phility. The aminoethyl group rises both the
basicity and the hydrophility.

The composition and structure of complexes
were studied by means of the chemical equilib-
rium data, as well as by electron diffuse reflec-
tion, IR and ESR spectroscopies of fixed
complexes.

Experimental

The water-free acetonitrile was obtained with
the distillation of "pure" grade solvent over P20s
and CaH2. Toluene was distilled over Na. (N-me-
thylamino)propyl triethoxy silane obtained from
Merck and (N-ethylamino)aminopropyl trietho-
xy silane from Fluka were purified by the vac-
uum distillation before use.

IR spectra of compounds were recorded in the
1200-4000 cm’! range on the UR 10 spectrometer.
IR spectra with Fourier transformation in the
400-4000 cm’! range at 0-2 smoothing cycles were
taken on the FTIR 171 Perkin-Elmer. spectrome-
ter. The specimens were prepared as thin pressed
tablets. Silica gels and silochroms were grinded in
an agate mortar before pressing.

Flemental analyses (H, C, N) were made by
the service group of London University. The
bonded groups concentration was calculated
from the analytical data according to formula

OH
+  (EtO),Si™wNHCH,

OH

[EEREERERNRRINRNINAN T

—_—

%-10°
100 -n-M
where % is the per cent content of the element
determinated; n is the element atoms number in
the immobilized molecule; "M is the element molar
mass.

The copper (II) tetrafluorborate was prepared
from the basic copper carbonate by action with
70 per cent HBF4. The acetonitrile solvate
Cu(BF4)2 was recovered from hexahydrate by
dissolution of 5 g of crude salt in 50 cm® of ace-
tonitrile. Then, benzene was added to the solution
(20 em’ to 50 em® of soln.) and the triple azeot-
rope acetonitrile-benzene-water was distilled out
(Bp. 66 °C). The residue was cooled and the
Cu(BF4)2(CH3CN)4(H20)2 crystals were sepa-
rated by filtration. The product was recrystallized
from acetonitrile : ethylacetate (1:4) mixture and
dried in vacuum. The chemical composition was
checked by means of copper analysis.

The equilibrium studies and the synthesis of
mixed complexes were performed by bringing the
Cu(BF4)2 acetonitrile solution into contact with
chemically modified silica (CMS). Therewith, the
metal concentration in the solution was varied
from 1 to 20 mmol/dm> while the CMS weight
was kept constant (0.25 g and 0.2 g for
NHCH3-AS and En-AS, respectively). After mix-
ing in sealed vessels for 1 h, the solid phase was
separated by centrifugation, the solution being
checked for the metal presence by trilonometric
titration. Before study the structure and composi-
tion of fixed complexes, the products were dried
in air at 50 °C and in vacuum at 110 °C over
P20s for 24 h.

CL(mmol/g) =

Synthesis of chemically modified
silicas

To obtain silicas with chemically modified na-
ture of surface and monolayer of covalently
bonded groups, the modification was performed
in the water-free toluene. To this purpose, fumed
silica-aerosil A-200 (Degussa, Germany) was
used after activation at 550 °C for 8 hours. The
(N-methylamino)propyl triethoxy silane was im-
mobilized on the aerosil surface according to fol-
lowing scheme (2):

SsiswNHCH, @

OEt
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To this end, to 17 g} of aerosil (1.7-10'3 mol
SiOH groups) in 200 cm” of toluene, the solution
containing 3.28 g (1.6-10'3 mol) of ethylamino
propyl triethoxy silane in toluene was added. The
reaction mixture was heated at 100 °C under mix-
ing for 10 h. Then, the solid phase was separated
by filtration and washed with toluene in a Soxhlet.
apparatus to remove the excess of modifying
agent. The washing completeness was checked by
the reaction of the washing solution with bindone
[7]. The chemically modified silica was dried in
vacuum (1072 Torr) for 3 h at room temperature
and 7h at 110 °C.

IR spectroscopy and chemical analysis data
were used to control the chemical modification of
the silica surface. According to the elemental
analysis results, the concentration of anchored
methylamino groups is 53107 mol/g.

The synthesis of ethylenediamino aerosil (En-
AS) was performed similarly to that of CH3NH-
AS according to scheme (3):

o]
I

(MetO),SiwwNH H, —>
OH \ /

[N R TR RN AT IT
+

Silane (1 g, 2.5-10°* mol) was used to modify
16 g (1.6-10" mol of SiOH groups) of the aerosil.
The bonded groups concentration as determined
from the elemental analysis data was
0.26 mmol/g. The potentiometric pH titration
gave 0.29 mmol/g.

Results and discussion

After silanes immobilisation, in the IR spectra
of silicas, the absorption band at 3750 cm™', re-
lated to stretching vibrations of isolated OH
groups on the SiO2 surface, disappears; the bands
arise indicating the presence of alkyl and amino
groups (Table 1).

The character of the IR spectrum changes
bears out that the covalent immobilisation of
aminosilanes on the silica surface occurs, accord-
ing to schemes (2) and (3).

The reaction of Cu(BF4)2 with ligands at-
tached to aerosil surface can be described by the
equation

SiOwmNHR + Cu? =——=

where R=CH3 for CH3NH-AS, or CH2CH2NH>2
for En-AS.

Functional materials, 2, 1, 1995

[SiO,mwNHR],Cu?*, n=1-3

Table 1. The main characteristic frequencies in the
IR spectra of fixed complexes and ligands

The compound | VNH, |vCH,, cm” oNH,. | oCH,
fixed em’! cm_ cm
CH,NH-Ac | 3317 |2946,2880,] - 1473
2850, 2808
CH,NH-Ac-Cu| 3220 |2946,2880.| 1620 | 1470
2850, 2808
En-Ac | 3378, |2946,2880 | 1650 | -
3309
En-Ac-Cu | 3340, [2946,2880| 1650 | -
3280 ]

The complex formation causes the copper ions
chemisorption from the solution. From the value
of difference between the introduced metal
amount and that determined in the solution after
adsorption, the average metal-to-ligand ratio in
the fixed complex was found. The results ob-

\SimNH H ©)
r:j/J)Met \J 2

tained are given in Tables 2 and 3.

Consideration of sorption isotherms plotted
using the data of Tables 2 and 3 shows that the
complex of M:L=1:2 composition is formed on
the surface of CH3NH-AS and En-AS. In the case
of En-AS with grafted bidentate ligand (ethyle-
nediamine) fixed on its surface, such a ratio leads
to the conclusion that a complex is formed with
the CuN4 chromophore, while for CH3NH-AS,
with CuN2z one.

It is established from IR spectra of complexes
recovered at 50 °C that the solvent is not included
into the inner coordination sphere, nor is it ad-
sorbed on the silica (the stretching vibration band
of CN group is absent). Therefore, to adjust the
co-ordination sphere composition for the com-
plexes recovered as well as their structure, the
EDR and ESR spectra were considerated.

Fig.1 shows that the ESR spectra of En-AS
complexes with Cu(BF4)2 are characterized by
the unusually high resolution for fixed complexes;
this allowed to determine the spin-hamiltonian
characteristics (g1 and gj).

It is found that the ESR spec-
trum is of axial type, and the g

value indicates that the octahedric structure of
the complex is deformed (see Table 4). Of impor-
tance is the fact that the g-factors value do not
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N

]

3100

Fig.1. ESR spectra of Cu(BF4)2 complexes with En-AS (1,2) and CHaNH-AS (3) recovered from CHzCN
at L:M ratio: 1) 41.6; 2) 20.8; 3) 8.5.

Table 2. The adsorption isotherm of Cu(BF4)2 on Table 3. The adsorption isotherm of Cu(BF4)2 on
CH3NH-AS (CL = 530 pmol/g). V=25 cm’, EP-AS (CL = 260 umol/g). V=25 cm>, m=02 g,
m=025g, Cou=12.5 mmol/dm®. Cey = 12.5 mmol/dm®.
CUSadded Cu ‘ m<‘)1ar ratio Cu added Cu - molar ratio
i N, mmol/dm”| molar ratio co‘ncentra.tlon M L on the N mmol/dm’ | molar ratio concentration| M:L on the
M],L in solution | silica surface > Ml L in solution | silica surface
aﬁq sof after
adsorpt10n3, adsorption,
mmol/dm mmol Jdm®>
0.52 0.049 04 0.011 01 0.024 0 0.024
1.04 0.098 0.6 0.041 0.7 0.168 0.5 0.048
1.76 0.166 1.1 0.062 1 0.240 0.8 0.048
2.11 0.199 12 0.085 5 0.480 12 0.192
2.64 0.249 1.4 0.117 5 1.201 35 0.380
5.28 0.498 25 0.262 75 1.802 5.8 0.440
3 0.471 24 0.245 10 2.403 8.3 0.434
1 7.5 0.707 39 0.339
i 10 0.943 5.8 0.396
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change when the average M:L ratio increases. This
fact gives the evidence that, in the experimental
conditions, the complex of only one composition
is formed. The comparison of results obtained
from the sorption isotherms and calculations of
g-factors shows that this complex is just the com-
pound Cu(En-AS)2(BF4)2. It can be supposed
that (BF4)™ anion is not included in the inner co-
ordination sphere, and a markedly stretched octa-
heder arises on the En-AS surface. This
supposition is confirmed by the EDR spectra of
complexes with the grafted ethylenediamine
(Fig.2). The position of the d-d transition band in
the electron spectrum of the ethylenediamine
complex does not change when the M:L ratio is
varied; only the band intensity increases. The ab-
sorption band of the fixed ethylenediamine com-
plexes is positioned lower (17500 cm") than that
of similar individual ones (19000 em™! for
CuEn2(BF4)2). In our opinion, that indicates to
an insignificant tetrahedric deformation of the
foxed ligand as compared to their homogeneous
analogs.

To consider the possibility of including sur-
face silanol groups into the inner coordination

Absorption

30 26 22 18 v-i 03’ cm'1

Fig.2. EDR spectra of Cu(BF4)2 complexes with En-
AS at the average L:Mratio: 1) 41.6; 2) 20.8; 3) 5:2.

Functional materials, 2, 1, 1995

sphere composition, we have studied the fixed
complexes behaviour at heating to 110 °C. The
results of g-factors measuring show that such
conditions do not cause any essential changes of
the co-ordination node. Only some increase of the
tetrahonal distorsion is possible. Such changes
can be due to strengthening of hydrogen bonds
between the grafted ligands and silica and to low-
ering their mobility on the surface after physically
adsorbed water is removed. The ESR spectra of
the silica modified by methyl amino groups differ
markedly from those of ethylenediamino silicas.
The poor spectral resolution is observed regard-
less of the copper concentration on the surface
(see Fig.1). The spin hamiltonian is found to have
the axial character, the g; value (Table 4) indi-
cates to a deformed octahedric structure, the de-
formation being substantially higher then in the
case of En-AS. The poor spectrum quality can be
the evidence of the mixture formation of co-ordi-

1I

4

5

K

@

Q

<
3

2
>
/
1'
1
| ] | |
30 26 2 18,403 ¢m!

Fig.3. EDR spectra of Cu(BFs)2 complexes with
CH3NH-AS (3) recovered from CH3CN without heat-
ing (1,2,3) and after the heat treatment (1°,2’) at L:M
ratio: 1) 24.1; 2) 16.0; 3) 2.5.
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Table 4. Spin-Hamiltonian parameters for the copper
complexes with fixed ligands.

P
Treatment En-AS CH3NH-AS
conditions

g & &)
50°C 2.01 2.21 2.06
110 °C, 2.05 2.21 2.07
vacuum

nation polyhedra on the surface even at 40-fold
ligand excess. Therewith, the copper concentra-
tion increase causes only the smoothing of the
spectrum in the gj range but does not change the
g1 position (g1=2.05).

In the EDR spectra of Cu(BF4); complexes
with methylamino ligands fixed on the aerosil
surface, one absorption band having the maxi-
mum in the range of 13800 em’!is observed; this
band is common for the octahedric complex
(Fig.3). The heating of samples to 110 °C to re-
move the solvent and water molecules from the
coordination sphere results in significant spectral
changes. The d-d transition band of the complex
shifts toward long-wave region, and additional
bands appear in the 20000 and 25000 cm’! ranges.
These facts can indicate to a partial formation of
complexes having low coordination number (<4)
on the CH3aNH-AS. The comparison of results of
the copper ions sorption study, EDR and ESR

spectra allows to suppose that, on the CH3aNH-AS
surface, the complexes of Cu(CH3NH-AS)2(BF4)2
are prevailing, the inner coordination sphere of
such complexes may be completed by the coordi-
nation of surface silanol groups or water mole-
cules. '

The fixed groups concentration on the En-AS
is approximately half of that on the CH3NH-AS,
the former, however, is twice as dentate as the
latter. Threfore, the donor nitrogen atoms density
on the surface must be approximately the same
for both silicas, if the fixed ligands are distributed
uniformly. In spite of this fact, the substantial
differences in the structure and composition of
fixed complexes have been revealed. This points
to the "isle-like" distribution of fixed groups on
the silica surface.
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Kommrekcsl Memu (I1) Ha MOBEPXHOCTH KPEMHE3EMOB C
KOBAJICHTHO-3aKPETUICHHBIMU METHIIAMUHO- U
3TUJICHIMAMUHO-CUIIAHAMU

B.M.3aiiues, B.JI.Onelinuk, B.B.Ckonenko, B.B.AnTouyk

ITyrem XxuMH4ecKOro MOAHGHUHMPOBAHHA OBEPXHOCTH HENOPHCTOTO aMOpGHOTO NUOKCHIA
KPEMHHS TONyYeHb! MaTepHalbl ¢ KOBAJIEGHTHO 3aKpelUIeHHbIMH Tpynnamu N-MeTHIaMHHOMPONHI H
N-(amunosTim)amMmunonponut (En-AS) cunanamu. HaydeHo B3auMoeliCTBHE 3aKPEIUICHHBIX JINTaHIOB C
aleTOHHTPHIIbHBIM pacTBopoM CUu(BF4)2. ITo ganHbiM HH3HKO-XMMHYECKOTO aHAJIH3a, CIEKTPOCKOMHH
SIIP, UK ¢ ®yphe-npeobpa3oBaHHeM H 31eKTPOHHOH CNEKTPOCKONHHM AH(PGDY3HOTO OTpaXeHHd
ycTaHOBIeHO oOpa3oBaHHe KoMILiekcoB cocraBa Cul2 (rae L - npuBHTHIH IMraH[), HMEIOLIMH B ciiyyae
En-AS akcHanbHO-BBITAHYTHIH KOOpPAHMHALHOHHBIR nonuszp ¢ g1=2.01 u g)=2.21. TepMuueckas
06paboTKa NPHBOAHT K YCHISHHUIO TETPasAPHYECKOr0 HCKaXeHHsI KOOPAHHALIHOHHOTO y3JIa.
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Two algorithms for estimating the energetic
inhomogeneity of chemically modified silicas

Yu.V Kholin and S.A Merny

Kharkov State University, 4 Svobody Sq., 310077 Kharkov, Ukraine

Estimating of the energetic inhomogeneity of chemically modified silicasis based on solving a Fredholm
integral equation of the first kind. The mathematical incorrectness of this problem, features of known
methods for its solving is discussed and destribe robust algorithms DAC] and DAC2 are described.
Constructing the algorithms, we have completely utilized the quantitative a priori information concerning
the solution to be sought. The usefulness of the algorithms has been checked by their application to

simulated and real data.

OL{HIOBaHHS €HEPreTHYHOI HEOHOPIAHOCTI XiMiYHO MOTH}IKOBaHUX KPEMHE3eMiB TPYHTYEThCA Ha
pO3B’A3aHHi iHTerpanbHoro piBHAHHS PpearomsMa mepuoro poxay. B cTaTTi O6roBOPIOETHCSA
MaTeMaTH4YHa HEKOPeKTHICTh BKa3aHOi 3a/lavi, OCOGIMBOCTI BiIOMHX METOLIB ii po3B’s3aHHS i
OIMCYIOThC 4HCenbHO cTiliki anmroputmMu DACI1 i DAC2. Byayioun ajropHT™, aBTOp MOBHICTIO
BHKOPHCTAB KiIbKiCHY anpiopHy iH¢opMallifo mpo pillleHHs, W10 fioro wrykaiors. IIpaliesiaTHicTh
aTTOPHTMiB NEPEBipeHO MPH X BUKOPHUCTaHHi 715t 06poOKH MOAIBHHX Ta pealbHUX AaHHUX.

Introduction

Silicas with functional groups covalently
bound to the adsorbent surface are known as
chemically modified silicas. These materials are
used as sorbents for separating metal ions and as
supports for heterogencous metal complex cata-
lysts. To describe the ion sorption on modified
silicas it is necessary to take into consideration
specific features of grafted species compared to
analogs in solutions [1—3]. In particular, the ap-
proaches which describe an energetic inhomo-
geneity of chemically modified silicas are needed.

The energetic inhomogeneity results from dif-
ferences in topology and solvatation degree of
grafted species, inhomogeneity of grafting, spread
in pore sizes, etc. [4]. The phenomenon of ener-
getic inhomogeneity manifests itself as variation
of standard chemical potentials of grafted species
having the same stoichiometric composition. The
sorbent energetic inhomogeneity affects the char-
acter of ion adsorption isotherms on modified
silicas. Hence, to investigate the energetic inho-
mogeneity one has to analyze the experimental
adsorption isotherms.

Functional materials, 2, 1, 1995

Adsorption is the «integrated» quantity which
describes the system from a macroscopic point of
view. On the other hand, the energetic inhomo-
geneity is a microscopic concept. To connect the
macroscopic adsorption and the microscopic en-
ergetic inhomogeneity one must apply models
concerning the interactions on the adsorbent sur-
face. In particular, it is necessary to know
stoichiometric compositions of grafted species
and to specify which chemical reactions on the

surface take place.
In spite of the long history, the problem of

estimating of the energetic inhomogeneity re-
mains to be actual to the present day. This situ-
ation is caused by difficulties in a numerical
calculation of inhomogeneity characteristics. The
computational difficulties stem from the incorrect
nature of the problem. The purpose of this paper
is to investigate this problem as the mathemati-
cally incorrect one and on the basis of this analy-
sis to propose fast and numerically stable .
algorithms for its solution.
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Background

In this section, we deduce the equation which
allows to study the energetic inhomogeneity of
chemically modified silicas. We use a simple
model of chemical interactions. The ion sorption
is assumed to be caused by the only chemical re-
action: M, the component of solution is fixed by
the grafted group ¢ and forms the complex com-
pound MQ grafted on the silica surface:

M+0 =M, 0y
for simplicity, the species charges in chemical for-
mulae are omitted. Other reactions (including the
side interactions) are neglected. In the case of an
energetically homogeneous system, the equilib-
rium of reaction (1) is specified by the equilibrium
constant, K:

MO} =K IM] [Q], @
from here on, the square brackets denote equilib-
rium concentrations. In the case of energetically
inhomogeneous modified silicas, the standard
chemical potentials of the grafted species Q or
MQ can not be represented unambiguously. The
standard chemical potentials are characterized by
the sets of values {uﬁ} and {m&yg}. Thus, unlike
an energetically homogeneous system, the equi-
librium of reaction (1) is described by a set of
values {K;} rather then one of them. Let us de-
note the grafted groups with the constant Kj as
Q:. Introduce the fraction of groups Qs

pK;)=15/15, &)
were
=[0] + [MQ)] = [Q] + K,IMIQ,] =
+[0] (1 +K,M)), “)

tp; is the total (analytical) concentration of spe-
cies O;. Connect the fraction p(K;i) with the ad-
sorption isotherm parameters. For this purpose,
consider the complex compound MQ formation
degree:

oD _[MQ)
©1+001 " 15

0<f<1. &)
The f values are easy to calculate from the
original experimental data:

_ ©)
S(M) = [M]

where 1171s the total (analytical) concentration of
species M. Expression (6) gives f as the function
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of the measured equilibrium concentrations [M].
Note, that the f values are not exact because the
original data (tas, rg; and [M]) are subject to ex-
perimental errors. Furthermore,the fus, fg; and
[M] values are measured only in some experimen-
tal points and, hence, the function fis specified by
a table of values on the finite set of experimental
points.

The equilibrium concentration [MQ] of
grafted specxes MQ is the sum of concentrations
of all species M. Taking into account equation
(4), one easily obtains:

t_

1+K; [M]
After substltutlon of equation (7) for [MO)

into equation (5), the result is cast in the form:
KM

1+K; [M]

K, M)
LA Ted

[MQ] = ZK M} 0

S = Z g/t

For practical applications, it is convenient to
pass from a discrete function p(K) to a continu-
ous counterpart. Then

[ K ©)
FMID) {p(K) ki

The p(K) is obviously a distribution function
of grafted groups in equilibrium constants. It
may be interpreted as a density of the probability
distribution of equilibrium constants, with evi-
dent properties:

P20, [pK)dK=1. (10)
0

Thus, integral equation (9) connects p(K) and
JF(M)). 1t is a Fredholm integral equation of the
first kind. Now it is necessary to find a way for
solving it. This equation is mathematically identi-
cal to the Langmuir equation for gas adsorption
on heterogeneous surfaces [4—7] and to equa-
tions describing the inhomogeneity of humic ac-

ids and protein substances [8—11].

Known methods for solving
equation (9)

In this section we consider briefly discuss fea-
tures of known methods and discuss why their
application is undesirable in our problem.

Functional materials, 2, 1, 1995




Yu.V.Kholin and S.A.Merny / Two algorithms...

It is possible to examine two ways for solving
equation (9). The precise methods are based on
integral transformations (such as Fourier,
Laplace, Stieltjes aind other ones [12]).This tech-
nique is applicable if the analytical expression for
J(M]) is known. Unfortunately, the integral
transformations are useful only for simulations.
The unsuitability of these methods is due to. the
fact that an experimental function.f ([M]) is speci-
fied by a table of values rather than by an analyti-
cal expression.

The approximate methods are divided into
two groups. The methods in which the exact ex-
pression K[M]/(1 + K[M]) is replaced by ap-
proximate ones constitute the first group.
Zeldowitch [13] and Roginskii [5] were the first to
present this approach. Executing the replace-
ment, the description of local isotherm by the
Langmuir equation transforms into its descrip-
tion by other expressions. It is permissible in case

of the physical adsorption because in the physical

adsorption theory different isotherm equations
(Langmuir, Freundlich, Ivanovic, Fouler—Gug-
genheim, etc. [4,6]) have the same physical sense
and are almost interchangeable. If the chemical
sorption without side interactions takes place (in
particular, if hydrogen or metal ions are bound
with groups grafted on the silica surface), there is
only one suitable equation. It is the Langmuir
isotherm equation which is in agreement with the
mass action law. Hence, the replacement of the
Langmuir isotherm equation by the others is un-
desirable from a physical point of view. And yet,
methods of the first group do not provide obtain-
ing precise solutions for p(K) [4,14].

The approximate methods belonging to the
second group are based on the square-law func-
tional minimization:

_ eas A KM, 2 11
U“jz_@m o emg ) 0

0

where j is number of adsorption isotherm points.

Equation (9), a Fredholm integral equation of
the first kind, is the typical example of the ill-
posed problem. Its ill-posed nature leads to the
existence of many different possible solutions for
p(K) which approximate the measured f values
within, the limits of experimental errors. That is
why th€ classic numerical methods of optimiza-
tion, which ignore this characteristic property of
the problem, are numerically unstable.

To solve the problem and obtain the numeri-
cally stable algorithm, an additional a priori in-
formation about the searched function is needed.

Functional materials, 2, 1, 1995

The famous Russian mathematician Tik-
honov was the first who proposed the methods
for solving ill-posed (mathematically incorrect)
problems. He introduced a concept of conven-
iently correct problems [15]. To reduce an incor-
rect problem to a conveniently correct one it is
necessary to obtain a quantitative information
that allows to choose one solution among many
possible. For instance, the problem is conven-
iently correct if the information that narrows a
set of possible solittions to a- compact is accessi-
ble. The example of the compact is.a set of non-

-decreasing functions bounded above and below.

The solution of a conveniently correct problem is
numerically stable on the comipact.

If the desired quantitative information is not
accessible, the problem falls into essentially incor-
rect problems [15]. To find its solution it is neces-
sary to invoke a qualitative infermation about
features of the searched function. Then, instead
of functional (11), one should to minimize, in
P(K), the new criterion

U, = U+ o-Q(p). (12)

where Q(p) is a non-negative dampening function
of p(K), o is a positive parameter of regulariza-
tion. The o-regularization method has been re-
cently used to study the energetic inhomogeneity
of sorbents [4,16]. To calculate p(K), systems of
linear algebraic equations were constructed and
different versions of the regularized least square
method accounting constraints (10) were used.
But the reliable justification of the routine mathe-
matical technique of a-regularization requires the
comprehensive information on the character of
the searched function ( e.g., on the smoothness of
p(K)) and on the errors of primary experimental
data [15]. As it is usually absent, the a-regulariza-
tion is believed to be the heuristic procedure. If
the information, which allows to solve the prob-
lem as conveniently correct, is available, than the
use of a.-regularization is not a good practice.

The information on conditions (10) is not suf-
ficient to narrow a set of possible solutions p(K)
to a compact. And yet, the integral distribution
function P(K), given by the expression

K
P&) = | px) a, (13)
0

belongs to the compact set of restricted
(0 <P(X)<Il) and non-decreasing functions.
Hence, a search for p(K) is the essentially incor-
rect problem and a search for P(K) is the conven-

iently correct one. The especially perfect
algorithms for estimating an energetic inhomo-
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geneity HILDA [17,18] and QA [14] are based on
the Adamson and Ling method [6] and calculate
the function P(K) through its discretization on
the compact. On the first step of those algo-
rithms, the measured values of f({M]) are fitted by
a function. Next, the function P(K) is represented
by the monotonically non-decreasing sequence of
values P(Ki), where K; are equidistantly spaced
arguments. The iterative improvement is accom-
plished to calculate P(K{) values which are in ac-
cordance with the fitted values of f({M]). Finally,
the function P(K) is numerically differentiated in
respect to K to find p(K). The algorithms HILDA
and QA guarantee a numerical stability of com-
putation of P(Ki). And yet, there are two disad-
vantages of this class of algorithms. The first
demerit is the iterative nature of calculating the
P(K;) values. The second disadvantage is believed
the evaluation of differential distribution func-
tions p(K) to be the particular step of the algo-
rithms. As the smoothness of function P(K) is not
ensured by the algorithms under consideration,
functions p(K) may have discontinuities or spuri-
ous p(K) peaks may easily arise.

In our mind, methods based on the P(X) dis-
cretization on'the compact can be improved.

Simplification of the distretization method —
the algorithm DACI

In this section we present the non-iterative al-
gorithm DAC! (Distribution of Affinity Con-
stants-1) which calculates P(K) on the compact.

We have to obtain, instead of equation (9), the
appropriate equation in respect to P(K). It may
be received via integrating equation (9) by parts

[18]:

(M) =1- M) = IP(K)—M—~dK (14)
(1 +K [M])

It is convenient to change the variables in (14)
and to pass from K and [M] to their logarithms
log 10K and log 10[M]:

M) = [ Z (pMlogo Kyd logig K, (19
where pM = -log 10[M],
Z(pM, log)o K) = P(logl0 K)x
log,10 - exp(logelo - (p M- logg K))
2
(1 +exp(log, 10 «(p M - log; K))

Let us represent equation (15) in the discrete
form using quadratures. For this porpose we
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have used the Simpson version of the Newton-
Cotes quadrature formulae [19]. In the Simpson
method the function Z under the integral sign is
represented by the set of R polynomials of the
second degree. The interval of the variation of
log 10K is divided up into R equal subintervals
and, for all these, the function Z under the inte-
gral sign is approximated by the expressions

.
[log,o K, + 3Alog,( K]

| Z(pMj Togyo K) d 10gl0 K =5/,
[lOgloKol

(16)

where index r marks the quantities characterizing
the r-th subinterval, 1 <r <R, logioKd is the left
bound of the r-th subinterval, AlogioX is the step
of discretization, pM; are the measured values of
M,

Alog,,K
r_ - 1 r r r

8 =5 (24 + 424+ 25
zZ; =P(log10K,'> Q) i=

log1oK/ are the equidistant arguments,
log, K, = logoKg +i - AlogioK , i=0,1,2;

’_ log,10 - exp(logelo (pM loglokjl
y (1+exp(log210 (oM, - long,)

Then the set of the linear equations is con-
structed:

0,1,2;

R

Z S/ -‘t(pM) j=12,.. amn

where m is the number of experimental points
which are used to solve the least squares problem.

The unknown coefficients P(logio Ki'), i=0,1,2,

r=1.2,..,R, are calculated by the least squares
method through solving least squares problem

(17). To compute P(logio Kf) on the compact the
boundary constraints

P(loglOKO‘ )20, P(longzR) <1,
(10810Kor * 1) 2P (10810K;;>,
P(loglOK,-v > P(longi’_ ) (18)

are imposed on the searched values of P(logi0Ky).
As result, the function P(log 10 K) is represented by
the non-decreasing sequence of numbers P (log 10KD).
The right parts of equations (17) T (pM,) are the

Functional materials, 2, 1, 1995
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measured values. Any procedure to replace
1(pM ;) by a smooth function is not employed.
We tested the algorithm DACI and found
that, similarly to the algorithms HILDA and QA,
it produces numerically stable solutions,
P(log 10K), but the quality of approximation of
measured t(pM ;) values and accuracy of
P(log 10K) are not satisfactory in some cases. This
fact is easy to explain. For the accurate approxi-
mation of the integral in equation (15) by the
sums in equations (16), the step of discretization
Alogio K must be sufficiently small. The division
of the discretization step causes. the increase of

the number of P(logiok f) + values to be com-
puted. But there exists a limit of this increase. The
division of the discretization step gives rise to in-
creasing the condition number of the matrix
formed by the coefficients of equations set (17).
These coefficients become highly correlated
(nearly linearly dependent). The orthogonal de-
composition methods [20], which are widely used
in a modern regression analysis, detect and reject
" the «surplus» coefficients. For this reason, not all
P(log1o K7), which are necessary for a good ap-
proximation of the integral by the sums, may be
determined. As a result, the error of approxima-
tion of the measured T(pM ;) values exceeds the
experimental error and the searched function
P(log 10 K) is represented only by several
P(logioK [y values.

Instead of deleting the discretization step
Alogio K, another way exists to increase the accu-
racy of calculating P(log 10 K) and approximating

©(pM j). It is possible to increase the degree of

polynomials which are used to approximate the
function Z under the integral sign in equation
(15). But, as in the algorithms DACI, HILDA,
QA, estimating the differential distribution func-
tions p(log 10K) is not connected with calculating
P(log 10 K) and remains to be the particular step
of the algorithm. For the reason, we do not adopt
this modification of the algorithm and propose
the algorithm DAC2.

The algorithm DAC2

Constructing the algorithm, we want 1) to
calculate P(logio K) on the compact; 2) to
evaluate the function p (logio K) simultaneously
with calculating P(log 10 K); 3) to describe
P(log 10 K) more accurately than in the algo-
rithm DACI by using a high-order polynomial
for approximating P(logio K) instead of using
the second degree polynomials for representing
the function Z in the algorithm DACI. Ap-

Functional materials, 2, 1, 1995

D(x) =1

proximating P(logio K) by a single polynomial on
the whole domain of variation of log 10 K, we pre-
sume P(logio K) to belong to analytical function.
There exists one disadvantage of the presumption
discussed. If the true integral distribution func-
tion P(logio K) is of a stepwise character, the de-
scription of vicinities of points where the function
has discontinuities will be rough.

Assuming that, similarly to P(logi0K), the
function t(pM) belongs to analytical functions, it
is possible, instead of integral equation (15), to
obtain the differential one with the some solution
[21-23}:

2 ”
Py =109 - 2 TED
(log,10)73 ! o )
7 dh
(10g210)45 | 6x4 “lx=log K =pM

where x is log10 K in case of P(x) and x is pMin
case of t(x). Obtaining this equation allows to
avoid the iterative procedure for calculating
P(x). Now it is necessary to calculate the deriva-
tives of t(x). It is a mathematically incorrect
problem [15]. To solve it we have to choose an
expression for the approximation of measured
t(x) values. The.simplest decision is to expand

"t(x) in a power-series about the point £ belong-

ing to the x variation interval, remain N first
terms of the expansion and drop all the rest high-~
order terms:

N-1 ;
0=y 055, 20)
i=0

where the coefficients gi (£) are the i-th deriva-
tives of t(x) in respect to x in the point x =¢&.
After substituting equation (20) into equation
(19) we get expression to calculate P(x):

N-1

Pe) = £,&) D), @y

i=0

where D;(x) are the known functions of x:

72 1) @/ 10g 10T g

2 (i-20+1) @y’

I=0
if i is an even number,

i— 1)/ I+1 j-21-1
d )6_1)( +1) (Mogzlo)(’ )(x—E_,)(21+)l
= G-2D! Q1+ 1!
if 7 is an odd number,
L 1, ifi=0.
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Hence, to calculate P(x) only the numerical
values of coefficients g i (£) are needed.
For finding the coefficients gi(£), the system of
linear algebraic equations is constructed:
N-1

wpM,) = Z &)

i=0

M, - EY
il ’

22

where m is the number of the measured t(pM;)
values. The numerical values of g; (§) are found
by solving least squares problem (22). To solve
the problem of estimating P(x) as the conven-
iently correct one we should use the quantitative
information about the features of this function on
the stage when the coefficients g; (£) are com-
puted. For this purpose, we have to take into
account (1) that P(x) is the function bounded
above and below (0 < P(x) <1) and (2) that P(x)
is a non-decreasing function (i.e. a differential
distribution function p(x) is nonnegative). It is
easily to write expression for p(x):

j=12,..,m, m>N,

N-1
P& =2 &(©) G,
i=0
where Gi (x)=dD;i (x)/dx,
Imposing the restrictions on the P(log 19 K)

23)

g 1) (t/log, 107~

| — !
= (- 20+ 1)

if i is an even number,

21)

Gx) = _
- ”/2(_1)(1 +1) (w/log10)" 7Y

QD&

P @i-2n @l+1)

if i is an odd number,

0, if 1=0;

21 .
%é)—, if I>1.

and p(log 10 K) values

N-1

0<P(log oK) = /(& DpM) <1,

i=0

J=12,..m, 4
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N-1
0 < p;logyoK) = &E) GipM)),,
i=0
J=12,..m, (25)

we apply the usual techrijque [20] to solve the
linear squares problem (22) subject to linear in-
equality constraints (24),(25). Thus, the function
P(log 10 K) is calculated on the compact without
using an iterative procedure. Supplementarily,
the function p(log 10 K) is estimated without ad-
ditional computations.

To approximate the measured t(pM)) values,
within the limits of experimental errors, the value
of N (the number of coefficients g i () to be deter-
mined) must be sufficiently large. In the algo-
rithm DAC2 the upper threshold of N is
determined by the expression

yofm-L ifm<i2,
12, ifm>12. (26)

If N is too large this is an attempt to describe
not only the function t(pM) but also the experi-
mental noise. If this situation takes place and re-
strictions (24) and (25) are omitted, the problem
of an approximation of t(pM) is essentially in-
correct and obtaining the decreasing function
P(log 10 K) is probable. But due to constraints
(24) and (25), unacceptable solutions P(log 10 K)
are rejected. Hence, discrepancies between meas-
ured and fitted t(pM) values do not decrease
without bound when the value of N is increased.
Thus, the computation of P(logio K) on the com-
pact is the first reason for which the much too
large values of N do not involve a numerical in-
stability of calculations.

" The second reason is connected with using the
singular-value decomposition (SVD) method,
which appears in the least squares algorithm [20].
Employing the SVD method we calculate the sin-
gular numbers o, of the matrix composed by the
coefficients of equations set (22) (pM;—EY /i1, set
zero og which are less than omax - 8, where Gmax
is the largest singular number, € is a small num-
ber, and do not compute the linear combinations
of g i (&) corresponding to small og4. The choice of
¢ determines the number of parameters, which are
computed from the primary experimental data. It
is difficult to choose unambiguously the value of
¢ which is suitable for handling the real chemi-
sorption isotherms. But it is clearly that the in-
crease of experimental errors has to give rise to
increasing the appropriate values of €. Usually,
the experimental values of t(pMj) are exposed to
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errors ranging between 1672 and 107", By a nu-
merical simulation we have found that the values,
which are suitable for processing the real chemi-
sorption isotherms, -belong to the interval
10°8 <& < 107%. The variation of ¢ inside this in-
terval does not practically affect the character of
calculated function P(logio K) and a quality of
©(pM;) approximation. But the choice of £ plays
an important role in solving the essentially incor-
rect problem of calculating p(logio K). A vari-
ation of ¢ has the same sense as a variation of the
regularization parameter o in equation (12). If

~ the primary experimental data are inaccurate (the

error or tT(pM;) exceeds 5-10_2) using the values of
g, which are lesser that 1075, may cause an ap-
pearance of spurious maxima of p(logio K). These
maxima characterize not the energetic inhomo-

geneity but the experimental noise. It suffices to.

increase € by 10—100 times and repeat calcula-
tions to detect spurious p(logio K) peaks. In the
algorithm DAC2, we have used the value of
g= 10"

Simulation

The aim of this section is to display a numeri-
cal stability and an accuracy of the algorithm
DAC2. For this aim we have used a simulation. A
known (model) function P(logio K) was specified.
For the set of values pM integral (15) was nu-
merically calculated and formation degrees f(pM)
were obtained. Then uniformly distributed ran-
dom errors were inserted intc f(pM) and
P(logio K) was calculated again.

A model function has to exhibit properties of
complicated distributions. It is necessary to take
into consideration that P(logio K) may be a su-
perposition of some distribution functions or pos-
sess discontinuities. In our opinion, the function
P(log 10 K) satisfies these requirements if it is
specified by expression

P(log; oK) = (P (log ;oK) + Py(log, oK) 2 (27)
where Pi(logio K) is the exponential probability
distribution function,

P, (logjgK) =
~ 0, log,pk <C, (28)
|1 - exp(-(log;oK ~ C)/d), log;oK > C,

P1(log10K) is the normal (Gaussian) probability
distribution function,
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0.2

0= %% 6 8 10 pM
Fig.1. Complex formation degree f(pM) simulated
from the model distribution law. Exact values are
showed by solid line, values after introducing ran-
dom errors are shown by circles.

log;oX
1 = w?
Palogi) = =S| - e 09

“where C, d, p and o are the parameters of the

distribution laws. An example of the simulated
function f(pM) is presented in Fig.l. The values
C=2, d=1, p=T, o=1 were used and the errors
introduced into f{pM) were uniformly distributed
in the interval (-0.05; +0.05). '

The obtained f(p M) values were the basis for
reconstructing the distribution function
P(logio K) by the algorithm DAC2. The results of
calculations are shown in Fig.2. Note that, if
f(pM) values were not undergone errors or errors
were belonged to interval (-0.025; +0.025), the
differences between exact P(logio K) values and
reconstructed ones were undistincted in the scale
of the picture.

For a comparison, we present results obtained
by the algorithm DACI. As illustrated in Fig.3,
the algorithm DACI! reconstructs P(logio K)
from exact f(pM) values successfully, though the
deviation of the calculated values from the model

- ones reaches in some points 0.1. But in case of

f(pM) values exposed to random errors, the re-
constructed solution P(logic K) is not authentic.
As mentioned above, the algorithm DAC2 al-
lows to reconstruct thedensity distribution func-
tions p(logioK). Results of p(logioK)
computation from f(p M), exposed to the errors in
interval (-0.05; +0.05), are presented in Fig.4.
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P(log,K)

0.8
0.6
04}

02}

0 bee hd I I | 1 ]

2 4 6 8 log,oK
Fig.2. Plots of function P(log 10 K). The precise
(model) function is presented by solid line, the func-
tion reconstructed by the algorithm DAC2 from
fpM) values in presence of errors belonging to the
interval (-0.05; +0.05) is shown by circles.

P(logoK) .

08}

04 -

1 1 | | 1

2 4 6 8 log; oK

Fig.3. Plots of function P(logio K). The precise
(model) function is presented by solid line. The func-
tion P(logio K), reconstructed from exact f(p M) val-
ues by the algorithm DACI, is presented by dark
circles. The function P(logioe K), reconstructed by the
algorithm DACI from the f(pM) values in presence
of errors belonging to the interval ( —0.05; +0.05) is
shown by light circles.

The reconstructed function p(logio K) is close to
the model one. Only in a vicinity of the point
logi0K = 2, where the function P(log 10 K) has a

discontinuity, the approximation of the model

82

P(log, oK)
05k

0.3

0.2+

0" "4 6 s

Fig.4. Plots of density distribution function
plogio K). The precise (model) function is presented
by solid line, the function, reconstructed by the algo-
rithm DAC?2 from f(pM) values in presence of ran-
dom errors belonging to the interval ( —0.05;+0.05) is
shown by circles.

log oK

function p(log 10 K) by the calculated one is
rough. It is due to the the supposition about the
smoothness of the function P(logio K).

Thus, a simulation has shown a high reliabil-
ity and accuracy of the algorithm DAC2. The al-
gorithm DACI based on the representation of
P(log10 K) by a non-decreasing sequence of num-

bers P(log10K") is not competitive.

Example

The algorithm DAC?2 has been applied to de-
scribe the sorption of hydrogen ions by chemi-
cally modified silica samples with grafted
n-propylamine and ethylenediamine (En).

A non-porous aerosil A-175 with specific sur-

face area 175 mz'g_1 for grafting n-propylamine

and A-200 with specific surface area 200 mz-g"l
for grafting En were used. To prepare sorbents
with a «brush» structure of grafted layers, the
known procedure [24] has been applied. The con-
centrations of groups grafted on the silica surface
were determined by potentiometric titration with
a strong acid and by elemental analysis, and were

found to be 0.43 mmol-g—] in case of n-propy-

lamine and 0.57 mmol-g~" in case of En. The syn-
thesis has been performed by Dr.V.N.Zaitsev
(Kiev University, Ukraine).
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f(pH)
-

0.8

06

0 1 1 ] ] 1 1 L J
2 3 4 5 6 7 8 9 pH

Fig.5. Plots of function f{pM) for samples with
grafted En and n-propylamine. The measured values
are shown by circles (¢ — En, ° — n-propylamine), the
fitted curves shown by solid lines (1 - En, 2 - n-propy-
lamine).

The hydrogen ion absorption isotherms were
measured by potentiometric titration of sorbent
samples at 20 °C and ionic strengths of solutions

0.1 mold™! (KNOg3). The obtained dependencies
J (pH) (see Fig.5) were analyzed by the algorithm
DAC?2 with the purpose to estimate the energetic
inhomogeneity of sorbents.

As shown in Fig.5, the measured f(p M) values
are precisely fitted by the computed ones: discrep-
ancies between measured and computed f(pM)
values do not exceed 0.03.

The results of calculating grafted groups’ dis-
tribution in logarithms of protonization constant
p(log 10 K) are shown in Fig.6. The studied sor-
bents are energetically inhomogeneous. For silica
with grafted En, the calculated function
p(ogio K) has three maxima. The third peak at
log10K = 9 is believed to be spurious because in-
creasing the value of € from 1075 to 10~ causes its
disappearance without the loss of accuracy of
J(pM) approximation. Hence, as one would ex-
pect, there are two types of aminogroups with the
different basicities in the sample with grafted En.
This fact is determined by the stepwise nature of
hydrogeti ions addition to the grafted En. The
logarithms of aminogroup protonization con-
stants in the sample with grafted En are about 7
and 5. At the same time, the logarithms of step-
wise protonization constants of En in water solu-
tions are equal to 10.04 and 7.22 [25)]. Hence, the
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P(log, oK)
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Fig.6. The distribution of grafted reagents in loga-
rithms of protonization constants (1 - En,
2 - n-propylamine).

basicity of En grafted on silica surface decreases
compared with that of En in solutions.The de-
crease of En basicity is attributed to the forma-
tion of hydrogen bounds between En and weakly
acid silanol groups remaining on the sorbent sur-
face [26]. As is seen (Fig.6), the function
p(logio K), which characterizes the energetic inho-

"mogeneity of silica with grafted n-propylamine,

has two maxima at logoK~4.5 and
log 10K = 7.5. Since the protonization constant of
n-propylamine in water solutions is equal to 10.56
[25], we can conclude that, similarly to En, the
basicity of grafted n-propylamine decreases com-
pared to that of analogs in solutions. The de-
crease of basicity is caused by the formation of
hydrogen bonds between n-propylamine and sur-
face silanol groups. But the existence of two
classes of groups with different basicities is rather
unexpected. It is impossible to explain this result
by the stepwise nature of the hydrogen ions addi-
tion to the grafted n-propylamine. It is likely that
the fixed amino-groups are grafted highly hetero-
geneously and form clusters (islands) on the sur-
face [26]. In the clusters, the basicity of
aminogroups is greater than in the regions with
the small surface concentration of the grafted
groups. In such regions, there are many hydrogen
bonds of aminogroups with acid silanol hydrox-
yls and the basicity of n-propylamine decreases.
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I[Ba AJIropuT™Ma OLICHKHN 3Hepreanecnc0p"1 HEeOAHOPOAHOCTH
XHMHYIECKH MOIIH(le.alOBaHHbIX KpPEMHE3EMOB

10.A Xonun, C.A.MupHsiit

OLIeHHBaHHE SHEPTeTHYECKOH HEOQHOPOAHOCTH XHMHYECKH MOAHGHUUHDOBAHHBIX KDEMHE3IEMOB
OCHOBaHO Ha pellCHHH MHTErPANBLHOTC ypaBHeHHs Mpeironbma nepsoro poja. B cratbe obcyxiaercs
MaTeMaTHYeCKas HEKOPPEKTHOCTh YKasaHHOH 3a/lauH, OCOOEHHOCTH HU3BECTHBIX METOJOB &€ PeLUeHHs U
OTHCHIBAIOTCS 4HclleHHo ycroiuusble anroput™Mbl DACI n DAC2. Ctpost alropHTMbl, aBTOPHI
MOJHOCTBIO HCMOJB30BATH KOIHYECTBEHHYIO alpHOPHYIO HHGOPMaIHIO 06 3TOM HCKOMOM pelleHHH.
IIpUroiHOCTb AATOPHTMOB MPOBEPEHA MPH HX HCIONL30BAHKH U1 06paboTKH MOREIbHBIX H PeaTbHbIX

JaHHbIX.
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On semiempirical calculations of the Van der Waals
‘interaction between a complex molecule and a surface
within many-electron approach

A.V Luzanov and V.V.Ivanov

Kharkov State University, 4 Svobody Sq., 310077 Kharkov, Ukraine

Van der Waals constants C§*™> describing the dispersion interaction of a conjugated molecule A with
a sutface (S) of metals and semiconductors are calculated using a phenomenological dielectric function
for the material under study and treating the corresponding n-shell within full-CI approach. The method
proposed requires once (for each surface) solving a PT-like equation for the correction to the unpertur-
bated full-CI state. o-shell contributions to Cf“s are estimated via the additive approximation to the
respective frequency dependent o - polarizabilities. The results for small polyenes, cumulenes, benzene

and naphthalene are presented and some excited-state ¢S calculations are also given.

Po3paxoBaHO BaH-ACP-BaalbCOBi KOHCTAHTH S, mo ONMUCYIOTh JHCHEpCiiiHy B3aeMOJil0
cynpsxeHoi MOJEKyIH A 3 noBepxHeto (S) MeralniB aGo HaniBnpoBigHukis. J{ns pospaxyHkiB
BHKOPDHCTaHO qJeHomeHonon-my menempnquy GYHKLIIO BiANOBiHOTO MaTepiany, 4 BHBYCHHS X-
060510HOK 6a:;ymmocx> Ha MEeTO/Ii 1OBHOI KOHGIrypauiiHoi B3aeMo/iii. 3aMponoHOBAHHH M/ notpebye
OJIHOPA30BOTO PO3B’S3aHHsl PIBHSHHS 32 TAKMM THIIOM, WO 3'SBIMETHCR Y Teopii 30ypens. Brecok
G-0GONOHKH OLIIHEHO aTUTHBHO uYepe3 BiNNOBifHY IMHaMiuHy Monspu3oBHicTh. ITonaHo pesymnTaTH
PO3paxyHKiB Il HHKYHX MNOJIEHIB, KyMyNeHiB, Gensony i Hapramny, a Takox cfS naa pesxux
30YKEHHX CTaHiB LIUX MOJIEKYII.

The first term of Eq. (1) gives the major con-
tribution to Ej, and the corresponding Van der
Waals constant for the metal surface can be ex-
pressed through the 1magmary frequency depend-
ent polanzablhty o (zm), namely {3]

1. Introduction

The estimations of interaction energies, Ejnt,
in case of the «molecule+surface» system, are
quite a complicated problem. However, at the
large distances, as the exchange repulsion is negli-

gible, a nonpolar molecule interacts with metal A-S _ m (,m) dco
surface via the dispersion forces, and no others. G ,[ m +m @

The latter may be presented in terms of a power

series which, for the problem under considera-
tion, is of the form [1]

A-S A~-S A-S
oA o/ o

[ A N ()
where / is the distance between a given molecule A

and the surface, Cﬁ"s being the Van der Waals
constants of the appropriated order (see also the
text-book [2], chapter 8).

EIm =

Functional materials, 2, 1, 1995

os standing for a surface plasmon frequency, all
values here in atomic units. The analogous ex-
pressions hold for the semiconductor surface. '
In practice, the direct calculations of Eq. (2)
by numerical integration necessitates a large
number of the a(io) values. Moreover, finding
the dynamic polarizabilities is a special problem
of molecular quantum mechanics, which can be
handled with recourse to the approximated mod-
els such as Hartree-Fock method, multiconfigura-
tional approaches, etc. These calculations,
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however, are also laborious, so in a number of
papers such as [4-6] a simple one-term dispersion
formula is actually used when assuming the only
characteristic frequency, oo, be important.

Nevertheless, the use of the current quantum-
chemical approaches allows much room for treat-
ing correctly the polarizability problem [7-11].
The purpose of this paper is to give the results of
our appropriate study placing it upon the least
subjective formulation through the exploration of
the formally exact many-electron approach al-
lowing for electron correlation, namely the full
configuration interaction method (full-CI). Some
semiempirical illustrations of the technique pro-
posed are concerned the most mobile n-electron
shells of the conjugated organic molecules treated
on the basis of the standard PPP =- electron
scheme.

2. £ calculations with PT-like
approach

Consider first a more general expression for

Van der Waals constant CnA—S, introducing the

phenomenological dielectric function

. 2 2 !
g(io) :gocos(co + cos)

(€)
used in [4]; here, go and os are certain fitting pa-
rameters describing the material under question
such as a metal or a semiconductor. Then, the use
of the ensuing representation

©
A—S 1 . .
= an j oin)g(io) do @)
0
makes it possible to estimate dispersion interac-
tion for semiconductors as well as for metals, for
the latter go = 1 is usually taken.

It is a simple matter to perform elementary
integration in (4) with reference to the common
sum-over-state for the dynamic polarizability

fo—-)k

M
we) =3 .
02— ©)

ok being the excitation energy for the electronic
transition o—k, f,—5k its oscillator strength, and
M the number of the excited states involved. The
result of computing Eq.(4) (see also [3]) takes the
form

C3AvS _ 8o sAg f;)—)k (6)

8 o1 00+ 0
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Recalling the expression for oscillator
strength

20,

fon= 3O+ 0] +|e]) @

where the transition momehts between the N-elec-
tron states |wo> |yx> are defined as

Qo—)k = <y JHP >

H(x) Eh(z) ho=%, ®)
i=1

one arrives at the desired sum-over-state formula

cy® &2 SZ(wkm) (‘Qg—ﬂc'

2 2
+ |G +'QZ_>;<| ) ©)

In practice, there is no point in an explicit
summation as above. A more appropriate is the

next procedure which is familiar from the ordi-
nary perturbation technique (PT). First, one in-

troduces the «correction» Jy*(®)> to the initial

ground state y°> . This correction satisfies the
inhomogeneus equation

(Hy~E,+0) (0> = EP - ly>, 1V
Hy being the N-electron unperturbed Hamil-

tonian of the molecule E™ = <y,| H jy,>.
Then, owing to the evident spectral resolution

M
@)=Y (@ +0) " iyl (D
k=1

onc easily gets the equivalence of Eq. (9) to the
following expression

4 =2 <y ) +

+ <y JHOW (0 9> + <y JHON (@ )>]  (12)

From such a form of the surface Van der Waals
constant, many useful approaches proceed allowing
for electron correlation via the configuration inter-
action. While our major aim is to present the full-CI
results, so we restrict the consideration to that for-
mally most accurate approach (within the finite-di-
mensional electronic models supplied by finite-size
atomic orbital bases).

3. Full - CI computations

Pursuing the full-CI description of the mo-
lecular electronic shells we will resort to a pure

Functional materials, 2, 1, 1995
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matrix formulation of this method [12,13], which
was termed «wavefunction operator method». It
may be displayed in term of the spinless n-elec-
tron operator X = X(1...n) which emerges to be
the operator counterpart (that is, the wave-func-
tion operator) of 2n-electron vector state yo> (for
simplicity, we consider the even-electron system,
so n is integer). Then 2n-electron Shrédinger equa-
tion

(Hy, — Ep) lwg>=0 (13)

is tantamount to the following n-electron opera-
tor equation

H X +XH, + RX) ~ EgX =0 (14)

where K is a superoperator acting on the n-elec-
tron entities analogously to Roothan’s exchange
operator for the one-electron entities.

This fact makes feasible a matrix algorithm
for computing Egs. (9), (12) within the previous
full-CI technique from Ref. {13]. All one need to
do is to solve the nonhomogeneous equation

H”X(x)(m) +X(x)(m) o, + ]’%(X(x)(m)) ox® o

=Ef)x)X—Hf1x)X—XH§’x) (15)

for the given frequency ® = os. Here, X*(w) is
the operator counterpart of the correction
|v*(@)> in Eq.(10). One can apply any of the
known computational linear-algebraic schemes
(after a relevant reformulation) solve the linear
system in Eq. (15) to find X™®(w,). In so doing, an
experience of the treatment of the analogous one-
electron equations appearing in the density ma-
trix formalism [14] is also of value too. Given the
n-electron matrices X¥(w5), X¥(0s) and (o),
the wanted quantity can be calculated in terms of
the one-electron matrix traces, viz.

S5 8
3 =2 T ) + (16)

+ b)) + b9,

where the spinless one-electron transition density
matrix (at the state vector language, arising from

> <y)
'c(x)(m J=n Tr(2'_‘n)|:X(x)(m JX +XX(x)(co S)] an

is computed by the same technique as for the one-
electron matrix elements in [13].

In the further semiempirical implementations
of this algorithm, we use the same parameteriza-
tion scheme as in the our previous calculations in
ref. [10]. In case of m-systems we take the nonzero
resonance integral Bec = -2.274 €V, and the repul-

Functional materials, 2, 1, 1995

sion integrals yv are estimated by Ohno formula
and the one-center value yec = 11.13 V.

4. Evaluations for the conjugated
molecule

Proceed now to the semiempirical computa-
tions of the Van der Waals constants taking sev-
eral typical metals and semiconductors for which
the phenomenological constants go and o in Eq.
(3) are known from Ref. [3,15]. These g and o
values are listed in Table 1. As to admolecules, we
are interested first of all in the unsaturated hydro-
carbons since their electric properties at the full-
CI level have been studied earlier in Refs.
[10,11,16]. Among such systems, aromatic mole-
cules, linear polyenes, and cumulenes are of spe-

Table 1. Phenomenological parameters of the dielec-
tric function g(ie) in Eq.(3) for some substances

Mg | Al | Ge |Graphite| Diamond | LiF |NaF
O, 7.1 1106 12.1 14.2 233 174 |21.8

eV
g [ 1010088 0.73 0.70 0.32 10.27

cial interest due to the notable distinction be-
tween the Hartree-Fock (MO) values and the full-
CI ones for the average m-electron polarizability‘
o (see Table 2). To this set, we also added non-
atetraenyl cation (a polymethene system) as being
highly polarizabile, while in the case of charged
systems, a pure electrostatic effect is evidently
predominant over the dispersion interaction.
Thus, the allowance for n-electron correlation ef-
fects is very important when describing n-system
susceptibilities and the corresponding dispersion
interactions to be closely related to the former.

Table 2. Influence of electron correlation upon m-
electron polarizability (in R3) for trans-polyenes

Molecule MO Full-CI
CHF” VHF”
Hexatriene 10.53 8.32 5.60
Octatetraene 18.06 15.58 9.15
Decapentaene 27.04 22.70 13.25

3)CHF is the customary coupled HF perturbation theory.
)VHF is the variational HF perturbation theory involving all
the single excited configurations. These results are taken
from Ref.[17]
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Table 3. n-Contribution to Van der Waals components CgA’S (neV- 23)

Molecule Surface

I 11 I 1V \% VI VI

Mg Al Ge Graphite Diamond LiF NaF
1 Hexatriene 2.0 23 2.1 1.8 2.0 038 0.7
2 Octatetraene 3.1 35 32 2.8 29 1.3 1.1
3 Decapentaene 43 48 44 38 4.0 1.7 1.5
4 Nonatetraenyl 6.8 7.7 6.7 5.6 5.8 26 22

cation

5 | CH,=C=C=C=CH, 34 2.8 2.5 22 . 24 1.0 0.9
6 Benzene 1.6 1.9 1.7 1.5 1.7 0.7 0.6
7 Naphtalene 3.0 35 33 2.9 3.1 1.3 1.2

The results of calculation of the m-contribu-

tion to C£ are collected in Table 3. These data
may be juxtaposed with that given by noble gas
atoms having close polarizability values. So, for

the benzene molecules our result is 0" =3.6 A
that is about the value for Xe atom,

o (Xe)=4.0 105&3, the corresponding values of

cf-s (in eV-1°k3) for Al surface being 1.85 and 3.0,
respectively (the second number is taken from ref
[18]). It is interesting to note that the Van der
Waals interaction with graphite and diamond be-
ing almost the same, is similar to that with such
metals as Mg, and only the insulators LiF and
NaF give evidently lesser values.

Of course, to estimate the total dispersion con-
stant, all electron shells should be taken into ac-
count. In order to hold within the m-electron
approximation, an additive approach to the c-shell
can be applied. For this, one may exploit certain
values, acH and occ as the simplest fitting parame-
ters giving correspondently the average polarizabili-
ties of the localized o-bonds C—H and C—C, so
that the total average polarizability is -

(18)

a” = Nopotey +Necdee (19)
NcH, Ncc being the numbers of C—H and C—C

— n o
o= +a

o3
bonds, respectively. Putting «cH = 0.80 A , acc

=054

one finds the overall dipole polarizability o to be
in a resonable agreement with experimental val-
ues from Refs. [10,19] (see Table 4).

88

Therefore, we expect that a use of the additive
scheme such as this gives rise to the adequate esti-
mations of the full C£~S values. The ensuing ad-
ditive contribution to the latter owing to the
c-bonds is calculated in terms of the next addends

£0®s -1
g | Non ocH ocH@ s tocy) -+
-1 20
+Nec oce Ocel@s +0ce) ] 20)
where wcH and wcc are the mean excitation ener-
gies of the localized two-electron bonds C—H
and C—C. For simplicity, we let ©CH = ©cC = 06

reminding the close electronegativity of the carb-
on 2sp AO and the hydrogeneous ls AO [20].

Then the o-contribution (20) is calculated by the
expression

Table 4. The estimated and experimental values of

the average polarizability (in cJA3)

System* g ag+ o, %y
1 7.65 13.25 12.7
2 9.75 18.90 —
3 11.85 25.10 —
4 10.30 40.71 —
5 420 10.49 —
6 6.30 9.90 9.9
7 9.1 16.41 16.6

*The numeration of the molecular systems is the same as in
Table 3.

Functional materials, 2, 1, 1995
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Table 5. The overall Van der Waals Constants

A-S . N . oo
(377 (ineV - A7) including o-contribution

Surface
I I Im | IV | V | VI | VII
1 58161 |67 |62]|64|26]| 24
2 79 {94 | 88 | 7.7 | 85 | 36 | 33
3 102 {120 | 11.1 | 98 | 107 | 45 | 4.1
4 121 1431129 [ 11.1 [ 120 | 51 | 45
S
6

System*

45 {53 |49 | 43|48 | 20| 18
47 | 57 | 53 {47 |52 |22 20

7 75191 | 85| 75 |83 |35 ]| 32

*YThe numeration of the molecular systems (and the surface
species) is the same as in Table 3.

c A‘S]c —g (07 +0;) a8
3 8o\ 0 s (21)
putting @ = 9 eV for the computations realized.
The final results are summarized in table 5.

The excited states of admolecules are of spe-
cial interest due their influence on photoadsorp-
tion effects. In this context, the computation of

S for low-lying nn*-excited states has been
performed. Among the molecules above treated,
the excitation effect is the most apparent for the
nonatetraenyl cation and the isoelectronic cu-
mulene system (systems 4 and 5 from table 3). In
case of system 4, the first singlet excited state is of
B symmetry, having (within full-CI) the excita-
tion energy o+ = 2.41 eV and the large transition

moment Ox = 2.58 A. The analogous data for
system 5 are 5.12 eV and 1.67 A. With the such

low-lying excited state, the ground state gives a
very important contribution to the dispersion

constant C£ 5 for the excited states property
since this contribution comprises (see Eq. (9))

g, - 141 [ (22)

where

o=2 0230, 23)

is the one-term contribution to the average dipole
polarizability (the Drude-like formula ). Owing to
the difference of the rather close reciprocal fre-
quencies in Eq.(12) and the major value of ol for
the quasilinear system 4 and the linear system 5,
the appreciable contribution ( 50% ) to the whole
effect of the excitation arises from the ground
state alone. The full-CI data for these excited B;

Functional materials, 2, 1, 1995

Table 6. n—contribution to C£*~S (ineV - :&3) for the
lowest 'B2 (or ]Bzu) excited states of some conju-
gated molecules

Surface
I II nm | v V | VI | VII

System*

Decapen-{ 20.8 {203 | 17.8 | 14.6 | 143 | 6.5 | 55
taene

Nonatet- | 17.3 125106 85 | 7.9 | 3.7 | 3.1
raenyl
cation

Naphtha-|{ 5.7 | 6.0 | 54 | 46 | 48 | 2.1 | 1.8

lene

*)The numeration of the surface species is the same as in
Table 3.

states are displayed in Table 6, where the corre-
sponding results for the excited Bau state of naph-
thalene are added for comparison.

5. Conclusion

An attempt has been made here to make
quantitatively understandable some features of
the dispersion interaction of the conjugated sys-
tems with the surface. While our demonstrations
are of the semiempirical type, the same approach
within full-CI method can be applied to ab initio
description of the molecular electronic structure
(for the moderate-sized systems) if using the algo-
rithm given in [13]. Moreover, the Van der Waals
constants presented above at the full-CI level pro-
vide the most dependable bases for checking the
approximated and yet more available methods
such as coupled and variational Hartree-Fock
methods (both restricted and unrestricted ones).
But this item is under study now.
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K noay>mMnuMpu4ecKum pacyeTam BaH-AepP-BaaibCOBOIo
B3aMOACHCTBHSA MEXKIY CJ10)KHBIMH MOJIEKY/JJAMHU M TIOBEPXHOCTHIO
B pPAMKaX MHOT03/JeKTPOHHOH CXEMBbI

A.B.Jlyzanos, B.B.MBanos

PacuuTanbl BaH-JAep-BaalbCOBbl KOHCTAHThHI s, KOTOpblE OMHUCHLIBAIOT JHCINEPCOHHOE
B3aMMO/IeHCTBHE CONpPAXEHHOH MONEKYIbl A ¢ MOBEPXHOCTBIO (S) METAIOB HJIH MOJYIPOBOIHHKOB.
Jlns pacueToB MCNOJb30Balachk (eHOMEHOJOTHYecKas IH3JleKTpHUYeckas (yHKIIHS COOTBETCTBYIOLIEIO
MaTepuana, HccrefoBaHHe T-060J04Yek Ga3sHpOBANOCh Ha METOJE MOJHOTO KOH(PHUIYPALIMOHHOTO
B3aumoseiicteua. IlpeanoxeHHslH noaxo TpedyeT OJHOPA30BOrO pelIeHHS YPaBHEHHS TEOPHH
Bo3MylleHHuH. Bxiaj 6-060J04KH OLleHEH Mo afJHTHBHOH CXeMe 4yepe3 COOTBETCTBYIOIIYIO
JIMHAMHYECKYIO HOISIPH3YEMOCTh. Hgmse;:[eﬂm pe3yNbTATh! PACYETOB VI MalblX MOIHEHOB, KYMYJIEHOB,

Genszona u HadTanKHa, a Takxe C
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JUIsl HEKOTOPBIX BO3OYXIESHHBIX COCTOSHMIT 3THX MOJIEKYIL.
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A detailed physical analysis of date obtained from static light (LS) and dynamic light scattering (QLS)
experiments with polymer-like DSDMA OH micelles has been undertaken, supported by small-angle

X-ray scattering (SAXS) measurements.

JoxnagHuit QisMYHME aHaNi3 JaHHX, OAEpXKaHHX B excriepuMenTax no cratiunomy (LC) Ta
IuHamiuHoMy (QLS) po3cisiHHIO cBimia Ha monimMeponoMGHuX Minenax DSDMA OH, nigxpiniesni
PE3YILTATAMH BUMIPIOBaHb MAJIOKYTOBOTO PO3CiSIHHS PEHTTEHIBCLKOTO NpoMinHs (SAXS).

1. Introduction

It is well known that surfactant molecules self-
aggregate into assemblies in aqueous solutions

above the critical micelle concentration (CMC).

Below the CMC the surfactants are in a
monomeric state, above the CMC and at low
micellar (volume fraction) concentrations, the ag-
gregates are generally rotund, spherical micelles
[1]. In some cationic surfactant systems and non-
ionic or anionic systems as well as mixtures of
cationic and anionic systems, long wormlike
micelles form at higher concentrations and/or
upon additions of salt or acid {2-5]. Solution
properties of di-(n-alkyl)dimethyl-ammonium
surfactants with different counterions have been
investigated mainly for n-alkyl residues of Cq2
[6,7]. Brady et al. [8] and others studied the more
water soluble didodecyldimethylammonium salts
in the presence of various anions with respect to
solubility, CMC, particularly emphazing the
counterion specifity of doubl-echained cationic
surfactants. However, there is little information
available on the solution properties of distearyldi-
methylammonium (DSDMA) chloride in aque-
ous solutions [9]. Furthermore, there are no
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experimental date available on the DSDMA hy-
droxide in aqueous solutions which is believed to
be an intermediate within the microbial biodegra-
dation and metabolism of DSDMA halides [10].
DSDMA OH reveals a fairly unusual pattern in
aqueous solution: at low molarity of salt it forms
vesicles, at high salt as well as high surfactant
concentration in forms threadlike micelles. Since
the theory of the vesicle or spherical-to-wormlike
micelle transition including the theory of the
rheological behavior of wormilke micellar solu-
tion presently lack predictive powers, we believe
it is important to establish convincing date of this
system undergoing spherical (vesicular) to worm-
like micelle transition for DSDMA OH. We stud-
ied in detail the conformation of DSDMA OH by
means of dynamic light (QLS) and static light
scattering (LS), including small-angle X-ray scat-
tering (SAXS), because its importance of
DSDMA Cl including its various applications as
fabric softners etc., and its counterpart DSDMA
OH within the microbial transformation which is
dependent on the surfactant concentration
(monomers vs. micelles) as well as on salt. Fur-
thermore, we explored the adhesion of DSDMA
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OH on solid surfaces by means of X-ray reflectiv-
ity and QLS in order to compare the solution
structures of DSDMA OH, e.g. wormlike micelles
vs. ordered Langmuir-Blodgett structures. The
solid surfaces applied in this study are rutile
(TiO2) and kaolinite (AI2$|205(OH)4) respec-
tively.

2. Theory

The scaligg theory developed by de Gennes
has been applied in describing the static proper-
ties of DSDMA OH as flexible polymer chains
within the semidilute regime in terms of the corre-
lation length, £ [11]. The theory teaches that the
osmotic pressure, T, in the semidilute regime is a
function of £ only, which is dependent on poly-
mer concentration, C, but independent of mo-

lecular weight M, so relating moc M ° ¢4 for
semidilute solutions of polymers in good solvents.

It is appropriate to review the physical behav-
ior of polymers in solution to compare to dilute
and semi-dilute concentrations of DSDMA OH
(0.005-0.05 M) in H20 (0.1-0.25 M NaCl). This
comparison is particularly relevant for polymers
in good solvents when the polymer chains are ex-
panded due to excluded volume effects. At very
dilute solutions, the radius of gyration, Rg, and
the polymerization index, N, of a coil are related
through equation (1) [12,13]:

~NY 1

Rg ~N
with v = 0.6. More recent determinations led to
an exponent of 0.588 [13]. In the semi-dilute sys-
tem where ¢ equals ¢* (¢ =10% c2 ¥, where V2 is
the molal volume and ¢, the molar concentration

of the solute, and ¢* is the crossover volume frac-
tion of the solute), the thermodynamic properties
arc no longer dependent on N. The screening
length, £, is the relevant parameter which is re-
lated to the average distance between nearest
chain contacts:

~0.77
C=¢ @
visualizing the micelle in semi-dilute solutions as

a polymer having a mesh size of { which de-
creases in the good solvent limit. At the crossover

volume fraction, (p', the correlation length, C ,
which is almost equal to the radius of gyration is
related to the intensity of scattered light as:

2.3 ~0.31
=977 =0 ©)

for semi-dilute solution versus dilute solution:
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where Is is the intensity of the scattered light,
g=(4nn/\)sin ¢ (n is the refractive index of the
solution, A the wavelength of the incident light, 0
the scattering angle), and A and B are constants
dependent on the weighted average molecular
weight and on the concentratlon of the polymer.
The function P(q) is related to the structure fac-
tor:

1 1+4+471R ( 2/3)+Cq
P P(0y ©®

The factor C is a constant which depends on
molecular welght polydnspersny, and structure.
A plot of P(q)"" vs q can reveal an upward curva-
ture at small g-vectors, and subsequently a down-
ward curvature at high c; in the case where the

l polydis?ersity index My increases [14]. For dilute

My
solutions of flexible chains with gR, << 5 the
reduced first cumulants are described in equation

6):

122
D(1+Cng) ©)

where D is the z-average diffusion coefficient
< D >, at concentration ¢z, and C' is equal to 2/15
or 13/75 [15]. For gRg<1, the q2 term can be

neglected so F_; does not show any g-dependence.

Extrapolation of <D >; to zero concentration re-
duces to the self-diffusion coefficient according
to:

_ kB'T

If the particle is non-spherical, then Ry is re-
ferred to as the apparent hydrodynamic radius.
The autocorrelation function for relatively small
particles undergoing Brownian diffusion can be
described as:

2
gD =e 100 .

For non-spherical particles, particularly con-
sidering the flexibility of long chain macromole-
cules, internal relaxation processes as well as
rotational diffusion contribute to the line width
of the scattered light. For a Gaussian coil, Pecora
[16] developed an expression similar to equation
(8) for the light scattering first-order correlation
function:
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2

5 ©)

T + ...

- q2D0 +

H _ —qZD T
g (1) =Sp(x)e” 1 7O+ S,(x)e

2
with x = %, 11 is the relaxation time of the first
g

normal mode of the Gaussian coil, and the S; are
dynamic form factors [16]. Maeda and Fujime
[17], and Harris [18] developed a theoretical de-
scription of dynamic light scattering from very
long, very flexible rod-like macromolecules. The
model expresses the elastic constants as the in-
verse of the Kuhn statistical length segment, v,
which is related to the persistence length by:

1
= (10)
The first order correlation function can be ex-
pressed as a series of exponential analogues of
equation (9). For the Gaussian coil limit
(yL >> 1), with L the length of the macromole-
cule, equation (11) can be obtained:

<R 2R

g
T, = = (11)
" 3D01t2n2 D0n2n2

2
with <R*> = L—L, which is the mean squared end-

to end distance of the particle.
The apparent diffusion coefficient obtained
by dynamic light scattering is defined as:

kyT H(q) Iy ‘
Dapp:f—o' 5(q) =? (12

with ks-T the thermal energy, f° the friction fac-
tor at infinite dilution of the colloidal particle,
H(g) accounts for the hydrodynamic interactions
between the particles, and S(g) is the partial solu-
tion structure factor. For g— 0, Dapp is identified
as the self-diffusion coefficient, D, and for
g — o and S(g —> ») =1, Dapp is identified as the
self-diffusion coefficient, Dseir [19].

For DSDMA OH solutions above the CMC,
micelle-micelle interactions are predominant so
counterion diffusion, D1, is much larger than
DRSPMA of these micelles. At the CMC, the mu-
tual diffusion coefficient, Dy, of these micelle is
constant; so micelle-micelle as indicated by the
subscripts 22 correlations predominate:

SDMA
D :DDSDMA.@=D(I)D (1 kb _
m 0 S22 1 _kdq)

Ry O
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For a hard-sphere model, kx ~6.45 and
ka~1.56 [20-21]. Due to the low CMC and the fast
reaction rate regime of this system, the autocorre-
lation function of the scattered intensity repre-
sents only the micelle dynamics, and ¢ is the
volume fraction of the micelles above the CMC.

In the limit of non-interacting particles, the
translation diffusion coefficient Dapp, Which has
been derived directly from the time-dependent
part of the correlation function, coincides with
the translational diffusion coefficient of the parti-

cle, Df)) SDMA por dilute solutions, Dgpp can me
expressed according to equation (14):

Dgpp= DESDMA(I +Kep+.)=
=DPSPMA L 4 (K, + Kyl -9y (149)

where the coefficient K; is the thermodynamic
perturbation coefficient and proportional to the
well-known second virial coefficient, Kj is the hy-
drodynamic perturbation coefficient, which has
been evaluated by Batchelor [20] and Felderhof
[21]. For spheric particles, DESPMA related to the
Stokes’ radius Rx by equation (9).

3. Results and Discussion

A. Surfactant concentration dependency of
DSDMA OH at 25° C in water.

Let us represent the light scattering results in
the form:

2 2
K(C-C 16n°n ;
—(———09)—=A—/1{— (1+——2—0R§sin2—2-+ L)+
Ry-Ry M2 3N

+24,(C-Co) +...] (s)

where A is the wavelength of light (632.8 nm),
and ng is the refractive index of the NaOH solu-
tions, Ry is the radius of gyration of the DSDMA
OH particle in solution, and
Co = CMCpSDMA OB-

Assuming the DSDMA OH solution (5 mM)
at salt concentrations between 0.0-0.15 NaOH be-
haves, in the first approximation, as ideal consid-
ering the low second virial coefficient, the angular
dependence of the light scattering, and Debye-
plot represent the radius of gyration and the re-
ciprocal of micelle (vesicle) molecular weight
(M>) as function of DSDMA OH concentration
(1-5 mM). We then can suppose that spherical

particles having a radius of gyration of 135 A
would be formed at the CMC, and they associate
with one another to form these particles which
are vesicles up to concentrations of DSDMA OH
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of 5mM. In the concentration range between 1 mM
to approximately 50 mM of DSDMA OH

(CMC =1.05:107%, the radius of gyration, Rg, the
second virial coefficient 42, and weight-averaged
molecular weight are obtained having values of

R=135A, 4,=3510%mL-mol-g, and
MW =3.5105. These values are consistent with
those obtained from small-angle X-ray scattering
experiments. However, by increasing the surfactant
concentration above 5 mM (6-50 mM), a consider-
able increase of the radius of gyration occurs to

Rg =815 A, weight-average molecular weight of

3.7-10°% and 42=4.6-10°mL -mol - g% Fur-
thermore, increasing the DSDMA OH concentra-
tion in H20 beyond 50 mM, the average molecular
weight was determined to be 36.500, and from ap-
parent diffusion coefficient we calculate a hydrody-

namic radius of 25.0 A. The apparent radius of

gyration was found to be 19.5 A as determined by
SAXS, resulting in a hydrodynamic sphere for

DSDMA OH, having a radius of 24.7 A. The «dry»
hydrodynamic radius for DSDMA OH was calcu-

lated to be 22.83 fok, applying a partial specific vol-

ume of v, = 0.8195 mL - g1,

Considering now the intermediate concentra-
tion range more closely, the physical properties
of DSDMA OH in the concentration range of
6-50 mM indicate that the DSDMA OH micelles
are bulky, highly extended structures. The deter-

mined value of Rg =815 A agrees with the calcu-

lated Gaussian coil quantity of 805 A. Similar
values have been determined for DSDMA OH
solutions (0.05 M) in the presence of 0.25 M
NaOH or 0,25 M NacCl.

B. Effects on light scattering of DSDMA OH
solutions by varying NaOH concentration

(0.1-0.25 M).

Log-log plots of the scattered intensity and
DSDMA OH concentrations (0.005-0.05 M) in
0.1 M and 0.25 M NaOH, both in water, at scat-
tered wave factors of ¢=6.0- 10 '°, g=3.5-10"
and ¢=0, show that the maximum of the scat-
tered intensity is shifted toward lower surfactant
concentration when ¢ decreases. In addition, the

dissymmetry coefficient Z4s (= gﬁ) decreases

with increasing DSDMA OH concentrations be-
tween 0.005-0.05 M under the same salt concen-
tration. Below 5 mM, Z4s is about 1.15, but
above 5 mM DSDMA OH, large values are ob-
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served in the presence of 0.1 M NaOH or 0.25 M
NaOH, and decreasing by increasing the surfac-

tant concentration. Furthermore increases

1
I
linearly with g2 what is also observed for the most
dilute solution of DSDMA OH of 0.005 M. The
crossover between dilute and semi-dilute solu-
tions of DSDMA OH, as seen in the log-log plots,
is related to the strength of the maximum of in-
tensity. Indeed, for long thin chains, gR4< 1 is not
obeyed over the whole scattering range of ¢ val-
ucs, since they are not accessible experimentally.
Therefore, for a fixed ¢ value, the maximum Is
appears at the crossover concentration where
gC=1. To overcome this difficulty, ; was ex-
trapolated to ¢ =0 for determining the overlap-
ping of chains. The slope was determined to be
—0.37 vs. 0.31 as predicted by DesCloizeaux
(equation 2) [22]. The experimental data for the
semi-dilute range of DSDMA OH yield a slope of
~0.33 (Cpspmaor =0.005M). The decrease of
the scattered intensity, I;, upon increasing
DSDMA OH concentration in the range studied
can be attributed to the decrease in correlation
length § according to equation (11), which is also

supported by the q2 dependence of Is. Applying
equation (6) we calculate a radius of gyration of

R, =819 A. Taking virial effects into considera-
tion, with By;=5.4-1 émL-mol-g"z, the ex-
trapolated radius of gyration becomes R = 816 A.

The analysis of the system comprising 50 mM
DSDMA OH in 0.25 M NaOH in H20 yields a

radius of gyration of 800 A.

The DSDMA OH micelles do not show sig-
nificant polydispersity, and there are no changes
of the characteristic length & of this system as
long the narrow DSDMA OH concentration
range is fixed. However, another explanation can
well be a interpenetration of the DSDMA OH
micelles resulting in a new characteristic length, &,
which is independent of the micelle length, rather
than polydispersity. So { is independent of the
DSDMA OH micelle length with no overlapping
of micelle size with DSDMA OH concentration,
and the correlation length can be identified with
Rg.

1. Low DSDMA OH concentrations

[c=2.0-107 M, 1.86 c*; cs=0.55-0.75 M
NaOH].

Fig.1 shows a plot of T vs. q2 where I is the
average decay rate (see equations 6&7) for differ-
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Fig.1. Variation of ?:3 (cm2 s ) for DSDMA OH solution in H20 - 0.55 M NaOH at different surfactant concen-

trations: (A) Cpspmaor=2mM (e), SpM(A),20 uM(x);

(B) w H,0-0.75 M NaOH at different surfactant concentrations: CDSDMAOH = 2mM, 5 mM, 20 mM. The scatter-

ing vector is expressed in em™.

ent DSDMA OH concentrations. The values of
the average diffusion coefficients obtained by the
cumulants method as a function of angle in-
creases due to contributions of the internal modes
for DSDMA OH concentration of

¢=2.0-10"> M. The values of the self-diffusion
coefficients can be obtained from the intercepts of
Fig.l and the particle hydrodynamic radius Rp
can be calculated according to equation (9).
Within experimental error the DSDMA OH con-
centration dependence on the translational diffu-
sion coefficient is seen in a log-log plot of the
cooperative diffusion coefficient vs. concentra-
tion of DSDMA OH (Fig.2). The interesting find-
ing is the concentration dependence of DSDMA
OH on D, which is the z-average diffusion coeffi-
cient at concentration C. The decrease of D with a
decrease in concentration of DSDMA OH in the
range of 2 - 30 mM DSDMA OH in the presence
of 0.5-0.75M NaOH is associated with a de-
crease of  according to:

k,T
077 *b
D~®"" " ~——
Mo& (16)

which is in agreement with our intensity measure-
ments. Considering DSDMA OH micelles as flex-
ible long-chain macromolecules in solution, as
indicated by the findings shown above, internal
relaxatfon processes need to be taken into ac-
count. These processes include random motions
of segments of the chains as well as rotational
diffusion which also contributes to the line width
of the scattered intensity [26]. Analyzing the de-
cay spectra according to equations (9), (11) for a
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Gaussian coil at selected angles following the no-
tations of Pecora and Perico et al. [16,24], we
were able to determine the first internal mode, T,
with reasonable precision at angles greater than
60°. This is because ¢-Rg =1 at g = 51°. At smaller
angles, only one peak is obtained representing the
translational diffusion coefficient terms. By in-
creasing the magnitude of the scattering vector
length, a second peak appears at a faster decay
time and hence smaller in apparent size. The
proximity of the image peak to the minor peak
causes a perturbation on the peak position of the
minor component of the time scale. For elimina-

tion of this drawback we divided the correlation

10’ D (cm? - §Y)

10

T T TTIT
-

bl L L 113

1 1 1
1 10 omM

Fig.2. Decay time distribution function at different
angles obtained through the Laplace inversions With
CONTIN. The quantity I" 4(t) has been plotted to
yield an equal area represention. The unsmoothed
results are represented showing the separation be-
tween translational diffusional constribution and the
peak containing the constribution from internal
modes for DSDMA OH.
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fun:tion by exp(— gDr) to yield a «normalized»
correlation function. By applying the correct lim-
iting value for D as obtained through Fig.1, the
contribution from the internal modes can be re-
tained only by considering a single coil [25]. Ac-
cording to equation (9), the position of the fast
moving peak on the scale corresponds then to
both the diffusional and internal mode contribu-

tions of g)(r). At small scattering angles, e.g.
gRg<], the translation diffusion coefficient is the

only contribution to g(l), so the correlation func-
tion decays approximately as a single exponen-
tial. However, when ¢R; becoimes larger with
increasing angle (gRy=1.82-2.10), the internal
normal modes will contribute to the correlation
function, se it becomes muiti-exponential. The in-
crease in the average diffusion coefficient, <D>,
with scattering angle, also shows an increase in
the relative variance, namely from 0.6-1.02, in the
angular range of 30100°. Furthermore, when the
DSDMA OH concentration increases, the vari-
ance <v> of the correlation function decreases.
This is in accord with the view that a progressive
interpenetration of the flexible chains (micelles)
occurs which indicates that the diffusion coeffi-
cient becomes independent of the internal charac-
teristics of the micelle, but only dependent on the
average distances between closest chain contact.

The experimental data have been prosecuted
by applying a double exponential expression with
a fixed Dvalue which is related to the slow relaxa-
tion rate, I's, according to equation (17):

GOy =1+p [As e dpe CT 7

with G®)(r) the -measured correlation function, B
is a constant which accounts for the deviations
from ideal correlation, and C is the basc line. The
variables I'y and I’y are the relaxation rates of the
slow and fast components, respectively, with I's
reflecting the translational mode, and I’y com-
bines the fast internal modes and. the diffusive
component. This satisfies equation (9) so that

[r—Ty==- The diffusion coefficient determined
T1 .
was fixed to 4.11 - 107% em™ 2. 572 as measured at
small angles. Fig.3 shows angular dependence of
the fast mode amplitude for ¢ = 0.005M DSDMA
OH. The average 1) value calculated according to
equation (17) fit the G(z)(t) measured correlation
function, and was found to be 311 ps. This ob-
tained value can be compared with the one com-

puted from he first normal mode 71 for a
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free-draining coil according to Rouse and Zimm
[26,27].

Now considering different interpretations of
<D>;, 11, 12, and Ry, e.g. if a Gaussian coil has o
be long and very flexible. Following the Fujima
notation for flexible macromolecules, y-L>>1 with
varying degrees of flexibility, the flexibility can be
expressed in terms of the product of the particle
length, y-L, where y is the inverse Kuhn segment
length, Y = 21 with ] the persistence length, and L
is the length of the macromolecule in solution.
Taking n=6020 as the apparent aggregation
number for DSDMA OH, for a spherical micelle
the radius of the hydrocarbon core, Ry, would
be:

A,
V . 3 o
RHC=(—~:;CJ =12.77A (18)

with
Ve =n[27.4 +26,9(nc— Dy =485 {19)

where n. =18, the number of carbons in the
chains. For a cylinder of the same radius we cal-
culate:

e L(n) =485 - n 20

which furnishes us with a value of

L(6020) =2498.9 A. If y-L = 10, for a Gaussian
coil where minimum flexibility is assumed, then

the statistical segment length of /' =~£’I: =249.9A
¥

is obtained with »’' =%= 10. The radius of gyra-

tion of such Gaussian coil is calculated according
to;

Re="¢" @y
and would be 322.6 zi This is much more smaller

value than the 810 A obtained for DSDMA OH,
indicating that a Gaussian coil is not consistent
with the experimnental data obtained. The limit
y-L>>1 corresponds to a completely flexible coil,
and would agree with equation (10) for the
Rouse-Zimm model. We find a yL value of 9.9
(10) which indicates that the coil is not in the
extreme limit of flexibiliby. If we introduce this
values into he Fujima model [28] we calculate
71 = 596 us. This is much lower than the valuc of
311 ps obtained experimentally. One explanation
for this discrepancy is that we are dealing with a
semi-dilute solution so the overall rotational mo-

tion, which is related to 11, is suppressed. The Ty

Functional materials, 2, 1, 1995
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051

R

: 1
0 0.01 CM]
Fig.3. Relative amplitudes of the fast components as
a function of the scattering angle (A) at ¢=0.005 A/
DSDMA OH, and concentration of DSDMA OH
(B), slow component.

value observed can also be related to a combina-
tion of 11 and 72 which, for a flexible rod, is of the
order of t2 =100 ps. In addition, the T1 measured
can be a combination of 7 and higher terms on
the time scale which was not measured experi-
mentally. However, the best qualitative descrip-
tion of the findings in this particular salt region
(0.55-0.75M NaCl) in the concentration range

of DSDMA OH (2.0-10™>M to 1.0-102 M,

1.86 C*-3.72 C*) is that of a semi-dilute polymer
solution, comprised of polymeric chains which
are not at the extreme limit of flexibility, but re-
vealing some stiffness of the hydrocarbon chains.

L 16°6" A I 16°%"
B 90
12} ]
g 4 § : — 3 —— :60
4 : — 30
R TS TR NN N | 0
0 2 4 f10"%m?

D. Concentration Dependence of DSDMA OH

~ The correlation functions with increasing con-
centration of DSDMA OH at 25 °C in absence of
salt are shown in Fig.3. The single-modal distri-
bution is seen at C=0.02 M of DSDMA OH and
at lower concentrations, also. However, by in-
creasing the surfactant concentration to 0.05 M, a
bimodal distribution is seen. Above 0.08 M
DSDMA OH, gelation began which became stiff
upon increasing DSDMA OH concentration up
to 0.1 M. The same effect can be achieved by add-
ing 0.02 M NaCl to a 0.05M DSDMA OH solu-
tion (25 °C). Fig.4 depicts the angular
dependence of the fast and slow peaks for
c=0.05M DSDMA OH in the presence of
0.02 M NaCl which is almost identical in the pres-

‘ence of 0.01 M NaCl. Obviously the fast compo-

nent is dependent on q2 which is in accordance
with a diffusive behavior. However, the slow
component is independent of the scattering vec-
tor, ¢. This can be reconciled in view of a struc-
tural relaxation process of a stabilized polymeric

network. The diffusive q2 dependent fast mode
seems to be temperature independent, when
measured in the range of 25-35 °C, which is not
the case for the slow component. Since gelation

appears at c2 = 0.08 M which is above ¢3 and cor-

responds to 2.7-10 M surfactant, one can inter-
pret the diffusive mode with increasing DSDMA
OH concentration as a net of entanglements of
extended flexible micellar aggregates. This rea-
soning follows the interpretation by Candau et al.
[29] and Imae et al. [30] for solutions of cationic
surfactants at high concentrations. The concen-
tration dependence of the dynamic correlation
length from the fast mode conforms to the
Stokes—Einstein equation (see equation (9)). In

i 16" B L-16°%"
2r 10
al 1
0 j ] ] ] 0

0 0.2 0.4 sin’(6/2)

Fig.4. Angular dependence of the fast (e ) (A) and the slow peaks ( x ) for 20 mM DSDMA OH in H,0 0.02 M

NaCl (25°C) or 0.02 M NaOH (B).
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the range 2535 °C and 0.02 M salt at ¢c2=0.08 M
DSDMA OH, the correlation length, {, was
found to be temperature independent. The con-
centration exponent was found to be -0.66, which
is smaller than the predicted value for long flex-
ible chains in semidilute solutions of 0.77 [11].
The average dynamic correlation length (&) is of

the order of 677 Ai, whereas the persistence length

is calculated to be 329 A. Thus, according to
equation (3), the semi-dilute solution of DSDMA
OH can be visualized as a polymeric net with a

mesh size of approximately 650-700 Pc;, which de-
creases as the polymer volume fraction, @, in-

creases. The crossover volume fraction, @, (or ¢*
in terms of concentration) and the length, £, can
be identified with Rg. The resuits are consistent
with those obtained by LS.

E. DSDMA OH concentration between 0.08 M-
and 0.15M

We observed a drastic decrease of the appar-
ent aggregation number of DSDMA OH at 25 °C
at surfactant concentrations above 0.08 M, and
the presence of 1.5M NaOH or 1.5 M NaCi in
H20. The addition of NaOH does not change the
picture, nor is there any precipitation. The high
salt concentration experiments reveal that the De-
bye length, Ap, can be approximated by the addi-
tion of salt, and interactions between the
DSDMA OH micelles are most likely strongly
screened. This is further substantiated by the con-
centration dependence of the translational diffu-
sion coefficient upon surfactant concentration at
different NaCi concentrations (1.0 to 2.0 M NaCl)
(Fig.5). The slope of the line in Fig. 5 at 1.0 M
NaC! (25 °C) is almost zero, indicating an ap-
proximately balance between repulsive and at-
tractive forces. The extrapolated value of the
apparent diffusion coefficient in this concentra-
tion range of DSDMA OH at 25 °C was found to
be (5.8240.35) 107 cm?s™". This corresponds to a

hydrodynamic radius of Rp=24.95 f;:, and an ac-
tual frictional ratio of 1.11 assuming a partial

specific volume of 0.819mL - g~ ! as measured by

densimetric techniques. The value determined

from theoretical calculations is 0.8188 mL - g~ L

The DSDMA OH micelles under these par-
ticular ionic conditions are reasonable well de-
scribed by a hard-sphere model with ks~7.9 and
kp=1.45 after fitting the experimental obtained
diffusivity data.
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4. Adsorption of DSDMA OH on
solids

There have been only few studies of polyelec-
trolyte adsorption at charged solid/solution inter-
faces using well-defined systems. For DSDMA
OH or CI there are no experimental data avail-
able. Obvious features to be considered in the ab-
sorption of DSDMA OH are the charge on the
cationic surfactant, the charge on the substrate
surface, and the conformation of DSDMA OH
within the aqueous environment as seen in the
preceding section. At high ionic strength, these
charge effects are screened out due to micelliza-
tion of DSDMA OH, and the system behaves es-
sentially as neutral polymers or micelles.
Decreasing ionic strength and following the con-
ditions as found for DSDMA OH is akin to in-
creasing the solvency. This opposes strong
adsorption because of the build-up of strong in-
tra- and intermolecular repulsions of segments of
DSDMA OH in loops or segment tails. Further-
more, strong hydrophobic contribution to the ad-
sorption free energy in addition to the
electrostatic attraction/repulsion has to be con-
sidered also. Preliminary results for the adsorp-
tion processes as well as for the conformation of
DSDMA OH on rutile, TiO2, and kaolinite,
Al2Si205(0OH)4 are obtained at 25 °C.

A. Inelastic Light Scattering.

As a function of DSDMA OH concentration,
ionic strength varied between by 0.005-0.1 M
NaCl as a function of particle concentration
{0.01-0.005 %) of rutile or kaolinite, respectively.
The hydrodynamic thickness was determined in
each experiment. The thickness has been calcu-
lated as the difference in the radii of the bare and

2 -
10 x D (cm 31)

0.08 M
6 - i 10M
e 4 12 M
5L 15 M
4+
3 ] | | | M|
0 0.02 0.04 (M)

Fig.5. Apparent diffusion coefficient (Dapp) for
DSDMA. OH as a function of DSDMA OH concen-
tration (¢ = 0.08-0.015 M), and NaOH concentration
(1.0M-1.5M)at 298 K.
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VOL. FRACTION [DSDMA OH]

012 B
Ly 0.015 M NaCl
0.08 H* »
-\".. 0.15 M NaCl
004 | )\

"""""""" - 1
100 200 DISTANCE, A

---— kaolinite
— rutile

Fig.6. Segment volume fraction profiles for DSDMA
OH on rutile or kaolinite at different ionic strengths
(20°C). The surface excess, I'pspudor, resulting
from adsorption on surface sites equal the total num-
ber of surfactant chains comprised in one layer of
73
thickness; Ro; Ro=N 1/2~a.; Tpspma = £3 = %‘D» and
a a

a is the ideal chain radius.

covered inorganic particles through equation (7).
Applying the different conditions as disclosed in
the preceding section for DSDMA OH, we can
compare the determined hydrodynamic radii di-
rectly with the values obtained in solution.
Within the concentration range of DSDMA OH

of Cy=(20-50)-10° M, equivalent
7.44 C% - 18.6 C3 where CE:—iA-z{’—, we deter-
4nRzN 4

mined a hydrodynamic radius of R;,zZO0.0K
which is a strong indication of segments occur-
_ring in extended tails which are highly hydrated.
There is apparently no difference between the
two substrates used in the adsorption studies.
For the negatively charged surface, there is an
initial increase in the thickness of DSDMA OH
on increasing DSDMA OH concentration up to

0.01 M reaching a plateau of haZ.OSO& In-
creasing the ionic strength to 0.8-0.1 M NaCl,
the determined hydrodynamic thickness is of the

order of ~ 50— 60 A. This would tend to favor
the formation of an extended layer at low ionic
strength of DSDMA OH, but it seems to be off-
set at Righ ionic strength due to formation of
«micellar» aggregates at the surface, or by the
coil concentration due to the reduction in the
intrachain repulsion of DSDMA OH coils. Fur-
thermore, the transition of DSDMA OH of long
flexible entangled micelles to spherical micelles
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of diameter of 60 A is reversible by changing the
surfactant or salt concentration which is seen on
the solid surfaces also. The only difference of the
behavior of DSDMA OH on these inorganic sur-
faces is the pH dependent decrease of the CMC
on either hydrophilic (as shown here) and the
hydrophobic surfaces.

B. X-ray reflectivity Measurement.

Very preliminary results are obtained for
DSDMA OH an Kkaolinite surface as substrate.
The I(h) data are analyzed according to equation
(26):

Ihy = :;2|j ¢"p@ydzf’ + B (26)
0

with h=4n/\sin6/2, A =1.54A, 0 - scattering
angle, 4 is a constant related to the bare
koalinite radius and the adsorbed amount of
DSDMA OH, and B a constant (incoherent
background) {31]. p(2) has been evaluated as de-
scribed in [32]. The p(z) for DSDMA OH on
kaolinite particles under conditions of

2=-25-10°M _(Q 7.40 ¢3) or at salt concentra-

tions of ¢s=0.40—0.51 M NaCl) shows profiles

reflecting a hydrated flat conformation with p(z)

falling rapidly to a value of 210.0 A. This can
also be interpreted as evidence for entangled tails
of DSDMA OH (Fig.6). Furthermore, the p(z)
profiles for DSDMA OH demonstrate a similar
adsorption behavior as determined by QLS. The
shape profiles suggest strongly upon changing
the ionic strength (or the DSDMA OH coencen-
tration) that on the kaolinite surface the entan-
glement ("loop") of DSDMA OH is seen within
narrow ¢ and ionic strength, respectively. In-
creasing the ionic strength from 0.8 to 1.1 M, the *

p(z) decreases to values of approx. 60-70 A.
Again, the intersegmental and electrostatic re-
pultions that occur in the entanglement are sup-
pressed at higher ionic strength. The larger
adsorbed amounts with increasing ionic strength
or c2 (DSDMA OH) is also consistent with these
findings. Additional information of DSDMA
OH orientation on hydrated and dehydrated sur-
faces are obtained from Landmuir-Blodgett films
of DSDMA OH at 1.2 M NaCl (25 °C). For films
of five and more layers we were able to distinguish
peaks that are (001) Bragg peaks corresponding to a

unit cefl spacing of 54.8 A. Furthermore, the con-
clusion that the C1s chains are nearly perpendicular
to the surface of the kaolinite follows the fact that
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D =548 to -56.5A (dependent on the degree of
hydration) is close to the estimated length of the

molecule, 50.451.8 A including the hydroxyl
which is located at the outer surface, approx.

~48.049.0 A. This finding is supported by surface
IR-measurements revealing that the chains of C18
are perpendicular to the surface, and are also in
extended conformation. However, upon drying a
different pattern is to be seen which is reversible
upon addition of H20. One possible explanation
is that the sorbed DSDMA OH move apart upon
drying due to the repulsive interactions of the po-
lar cationic head groups which are less well
shielded as water being removed. In the wet stage,
the CH2 chain form an aggregate structure due to
favorable hydrophobic interaction, dependent on
¢y, T, ionic strength and the nature of the sub-
strate also. Steric interactions between DSDMA
residues also occur when particles have been an
absorbed layer depending on the conformation of
the adsorbed molecules and substrate. Repulsive
effects can be in part arise from a loss of configu-
rational entropy of flexible segments on the ap-
proach of another surface, particularly using
fabrics, or a metal surface, metal oxides. As a
result, the volume available for the absorbed flex-
ible chains on the surface becomes restricted lead-
ing to a loss of configurational entropy. This
effect is referred to as the volume restriction ef-
fect.

4, Conclusion

The DSDMA OH is highly soluble in water

forming spherical vesicles of size Rx =300 A and
does not flocculate upon addition of salt. The
DSDMA OH vesicles revert to micelles with in-
creasing surfactant concentration having an ag-
gregation number of approximately 60. The same
aggregation number for the hydroxide can be ob-
tained by raising the salt concentration to 1.0-
2.0 M NaCl keeping the surfactant concentration
constant. In the overlapping range with respect to
DSDMA OH and salt concentrations, the appro-

‘priate hydrodynamic description is that of

thread-like micelles. In dilute DSDMA OH and in
the presence of 0.01 M NaCl solutions, the first
normal mode of the chains (t;-value) supports the
free-draining Zimm model when compared to
theoretical calculations. At semi-dilute surfactant
concentrations and low salt concentrations, the
decay time distribution is bimodal with two well
separated components on the inelastic time scale.

The faster q2 dependent component is due to co-
operative motions of a transient network being
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formed through the interchain entanglements.
The slow ¢ independent component is of large
amplitude and reflects the disruption/coalescence
kinetics of the micellar aggregates which are char-
acterized by a strong positive concentration de-
pendence of the obtained relaxation rate. The
relaxation time decreases with increasing concen-
trations of salt (NaCl) and DSDMA OH. The re-
sult obtained for DSDMA OH can be interpreted
according to theories of solutions of long flexible
polymer chains within the semi-dilute concentra-
tion range where the DSDMA OH polymer coils
overlap by forming a network of mesh size

=815 At: This has been found for DSDMA OH
in the concentration range of

c2=(20~- 50)-10_3 M (7.44 ¢3 - 18.6 c3) or at low
surfactant concentrations (2.0 10 M, 7.44.- 65

and salt concentrations ¢;=0.55~0.75 M NaOH
or NaCl. Above DSDMA OH concentrations of
0.08 M, the aggregation number decreased to 61,
leaving micelles of hydrodynamic radius of

25.0 A which are stable at high salt concentra-
tions. The transition of DSDMA OH vesicles to
long fiexible entangled micelles to spherical

micelles of diameter 50 A is reversible by chang-
ing the surfactant or salt concentration. These re-
sults strongly support a mode!l of long flexible
entangled DSDMA OH micelles in aqueous solu-
tions as an important intermediate in microbial
transformation [33].

The results obtained for DSDMA OH in solu-
tion can be compared to studies on solids, €.g.
rutile and kaolinite, revealing a lowering of the
CMC upon sorption imparting a less hydrophilic
surface of the substrates studied. However, the
different conformations of DSDMA OH upon
adsorption to the substrates can be detected refer-
ring to entanglements at medium ionic strength
and the semidilute regime, and compact micellar
arrangements at high salt (1.0 M NaCl) and high
DSDMA OH concentrations.
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JIMHAMHKA BHYTPEHHHX Lieneii B M0 1MMeponoao0HbIX rHApOKCH e
aucreapuaaumernaammonusi (DSDMA OH) u ux B3aumogeicTaue
C MOBEPXHOCTAMH

Muxasnb Tus, lenpux I'.ITapagus, I3eux Lllon ®.Knancu

IToapoGHbIi HH3HYECKHH aHATH3 JaHHBIX, MOMYYEHHBIX NIPH 3KCMIEPHMEHTAX M0 CTATHYECKOMY (LS)
H NHHaMHUecKoMY cBeTopaccesnuio (QLS) Ha nmomumeponofobHbix Muuemnax DSDMA OH,
NOAKPEIUICHHbIH PE3yIbTaTAMM H3MEPEHHH MaIOYTIIOBOIO PEHTTEHOBCKOTO paccesHus (SAXS).
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Ton exchange processes on synthetic carbons

A M Puziy, T M.Mironyuk, N.T Kartel and I P. Khanasyuk

Institute for Sorption and Problems of Endoecology,
32/34 Palladin Ave., 252142 Kiev, Ukraine

The process of copper adsorption on synthetic oxidized carbons with various structure of matrix is
investigated. The carbons involved have been obtained by carbonization of styrene-divinylbenzene
precursor at various temperatures (400-1100 °)C with subsequent oxidation by nitric acid. The structure
of carbon matrix was studied tising electrical resistance measurements and ESR method. It has been shown
that ion exchange properties of synthetic oxidized carbons depend heavily on the structure of carbon
matrix. Three mechanisms of copper adsorption are recognized depending on quantity of spin electrons
in carbon matrix and its electrical resistance.

BupyeHo npouec ancopbuii ioHiB Mifl Ha CHHTETHYHOMY OKHCIEHOMY BYrinmi 3 pi3sHUMU
BIIACTHBOCTAMH BYTJIeNleBOi MaTpuii. 3pasku Byrimns oliepxkano kapOoHi3zalielc cTHpOI-
AUBIHINGEH30ILHOrO CIBNONIMEPa IO PI3HHX Temiepatyp (400 - 1100 °C) 3 HACTYMHHM OKHCIIEHHSM
a30THOIO KHCI0TOI0. CTPYKTYpa ByrieweBoi MaTpHLi Gyna BHBYEHA 1O eNeKTPOIpPOBITHOCTI Ta METOLOM
EITP. TlokazaHo, 110 ioHOOOMiHHI BAACTHBOCTI CHHTETHYHOTO OKHCIEHOTO BYTIJUIS CHABHO 3aJIEXAaTh BiJl
CTPYKTYPH BYTYIELIeBOl MATPHLI. BcraHOBNEHO TPH PI3HHX MeXaHi3MH acopbuil ioHOB Mifli B 3aiexHocTi

Bil KITbKOCTi HeCMapeHHX eTeKTPOHIB Y MaTpHLU Ta ii eleKTPHYHOTO OROpY.

Introduction

Active carbons find a widespread use in vari-
ous processes for their unique properties (ther-
mal, chemical and radiation stability, low swell,
high adsorptive capacity) [1]. In presence of oxy-
gen (air), active carbons acquire positive charge
and can exchange anions in water solutions. Un-
like active carbons, the oxidized carbons have the
ability to exchange cations due to presence of sur-
face functional groups [2]. Ion exchange behav-
iour of such adsorbents depends on the properties
of matrix to where surface functional groups are
attached. This paper deals with the peculiarities
of ion exchange on synthetic carbons having vari-
ous structure of matrix.

Experimental

Synthetic active carbons were prepared by
carbonization of porous styrene-divinylbenzene
precursor (10% DVB) at various temperatures
ranging from 400 °C to 1100 °C [3]. Then carbons
were oxidized with boiling 20% nitric acid during
5 hours and washed with water. Resistance was
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measured on powdered carbons using alternative
current (10 KHz) and constant pressure. ESR sig-
nal was measured in air at 3 cm radiation using
SEPR-03 apparatus (St.Petersburg).

Results and discussion

Resistance of active carbons depends critically
o0 the treatment temperature (Fig.1). As i+~ tem-
perature increases, the resistance drops sharply
within the 600-700 °C range. What this means is a
structural transformation occurs when copolymer
is pyrolysed. Conductance of carbons is due
mainly to m-electrons displacement over the
polyaromatic chain through the conjugated
bonds.Low-temperature carbons though contain
conductive domains, however, these are separated
from each other by insulating layers of uncom-
pletely carbonized hydrocarbons. These com-
pounds burn away further as temperature
increases. As this takes place, the structure of
carbon matrix is ordered, the graphite-like do-
mains come directly into contact to form unified
conjugated system of electrons. Because of this,
the sharp fall in resistivity at 600-700 °C is ob-

Functional materials, 2, 1, 1995
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Fig.1. Dependence of resistance on temperature heat

treatment of styrene divinylbenzene copolimer.

served. This hypothetical scheme is supported by

ESR measurements (Fig.2). At the carbonization -

of styrene-divinylbenzene copolymer, ESR signal
at first increases indicating the breaking of bonds
to yield the unpaired electron. Further increasing
of temperature cause the spin electrons to de-
crease by recombination of carbon fragments to
large condensed aromatic domains. Above 700-
800 °C, carbon matrix is so conductive that ESR
signal disappears, probably because of broaden-
ing the signal.

This is indirectly supportéd by changes in

catalytic properties of active carbons in red-ox
reaction. In such systems, the catalytic activity
depends heavily on the presence of virtually delo-
calized m-electrons in carbon crystallites which

can move freely through system of conjugated

bonds and makes carbons an active catalyst [4].
With the rise of temperature, the reactions of hy-

Table. Distribution of surface functional groups on
synthetic active carbons having various temperature
heat treatment.

lemperatur¢ Total | Strong acid |Weak acid| Phenolic
400 3.65 - - -
500 2.5 1.1 0.7 0.7
600 23 1.0 0.7 0.6
700 22 0.9 0.7 0.6
800 20 0.8 0.7 0.5
900 1.95 - - -
1000 1.6 0.6 0.7 0.3
1100 1.55 - 0.7 -
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Fig.2. Dependence of ESR spectra parameters (inten-
sity and width) on the heat treatment temperature of
styrene- divinylbenzene copolimer.

drogen peroxide decomposition and cumene oxi-
dation show an increase in velocity (Fig.3). This
action is to account for the increase of electron
donative ability (namely electron transfer from
carbon surface to the substrate molecules) of car-
bons due to enhancement of conjugated area as
the heat treatment temperature increases.

Being oxidized in the same conditions, syn-
thetic carbons have different total ion exchange
capacity and distribution of surface functional
groups (Table). This fact is caused by distinctions
in reactivity of carbons towards nitric acid. The’
ability of carbons to react with nitric acid gradu-
ally decreases as the temperature of heat treat-
ment increases. Low-temperature carbons are
chemically similar to aromatic compounds
whereas high temperature carbons are similar to
glassy carbon. Despite the steady decrease in' total
exchange capacity as temperature is increased,

» £
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Fig.3. Dependence of catalytic activity in H20; de-
composition and cumene oxidation on the heat treat-
ment temperature of styrene-divinylbenzene
copolimer.

103




A.M Puziy et al. / lon-exchange processes. ..

80+

o

kS Cu B

€ 60

o

o

2

o 40

ﬁ Cu:Na
20 - u

| ]

0 | |

200 400 600 800 1000 T,°C
Fig.4. Dependence of cooper adsorption without and
in presence of large amount 0s sodium ions (1:100)
on the heat treatment temperature of styrene-

divinylbenzene copolimer.

the adsorption of copper decreases only in early
stage of carbonization (Fig.4). Then the adsorp-
tion increases and, for high temperature carbons,
exceeds the total exchange capacity (Fig.5). Tem-
perature dependence of ESR signal from ad-
sorbed copper (Fig.6) has analogous run up to
700 °C. Thereafter, ESR signal decreases heavily
probably due to reduction of Cu(1l) to Cu(l). The
data obtained indicate the changes in mecha-
nism of copper adsorption on oxidized carbons
having various structure. Three stages of mecha-
nism of copper adsorption may be recognized:

L. 400-500 °C. Adsorption of copper is due to
jon exchange on surface functional groups at-
tached to non-conductive carbon matrix. At this
stage, the ion exchange mechanism like to that on
cation exchange resins is observed.

11. 500-700 °C. Despite decreasing of the total
exchange capacity, the increasing copper adsorp-
tion is due to changes in quality of surface func-
tional groups attached to conductive carbon
matrix.One conceivable reason for this increasing
is formation of complex with charge transfer
from carbon surface to adsorbed copper.

11 700-1100 °C. Further increasing of copper
adsorption is due to full electron transfer from
carbon surface to adsorbedcopper yielding
Cu(l).

Conclusions

Ton exchange properties of synthetic carbons
depends heavily on structure of carbon matrix,
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Fig.5. Dependence of filling of total exchange capac-
ity on the heat treatment temperature of styrene-
divinylbenzene copolimer.
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Fig.6. Dependence of ESR signal from adsorbed coo-
per on the heat treatment temperature of styrene-
divinylbenzene copolimer.

particularly on electron conductivity. Three
stages of cations exchanges of copper is recog-
nized depending on quantity of spin electrons in
carbon matrix and its electrical resistance.

References

1. B.McEnamey, T.J.Mays, P.D.Causton, Langmuir, 3,
695 (1987).

2. B.R Puri, Chemistry and Physics of Carbon., NY.
(1970), p.191.

3. N.T Kartel, A.M Puziy and V.V .Strelko, Porous Struc-
ture of Synthetic Active Carbons. Characterization of
Porous Solids (COPS II), Amsterdam-Oxford-N.Y.-To-
kyo: Elsevier, (1991).

4. S.V.Mikhalovskii, Yu.P Zaitsev, A.M.Puziy, Ist. Euro-
pean Congress on Catalysis EUROPACAT-1, Montpe-
lier, France, Book of Abstracts, 1,263 (1993)

Functional materials, 2, 1, 1995




A.M Puziy et al. / lon-exchange processes...

HonooOMeHHbIE Nnpoueccsl Ha CHHTETHYECKHX YIVHIX

A M.ITy3uii, T.M.MupOHIOK, Hl.T.KapTenb, H.IT.Xanacrok

HccneioBan mpowiece aacopbLuy HOHOB MM Ha CHHTETHYECKHX OKHCIIEHHBIX YTJIAX € PASITHUHBIMH
cpolicTBaMu yriaepoaHoil Marpuusl. O6pasisl yrieii nony4ain kapGoHHu3alHed CTHPOI-
JIMBHHHIOEH30JIBHOTO COMOJIHMEPA 0 Pa3IHYHBIX TEMNepaTyp (400-1100 °C) ¢ nocnenyiouuM
OKHCJICHHEM a30THOI KUcNoTol. CTPYKTYpa YIIIepOAHO# MATPHLIbI H3Y4EHa M0 3JIEKTPONPOBOAHOCTH H
merooM DIIP. TlokazaHo, YTO HOHOOGMEHHbIE CBOIICTBA CHHTETHYECKHX OKHMCIEHHBIX YrieH CHIbHO
3aBHCAT OT CBOMCTB YITIEpOIHOH MAaTpHLbL YCTaHOBJEHbI TPH PasiHYHbBIX MEXaHH3IMa afcopOLHH
MIOHOB MEJiH B 3aBUCHMOCTH OT KOJIM4ECTBa HECTIAPEHHBIX IEKTPOHOB B MATPHUE H €€ 3JIEKTPHUECKOTO
COMPOTHBIICHHA.
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Enamine-metal complexes immobilized
on the silica surface

V.V. Antoschuk, A.A.Golub and A B. Lusenko

T.Shevchenko Kiev University, 60 Vladimirskaya St., 252001 Kiev, Ukraine

A number of Schiff bases immobilized on the silica surface has been synthesized. The individuality of
compounds obtained has been proved with the help of physncal and p ;swo -chemical methods The
adsorbtion properties of obtained carriers with respect to cu? Co * and VO?* have been
studied. The structure and composition of forming oomplexes have been researched with different
spectroscopic methods. It has been shown that, for copper and cobalt, pseudo-tetrahedral surr oundmgs
are primarily realized with immobilized ligands. Square-pyramidal structures are observed for VO?* and
nickel is adsorbed in square-planar positions.

CuHTe30BaHO sl iMMOGIIIZ0BaHHX Ha MOBEPXHi aepocuily ocHoB Lludda. 3a fonoMororo hizH4HHX Ta
¢isHKO-XiMIUHHX METOJIB IOBEIEHO iHAMBITyasbHiCTh OTpHMaHHX cnon}m BHB%HO copOLiKHY 31aTHiCTb
OTPHMAHHX HOCIIB 10 BiTHOLIEHHIO JO KAaTIOHIB cu® Co Ta VO . CrexTpoCcKONiYHHMH
METOIaMH JJOCILIKeHo OyIOBY Ta CKJIajl KOMIUIEKCIB, L0 yTBOpIO}OTbCﬂ, Hoxazal-xo LU0 VI Mzl Ta KOOAbTY,
3 iIMMOGIi30BaHUMH JIiFaHAaMH, peastizyeThesl NIepeBaXHO MceBoTeTpaeapHyHe oToueHHs. g Banamury
CIIOCTEPIraloThCA KBaAPaTHO-TipaMiJabHi CTPYKTYPH, a Hikellb cOpOYeThCs B INIOLHHHO-KBAIPATHI IIO3HLTI.

Studies involving the immobilization of or-
ganic compounds and chelating groups became
an ongoing areca of active research. Much atten-
tion has been devoted to structural and spectro-
scopic studies of immobilized compounds. Schiff
base complexes are of interest as model com-
pounds for the understanding the processes of ad-
sorbtion. Major topics of the investigation have
included Schiff bases immobilization on the silica
surfaces, investigation of their adsorbtion proper-
ties and structure of complexes formed.

In this contribution we report on our studies
involving the synthesis and investigation of im-
mobilized ligands and complexes thercof with
metal ions. Some immobilized Schiff bases were
synthesized represented on Fig.l. A general
preparation method for the immobilized ligands
is described below.

Information about the structure of the prod-
ucts prepared be several synthetic methods was
obtained from IR spectroscopy, electronic ab-
sorption spectroscopy, electron paramagnetic
resonance spectroscopy, elemental and thermo-
gravimetric analyses.
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The IR spectra of all immobilized ligands and
complexes were recorded in the solid phase as
thin films between KBr discs on the UR-10,
UR-20 spectrometers.

UV spectra were obtained with Specord M-40
as diffusion reflectance ones.

ESR spectra of solid samples are recorded at
room temperature on the PS.100 X spectrometer.

Ali starting materials and solvents were ob-
tained from commercial sources and used with
further purification (recrystallization of alde-
hydes and ketones, drying and cleaning of or-
ganic solvents for the synthesis). Immobilized
amines were prepared according to standard
method by reacting silica gel with y-aminopropyl-
triethoxysilane or N-B-aminoethyl-y-amino-
propyltriethoxysilane. All Schiff bases were made
by stirring 10 g of y-aminopropyl silica gel (y-
APA) or N-B-aminoethyl-y-aminopropyl silica gel
(AE-y-APA) with 100 ml of the appropriate ke-
tone or aldehyde solution in the mixture of ben-
zene and 2-propanol 5:1). In all cases, coloured
product was separated from the reaction mixture
by filtration washed with benzene, 2-propanof,
and dried under vacuum at 40-60 °C.

Functional materials, 1995, 2, 1
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+APA R=H
AEY-APA R=CH,CH,NH,

OH

BRER
(8) R=H;
{8) R=CH

R’

[T T
(1) R=R'=R®=H, R?=0H;
(2) ReCH;, R'=R3=H, RE=OH;
(3) R=CH,OPh, R' «R¥=H, R2=0H;
(4) R=R'=R?=H, R¥=C|;
{8) R=R'=R?=H, R3=Br,
6) R= R'—Rz-H R3=NO,;
{7} R=R%=H, R! <R3=Br;

11T

(10)

Fig. 1. Immobilized ligands and symbols for designation

thereof.

0.2

04 06 'Ceugyin

start solution,
mmol/100 ml

Fig. 2. Extraction of Cu(II) by various immobilized

groups.

Functional materials, 1995, 2, 1

. CCU(II) on the
silica surface,
. mmol/g
0.6
.
0.4
0.2
0—roI

V(C=N),

All products are stable to benzene and metha-
nol extraction and to hydrolysis by water. In
agreement with the thermogravimetric analysis,
the immobilized Schiff bases are stable to 140-
170 °C. For the species, are observed two ther-
moeffects at 150-200 °C, 560-590 °C which
correspond with step-to-step destruction immobi-
lized groups.

The sorptlon ca]%acmcs of the 1mmobxhzcd li-
gands for cu? , VO?* and Zn?* was
determined. In each case, O 5 g of silica gel con-
taining the immobilized groups was equilibrated
with 50 ml of metal solution (with different con-
centration) for 1 hour with intermixing. The solid
extractant along with the metal ion adsorbed
were separated from the solution by filtration.
The residual metal ions were titrated according to
standard EDTA methods.

The adsorbtion capacity of these modified sil-
ica gels may be different under various experi-
mental conditions. In this work, the capacities
range from about 0.1-0.7 mmol per gram (mml-
mum for Ni* cations and maximum for Cu ).
The results are represented on Fig.2-3.

IR spectra of the munoblhzed groups were
taken in the range 1300-3600 cm'! The spectra
show bands at 1640 and 3300- 3400 em’! due to
Vas(N—H) and vg(N—H) (residual
amino-groups) respectively [1]. As a result of the
coordination, the band v(C=N) is shifted to 1610-

CM(") on the
silica surface,
mmol/g

06

04

0.2

FCpmny in
start solution,
mmol/100 mi

Fig. 3. Extraction of M(II) by the immobilized group 4.

0.2 04 06
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Table 1. Concentrations of immobilized ligands and their bands in the diffuse reflectance spectra.

Ligand Ciig. Bands in the UV-spectra
y-APA 0.55 - - - - - -
AE-y-APA 0.36 - - - - - -
1 045 42000 39800 31800 27400 - 19800
2 0.35 42800 39900 32000 27000 - 20000
3 0.25 - 39000 32000 - - 20000
4 0.45 42300 34400 30000 - 23800" 18600
5 0.35 43600 39500 35800 30200 23900 19500
6 0.40 - 37800 - 28600 25000 19800
7 0.38 42000 38000 34900 29700 23600 18600
8 0.35 42500 39900 32200 27000 - 19800"
9 0.35 43000 39900 32000 27200 - -
10 0.35 - 37200 31500 - 23000 -

1630 cm™'. This shift depends on the concentra-
tion of immobilized metal. The weak bands of the
residual amino-groups shift by 30-60 em’! with
metal concentration increase (CMe1):Clig. > 1:2).
These residual amino-groups are responsible for
the additional adsorbtion that is observed for
Cu?* and Co?".

The bands between 2800 and 3000 cm™' are
the various symmetric and asymmetric CH
stretching frequencies associated with the groups
which are bonded to the silica surface [1].

a b 310G 110G
| .

Fig. 4. ESR spectra of immobilized complexes cu®*
with 3, | — Cmea1):Clig.=1:2; 2 — CwMmen):Crlig~ 1:1.
a) signal of complex (I), g1= 2.033, g=2.265; b} sig-
nal of complex (I1), g1 =2.018, g|=2.215.
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The immobilized ligands and complcxes show
some electronic absorption © — 7 and 6 >
within the C=N and phenoxy group (Table 1). All
the bands show a shift from the free ligand values
by 300-500 cm’! due to the complex formation.

The electronic spectra of the immobilized
complexes of Cu * show a broad d-d transition in
the visible region at 11000-12500 em’! — dis-
torted tetrahcdral structure [2].

For Co? * complexes with immobilized Schiff
bases, three bands are observed at 15000 cm'l,
consistent with supposition of tetrahedral struc-

3450 G 200G
—

Fig. 5. ESR spectra of immobilized complexes vor*
with 1, I — CMe(1):Ciig.=1:3; 2 — Cyme(11):Clig. =1:2.5;
3—Cmen:Clig®1:2. a) signal of complex 1:2, g1 =
1.977, gy=1.949; b) signal of complex I:1, g1~1.977,
g|=1.937.

Functional materials, 1995, 2, 1
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ture (for all ligands,with exception of 7,8). For 7
and 8, two additional bands are observed at
15000 and 20000 cm™" (for the CMe(in):Clig. ratio
1:1 and grater) which are correlative to octahe-
dral structure [1,2].

All complexes of Co%* do not change their
colour in the air in the presence of moisture. That
testifies to the presence of metal cations in rigid
position and impossibility of reconstruction of
coordination polyhedron.

Besides, in the UV spectra of complexes cu®*
with 4, 10 and Co2+ with 7, 8 at small metal con-
centrations (CMe(n:Clig. < 1:3), a band of free
ligand is observed (marked as “+” in Table 1).

The positions of weak bands in the spectrum of
Ni?* complexes at 25000, 19000 cm "1 (for all ligands)
are consistent with square-planar structure [2].

The electronic spectra of the VO?* Schiff base
complexes exhibit a single band at 17000 cm’!
with additional inflections at 14000 and

20000 cm™. These spectra are consistent with a’

five-coordinate, squarepyramidal structure.

The ESR spectra for cu?* and VO?* at room
temperature showed two different structural pos-
sibilities for immobilized conglexcs (Fig.4-5).
Under low concentration of VO*', the square-py-
ramidal structure is realized with Cme(1):Clig. ra-
tio 1:2; when amount of metal rises the bands of
the square-pyramidal structure with the ratio
CMe(1):Clig. 1:1 appear in the spectrum. For cop-
per complexes having distorted tetrahedral envi-
ronment, the similar changes with ratio
CMe():Clig. are observed in the ESR spectra.
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EnaMub-MeTaUIn4ecKHUe KOMILIEKChI, HMMOOMIM30BAHHbIE
HA MOBEPXHOCTH KPpEMHE3EMaA

B.B.AnTouyk, A.A.I'ony6, A.B.JIricenko

CHHTe3HpOBaH P MMMOGHIIM3OBAHHBIX Ha NOBEPXHOCTH aspocuna ocoBanuil Illudda. C
MIOMOLIBIO (PU3MUECKHX H (H3HMKO-XMMHYECKHX METOJIOB JIOKa3aHa KHAMBHIYAIIbHOCTh MOTYYEHHDbIX
ooeémuemm. I/I'zy‘le}{bl copGLgaox-mme CBOMCTBA MOJIy4eHHBIX HOCHTeNIEH MO OTHOLIEHHIO K KaTHOHaM
Cu + + +

, Co?*, Ni*f, Zn®* u VO

. CneKTpome'rlelecngH MeETOoJaMH HCIeA0BaHbl CTPOCHHE H COCTaB

o6pasyromuxcs koMiiexcos. [Toka3aHo, 4TO Jyist MEH H KOOaJIbTa, HMMOOHIIM30BaHHBIMH JIMT'aHIaMH,
pean3yeTcsl MPeHMYLIIECTBEHHO MCeBAOTETPas/IPHIECKOe OKpYxXerue. Jnsa BaHaguia HabmopaloTes
KBaJIpaTHO-THPaMUANbHbIE CTPYKTYPBI, 3 HHKENIb COPOHUPYETCH B MIOCKO-KBAAPATHBIC MTO3HLIHH.
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Dielectric behavior of hydrated pyrogenic silica
and titania/silica

V.1.Zarko and V.M.Gun’ko
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31 Nauki Ave., 252022 Kiev, Ukraine

The water sorption on the surface of pyrogenic silica and titania/silica is discussed. The occurence of
TiO2/SiOz interphase boundary is shown to cause a significant change in the water sorption processes on

the pyrogenic titania/silica surface.

Po3risiHyTo cOpOLiI0 MOJEKy BOJIH Ha MOBEPXHi MiPOTeHHOTO KPEMHE3EMY Ta THTAHOKDEMHE3EMY.
IToxasaHo, o nosisa-Mixdasztoi Mexi TiO2/SiO2 cyTTeBo 3MiHIOE NMpOLIECH cOPOLIT BOJIM Ha MOBEPXHI
MPOTEHHOro THTAHOKPEMHE3EMY, BiNOBIIATbHIMH 3a K € THTaHOCHIIOKCcaHOB MicTkH Ti—O-Si.

1. Introduction

The properties of water absorbed on metal ox-
ide surfaces are different from those of bulk water
[1-4]. Characteristic changes are observed in layer
of 10 nm [5]. Titania-silica (TS) surfaces are more
heterogeneous in respect of water absorption
than silica. This is the result of the formation of
individual TiO2 phase and Ti-O-Si or Ti-O(H)-
Si bridges in the interface regions [5-8].

The Ti~O-Si bridge content in TS increases
with the nTio, value growth and it is maximum at
nTio, = 20 wt.% [9]. This value is close to maxi-
mum solubility of titania into silica matrix [10].
The adsorption capacity value for TS is not ex-
plained through additive adsorption of water on
the SiO2 and TiO2 phases [11]. The aim of this
work is the investigation of water .adsorbed on
the silica and titania-silica surfaces and determi-
nation of interface influence on characteristic
properties of such systems.

2. Experimental

Materials. Pyrogenic silica Aerosil (A-300,
(300 m%g') 99.9%) was obtained from PU
«Chlorovinil» (Kalush, Ukraine). The samples
were heated during an hour at 7 = 470 K for re-
moval of residual HCI.
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Pyrogenic titania/silica (with 99.5% purity)
has been studied; the samples used contained 9
(TSo), 14 (TS14), 20 (TS20), 22 (TS22), 29 (TS29),
and 36 (TS36) wt.% of titania with specific surface
area (S) of 215, 137, 70, 250, 60 and 90 m’g™
correspondingly.

DS method. Water adsorption measurements
were performed at room temperature with mean
error near #0.01 g/g. Dielectric characteristics
were measured in the 3-10 MHz frequency range.
A choice of this region is conditioned by neglect-
ing of Maxwell-Wagner effects [12]. The meas-
urements of ¢’ = @®(7) and " = P(T) were taken by
thermochamber with programmed temperature
changes. Heating rate was equal 0.05 K/s at
8T =45 %.

3. Results

The activation energy of Debye type polariza-
tion (Ep) may be obtained from spectra of dielec-
tric losses. The Ep values are calculated usually
from shift of the temperature maximum €"(7) for
different frequencies (Fig. 1). The Ep value in-
creases at CH,0 rising; e.g., at CH,0 = 0.05 g/g, Ep
is 13 kJ/mol and at CH,0 = 0.45 g/g, Ep is
21 kJ/mol for low-temperature peak. This may be
interpreted .as a result of hydrogen bond number
increase for each molecule in adsorption complex

Functional materials, 2, 1, 1995




V.1.Zarko and V.M.Gun ko / Dielectric behavior...

0.06

0.04

0.02

0 1 | |
120 170 220 T,K

Fig.1. Dependence of the " values on temperature at
f=9(1),3(2) MHz and CH,0 = 0.05 g/g.

at CH,0 = 0.45 g/g. The Ep value is 46£15 kJ/mol
for the high-temperature peak at CH,0 = 0.25 g/g.

Relaxation time of adsorbed water polariza-
tion (Trp) on Aerosil surfaces is nearly 1085 [13],
i.e., it lies between those for 71 (liquid bulk water)
and 7; (ice). However, for silica gel, trp (10'9- 10°
10 8) is less than for Aerosil owing to spatial filling
of the gel pores and higher sizes of adsorbed
water clusters. The Trp value growth relative to 7
is due to orientation and polarization actions of
oxide surfaces hindering any motions of mole-
cules adsorbed. For example, in Aerosil hydrogel
the random mobility of water molecules differs
from bulk water. The mean-square value of scat-

tering atom displacements <x’> (obtained by

analysis of angular dependence for noncoherent
quasi-elastic scattering of slow neutrons) [11] is
6-10%nm? for dehydrated Aerosil. At
Ch,0 = 0.006 g/g, the <x’> value increases to
0.9-1.0-10° nm?, and at CH,0 = 0.02 g/g, it
amounts 1.3-107> nm?. For bulk water, <x?> is
1.5:10" nm? at the same conditions.

As CH,0 grows, the €”(7) maximum shifts to
lower temperatures at first, but then it returns to
the region of 170-190 K (Fig. 2). The ¢"(T) inten-
sity changes are as small as from 0.05 to 0.20 at
CH,0 increase and at T < 200 K. This effect may
be interpreted as small changes number of water
molecql_es directly bound to the surfaces, i.e.,
water claster sizes increase, but the most part of
molecules in these clusters are ice-shaped at
T<220K.

All samples containing 0.1-0.45 g/g of water
have a relaxation maximum at 0° C which may be
caused by water molecules bound in great clus-

Functional materials, 2, 1, 1995
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1.5
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Fig.2. Dielectric losses of pyrogenic silica depend-
encies on temperature at the Ch,0 for 0.10 (1),
.0.25(2),0.45(3).

ters, i.e., not directly contacting the silica sur-
faces.

For the " = ¥(7) function, two temperature
regions may be separated: I, at 7'< 220 K and II,
at ‘T = 240-320 K. Internally frozen adsorbed
clusters are characteristic for the second region,
and the g intensity depends on CH,0 strongly (at

‘room temperature this dependence is linear) [15].

In the first region, freezing-out of molecules di-
rectly bound to the silica surfaces (type I) occurs
in the first region. The Ep value dependence on
CH,0 is non-linear: at first, Ep, decreases with
CH,0 growth but then it increases, i.e., number of
molecules directly bound to the surface depends
on CH,0 and cluster sizes non-linearly. Appar-
ently, at first, the number of molecules directly
bound to the surface changes very little, i.e., the

| | J
15 n(HZ0), wt%

5 10
Fig.3. Dependence £" = f(nn,0) for the samples SiO2

(1), TS9 (2), TS14 (3), TS20 (4); frequency is equal
3 MHz.
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(SI-O-Ti)/\(Si-O-Si)
=) >
I 1

[$,]
!

1 | ]
10 20 30 n(Ti0y), %

0

Fig.4. Dependencies of the Si-O-Ti bridge content on
nTio, in TS.

clusters increase at the expense of superstructure.
The E; value decrease may be caused by mobility
limitation of water type I at freezing-out of water
type II in cluster superstructure. Water clusters
can coalesce at further growth of CH,0 (according
to €''(T) and ¢”(CH,0) this transition occurs in the
range 0.25 < CH,0 <0.45 g/g), and amount of type
I water increases that leads to the Ep value rising.
Hexagon "windows" on Aerosil surface (which
has structure similar to face (111) of B-crysto-
balite) have only three Si atoms with OH groups
which are active sites for water adsorption [8].
There is some critical size (Rc) of water clusters,
and its excess leads to coalescence of separated
clusters. At CH,0~0.25-0.30 g/g, the R, value
corresponds to 20—30 molecules in a cluster.
Dielectric permittivity (¢') of TS depends on
the nH,0 value more strongly than for silica
(Fig. 3, curves 2-4). The character of the function
g’ = finH,0) (kink up) allows us to explain the
data obtained within the scope the layered model
[16] according to which, in the first layers, the
molecules adsorbed on the most active sites have
lower orientational mobility in external electric
field than ones in the second layers, which give
higher contribution to orientational polarization
of adsorbate. It increases through TiO2 phase in-
fluence and, as a result, the ¢’ value grows. The ¢’
value for dehydrated pyrogenic silica and TS are
nearly equal [17]. The ¢ values changes nearly
linearly with the Si—~O-Ti bridge content (Fig. 4),
i.e., we can assume that these sites are the most
important for water adsorption. They lead to fast
rise of great clusters of water adsorbed on TS as
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2
10
8 -
1
6 |-
4
2 I I 1
- 8 12 16 20 n(Ti%y),%

Fig.5. Dependece € on nTio, for TS at water content
of 4 (1).and 6 (2) wt.%.

the nH,0 value grows. The peculiar form of the
function ¢’ = f(nH,0), which is observed for TS4
and TSy (Fig. 3, curves 3, 4) (at such nTio, val-
ues, individual titania phase forms into TS), at-
tests that continuous water layer forms on TiO2
phase.

Dielectric permittivity is proportional to the
nTio, and Si~O-Ti bridge amounts (Fig. 5). The
¢’ value dependence on temperature (Fig. 6) for
TSg differs from one for pyrogenic silica and the
¢’ values of TS in the 220-300 K range are well
above that for silica. However, the nH,0 value for
TSy is higher than for silica by 2-3 wt.% only, i.e.,
this difference of the ¢ values can not be ex-
plained only by water content on the SiO2 and
TSy surfaces. This may be caused by a difference
between adsorbed water clusters sizes for this ox-

”

®r 1!

0.05 -

0 | | |
100 150 200 250 T.K |

Fig.6. Dependence ¢” on temperature for TSy at fre-
quencies of 3.2 (1) and 9.4 (2) MHz.
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ides. As the temperature drops from 300 to
220 K, such change in the ¢” values is charac-
teristic for a surface containing great water clus-
ters, but it is observed for pure SiO2 only at
nH,0 = 25 wt.%. At least two relaxation maxima
are observed for TS¢ in the 160-220 K range in
which one maximum is exhibited for silica, i.e.,
on the TS surfaces, several types of water adsorp-
tion sites exist, e.g.

H H_ MH H M MH..OH,
0nH,00 0" 0" 0
|Si H lsf/ “HenH,0 ISi m
~ I No NIV 2

Calculation of the activation energy of polari-
zation (Ep) may be performed through a relaxa-
tion maximum shift at two different frequencies

(0 [16]
In(Af) . 3]

max
The Ep value according to eq.(2) for TS is
28 kJ/mol (220-300 K) and 21 kJ/mol (160-
220 K). An estimation of the Ep value may be
made via a maximum of &” measured on a certain
frequency

Ep ~ const -

-1 AF 3

(fnax2m) = © = (1) exp (5p). ®

Where AF is free energy of activation, and as

we measure temperature dependence but not fre-
quency one that

Q)

TO
An estimation of activation energies for three

DS peaks of TS9 according to eq.(4) gives follow-
ing values: 18, 21 and 25 kJ/mol.

me
AF ~ E, = RTmaxln[ ”J.

4. Theoretical simulations

Theoretical investigations were carried out in
cluster approach by the AMI1 method [18] for
SiO2 and NDDO [19] for TiO2/SiO2. The Aerosil
surface fragments were modeled through the clus-

ters (O3Si0)3SiOH (1) and
(O3Si0)2Si(OH)OSI(035)0SI(OH)Y(0SI03)2 (11),
where O* is monovalent oxygen pseudoatom [8].
Adsorbed water clusters contained from 1 to 12
molecules. The following motions of molecules
were simulated:

Functional materials, 2, 1, 1995

a) rotation of one molecule which had donor-
acceptor bond with Si atom it the =SiOH group
and different number of hydrogen bonds with
other molecules

P o o
>Si S — >Si PARY X IO
A K B !

b) rotation of molecules from different surface
layers with variable number of hydrogen bonds

oﬁ J--OF,
o 0 —H..OH,
“N !
,.'\' \H ..0 —H...OH,
0 ..OH,

"’

¢) diffusion of molecules which had donor-ac-
ceptor bond or hydrogen bond (or physically ad-
sorbed). The calculation were carried out with
account for the vibrational-rotational relaxation
of molecule surroundings and without it by adi-
abatic (ARC) and dynamic reaction coordinate
(DRC) methods [20]. In the latter case, the start
points had the structures obtained by ARC
method and corresponding to different rotations
or transition states of diffusion jumps between
neighboring sites.

Minimum activation energy of water molecule
rotations is observed at soft concurrent reorienta-
tion of surroundings Table 1 that corresponds to
slow rotations of molecules in liquid states. Maxi-
mum activation energy is obtained at "rigid" sur-
roundings that is close to ice characteristics (for

ice, Ejor = 55 kJ/mol [4]). At weak response of sur-
roundings, the rotation barrier is maximum
(42 kJ/mol) for a molecule with donor-acceptor
bond Si«OHza. .

This value approaches to the Egp maximum
characterizing the depolarization of adsorption
complexes which remain after heating (Fig. 6),
i.e., strongest complexes.

Activation energy of surface diffusion (Ep)
was calculated for water molecule "jump"” be-
tween neighboring sites with =SiOH groups
(= 0.7 nm):
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Table 1. Energetic parameters of adsorption comlexes

‘iyr N Cluster | N=n+tl | Bond type of rotated AE, £ £ (surr.refax.)
| molecule, T+l
(number of bonds)

I 1 DAC (2) 39 13 7
I 1 DAC (2) 55 36 - 1375** (AE )
I 2 DAC (3) 2 2 18
I 3 DAC (3) 40 2 .
1 Y DAC (4) 33 69 17
I 8 HB (3) 37 26 ;
I 9 DAC (4) 35 41 -
I 10 HB (1) 36 8
I 9 DAC (4) 45 59* 31* F=72.10" Vim
I 9 DAC (4) 40 29* F=3610" Vim
i 9 DAC 36 1109 (AE )
1 1 HB 13-15
I 2 HB 30
I 2 24

1oH.Ho 15
I 7 33
I 4 30
1 29
1 12 32

Notes. *The E” values were obtained without field, but after polarization. **Proton detachment energy.

H 87 H
\? O)" cl)/
/o—/s< \y A_’/Si\~o\ Q)
0 o—si—d o
AN

Potential energy change is 10 kJ/mol, if the
molecule resides between =SiOH groups in (7A).
Time of one jump between these groups with ki-
netic energy of molecule corresponding to
T~ 330 K is about 10" s at the mean velocity of
molecule motion along surface 3.6 m/s. The Ep
value is equal 30 kJ/mol at molecule removal on
0.7 nm from the =SiOH group (7B), i.e., it is
25 kJ/mol less than energy of initial complex for-
mation; that is caused by the conservation of at-
traction between solid and molecule under the
diffusion along the surface.
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For titania surface fragments, clusters in-
cluding from three to six hexahedrons TiOe/3
with anatase structure were calculated. The
Ti02/Si02 surface models contained from one
to three TiOs/3 hexahedrons and 7-10 SiO4/2

tetrahedrons. The H3SiO and OH groups were
used on the cluster boundaries. The TiO2 and
TiO2/SiO2 clusters contained the Ti-O(H)-Me
(Me = Ti, Si) bridges and terminal OH
groups.

The E; value for TS is minimum (for mole-
cules bound directly to a surface) in hydrogen
complexes of only one molecule

Ti
OH...OH,, (Me = Si.Ti)

Me/

®

and it is about 10 kJ/mol. In the case if these
molecules interact with other water molecules, the

E; value increase to 25 kJ/mol. For donor-ac-
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ceptor complexes (DAC) Ti«-OH2, the E; value is
higher (= 40 kJ/mol, i.c., it is nearly equal to the
E7 value for DAC on a silica surface [4]). With

growing number of water molecules in a complex,
when the first adsorbed molecule forms DAC, the

E7 value rises to 55-60 kJ/mol. If a molecule sur--

rounding in DAC is assumed to be fully rigid that

the EI value is equal 85 kJ/mol. However, the
probability of Ti<~-OHz DAC formation on pyro-
genic TS surfaces is small as the Ti atoms at a
surface form hexahedron structures TiOg/3.

From a comparison of experimental data with
theoretical simulation results we can conclude
that the most formation probability exists of fol-
lowing type complexes:

|
H
>O \, < N7
\
O..H —O H...O
/ A4
H i M

||.|/ 7N\
O_

H o ‘0—H
\o/ H\O/H

///////////////

I

H—O
H

H H H
| | I-\ N |
H—O .H—O\ / /O—H... O—H
: H  H" O \H H ;
\ o, N -OH, \O/ H
o 2 \/N SH H 0

~H H /H : \ H
; /
>o H-..O S /O .H—0
H
H L\O/H H
H—O ‘'0—H
\o/ /\ H\O/H

TITTIT P00

where Me is Ti or Si. Therefore, a number of
water molecules in DAC on TS surfaces is lower
than on pure silica on which DAC are the most
preferential, i.e., the most probable formation of
water superclusters occurs on the TS interface
sites (B-centers) which form easily ion pairs at
solvation. However, thermodynamic stabiliza-
tion of ion pairs requires a participation in this
process many water molecules on every center
(n >10 in (7)) [21].
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5. Conclusion

The relaxation time tp(DS) decreases with
rising of water quantity in adsorbed clusters ow-
ing to increased dissipation rate of vibration-ro-
tation energy.

Analyzis of the experimental results favors the
view that the most probable sites for water molecule
adsorption are the TiO2/SiO2 phase boundary re-
gion, and water molecules adsorbed on the Ti-
O(H)-Si bridges loss less degrees of freedom than at
donor-acceptor complex Me«OH2 formation. This
effect has influence on a lowering of activation bar-
riers of polarization and depolarization of water
clusters adsorbed on mixed oxide surfaces.
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lIlfBJIeKTpl/l‘leCKl/le uccjie10BaHust rTMAPaTHPOBAHHOTO MHPOT€HHOI0
KpeMHe3eMa H TUTAHOKPEeMHE3EMa .

B.U.3apko, B.M.I'yneko

Paccmorpena copGuus MOoJleKyJl BOAbI Ha NOBEPXHOCTH IHPOTEHHOIO KpemHeseMa H
THTaHOKpeMHezeMa. [l0Ka3aHo, 4TO nosBleHHe MexdasHol rpanuusl TiO2/Si02 NpHBOAHT K
CYI[ECTBEHHOMY H3MeHeHHIO MpoueccoB copOLHH BOJb Ha MOBEPXHOCTH NHPOTEHHOTO
THTAHOKPEMHE3eMa, OTBETCTBEHHBIMH 3a KOTOPbIE SBISIIOTCS THTAHOCHIOKCaHOBbIE MOCTHKH Ti~O-Si.
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The influence of the thin film with 2D surface zone
in an adsorbate on the potential barrier
in the external electric field

L.G.I’chenko and A.A.Savon

Institute of Surface Chemistry, National Academy of Science of Ukraine,
31 Nauki Ave., 252028 Kiev, Ukraine

External field penetration effect in the thin films of a metal (semimetal or degenerate semiconductor)
with a size quantized electron spectrum have been calculated in the framework of nonlocal electrostatics.
On the basis of these results we determined the influence of the thin adsorption coating with 2D surface
zone in the adsorbate on the potential barrier in the case of the field emission from the semi-infinite metals.

3 BHKOPHCTAHHAM TEOPETHUHHX METOJiB HENOKaNbHOI eNeKTPOCTATUKH 3HaiifleHO BHpas s
noTeHUjany NPOHUKHEKHS 30BHIIIHLOTO €IEKTPHYHOTO NOJIS B TOHKI IULIBKH METaJIiB (HaniBMeTalis abo
BHPOJIXEHHX HAIliBIIPOBiIHHKIB) 3 pO3MipHO-KBaHTOBaHHM CIIEKTPOM eJIEKTPOHIB. OiepkaHi pe3y b TaTH
34CTOCOBAHO ISl BU3HAYEHHS BIUIMBY TOHKHX afCOPOLMHHX MOKPHTTIB 3 2D MOBEPXHEBOIO 30HOIO B

IBLi aacopbaTy Ha GopMy NOTEHLiAIBHOTO Gap’epy NpH aBTOEIEKTPOHHIH EMICii.

The emission characteristics of metaliic cath-
odes are determined by the bulk properties of the

metal (the electronic structure) and the surface

state of the metal (the adsorbate layers). In [1-3]
it is shown that, for the calculation of the poten-
tial barrier g, F) in the external electric field F/
for electrons tunnelling from the metal, the good
approximation is the foilowing:

o /I(x,F) = xM + (p% C(x,F)
2
FhaceF) ==

4(x + Xp)

where y is the affinity energy of the bulk metal, x
is the value of the image plane displacement for
the calculation of the image force potential
Va(x), x1 is the contribution from the field pene-
tration effect. All these values are determined by
the electronic structure of metal. In the frame-
work of the Thomas-Fermi approximation (TFA)
we obtain:

eZK. 3 -1 . -1
X=—'2—,X0=—K yX1=K

~eF(x +x)) O

4

where k! is radius of screening by free carriers in
the TFA. Taking into account the quantum na-
ture of conduction electrons in metal within the
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framework of the Random-Phase approximation
(RPA) for the dielectric function of metal s(kj’,
and the many-body correlations between the elec-
trons give the possibility of a classification of
metals according to their electronic properties. In
RPA, v, xoand x1 are obtained in the integral
form.

It is known that the adsorption of atoms on a
cathode surface influences essentially its current
characteristics. The work function of the metal
varies with the coating degree 6. The collective
properties of the electrons in the film of adsorbate
begin to play a significant role for the coats
6> 6, [4,5]. In this case, the spectrum of electrons
becomes quasi-two-dimensional (Q2D). The 02D
layer on the metal surface changes the barrier in
the external field F. At the same time, in addition
to the conventional emission of electrons from
the metal, the emission from the Q2D layer (2D
Zone) appears.

On the basis of the Green functions of the
nonlocal Poisson equation in an unsymmetric
system of three media with a spatial dispersion
[6], we have calculated the potential electrostatic
charge near the metal surface with a metal coat-
ing (adsorbate) in the external electric field F.
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Let us consider the interaction of a charge e
with surface of a semi-infinite metal taking into
account the screening effects induced by free con-
duction electrons. The dielectric function of metal
in the region x < L we choose in TFA

2 2
K 2 6men
£ RN R N O

where n is electron concentration and E is the
Fermi energy.

Let us suppose that the spectrum of the free
carriers in the metal film of the thikness L (in
region —L < x < 0) is size-quantized (SQ). The di-
electric function ex(Kj of SQ film can be written
in the form (RPA) [1,7]

eafld) = 1+ =UR )
k2 + q2

In the electric quantum limit, when electrons
fill one level in the adsorbate layer, the polarisa-

tion operator Kzzv(q) has the form
2 4 , 2172
KM@= Rell = (1 = 2k/a)) )
agl @

where k= \2mnL is the Fermi pulse of electrons

. h . .
in the Q2D zone, ao == s the effective Bohr
me :
. * . . 1VA R
radius, m” is effective mass of electrons, n= T is

-

the bulk concentration of electrons in 02D zone,
N4 is two-dimensional concentration of adatoms
in the adsorbate layer. Note that, in TFA,

ngv(q) = K%/ = COMSL.

For a total case of unsymmetric system of
three media with spatial dispersion, in [6] Poisson
equation were found, which determine uniquely
the electrostatic energy of the Green function of
the nonlocal charge V?(x) (the potential of image
forces) in the inhomoneous system for F'=0.

As it was shown in [6], the account for the
spatial dispersion effects in the media with differ-
ent screening properties provides finiteness and
continuity of V?(x) at the interfaces x =~ L (semi-
infinite metal/SQ film) and x=0 (SQ film/vac-
uum/,and the common (vacuum) counting level
of the potential of forces.

In the total case for the unsymmetric system
of three media, we obtained the field Green func-
tion of the nonlocal Poisson equation which de-
termines the field component AV;(x,F) of the total
electrostatical potential for =0
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AV (x.Fy = V?(x) +AV(xFy ©)
We found a strict solution of the nonlocal
Poisson equation taking into account the finite
bounds of the normal component of the electro-
static induction vector at the interface x =L and
x = 0 in the external electric field F.
The external field penetration effect
(F = const.) in the thin metal film (with SQ spec-
trum of the electrons) on the metal surface (TFA)
is described by the following expressions:

olErLixy 6)
AVi(lxl By=el Kysh(Liy)+ keh(Lky)
(in metal region, x < L);
AVy(lxl, Fy =
eF Ksh(lx +L]xy) + xpeh(|x +Lixy) ™
Ky kpsh(Lxy) +xeh(Lxy)

(inside the film ~ L <x < 0);

AVyxFy=—eF (x+—
3(ef) = el (x Ky K+ xeth(Lxy)

(in vacuum, x = 0).
Fig. 1 shows the field penetration effect in the thin

o
(superthin) metal film for L =33 A,, m"=0.08m
(mis the mass of free electron) on the semi-infi-
nite metal with diffsrent concentrations of bulk
electrons n=102cm ™ (curve 1), n=10 22em 73
(curve 2) and n= 1083em™> (curve 3).

Fig.2 demenstrates the contribution of the
ficld penetration effect into the potential value at
the interface Q2D/vacuum (x =0) for different
concentrations of electrons in the semi-infinite

1 xrgelday - ©

-12 -9 -6 -3
0 HF% I 4 | E,l y
=x/a
-0.007} l °
-0.0141+
metal 2D zone vacuum
-0.021- (adsorbate)
-0.028+
ag
AVE)S N

Fig.1 Dimensionless potential energy

AV(E) = AV(x)ig in the thin metal film as a function
e

of {=x/ay for L=3.3 A, m*=008m, F=8 10" on

the semi-infinite metal for n=10" em™ {(curve 1),

n=102cm ™ (curve 2), n= 102 em™ (curve 3).
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1 3 5 7 9

0 T T T 17
0.0013 | F+107, Viem
-0.0026 |-

3
-0.0039 -
-0.0052 a
AV(O)gg

.Fig.2 Dimensionless potential energy

AVW() =AV(x)a—g in the thin metal film as a function
e

of Finto potential value at the interface Q2D/vacuum
for L=334, m"=008m and n=102 cm -

(curve 1), n=10 2
(curve 3).

em 73 (curve 2), n=10%cm 3

bulk of a metal n=10%'cm™ ( curve 1),
n=10%2cm™3 (curve 2) and n=102¢m™3 (curve
3).

It is seen that the effect of field penetration in
the metal film is defined by the electronic struc-
ture of the semi-infinite metal for the superthin
metal film, for 6 > 6.

For the thickness L >> aj in (6)~(8), we obtain
the field penetration effect in the form

AV2(|xIﬂ=*gexp(— [x]%p); ©)
KN
(inside the film, x < 0)
AV3xFy=- eF(x+—l—) (10)
Ky

(in vacuum, x > 0)

As it can be seen, the equations (9) and (10)
describe the field penetration effect in a semi-infi-
nite metal 3] we replace xy —> .

The potential barrier ®(x,F) for the electrons
tunneling through the Q2D layer from the semi-
infinite metal into vacuum can be written in the
form

O(Ix[.Fy = 3+ oap(|x]FY + @y Py

ol x].F) = Vah]x].F) + Avy(|x].Fy

(pVAC(X;’lD = V?’AC(x) + AV3(JC,F) (1 1)
The potential barrier ®4(X /) for the elec-

trons tunneling from the Q2D zone into vacuum
is given by the expression

DPop(iF) = Xap + Qpad*F)- 12)
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-0.16

-0.32

¢E,F)

Fig.3 The dimensionless potential barrier

— x,Fya . .
(5 =ﬂ,ﬂ2ﬁ~o on distances £ =ai0 in vacuum
e

in the external electric field F= 5107 ¥/cm (curve 1)
and F=10%V/em (curve 2) near the Q2D layer for

L=33 ;&, and n=10% ecm 3. The dependence for
the potential barrier ¢, o(&F) = (P_A/Ag;@ﬂ in the
e

absence of a metal coat is shown by dashed lines.

Here, V‘z’o(l x]) is the potential of the image
forces in Q2D layer, I}, c(x) is the potential of
the image force in vacuum. In the case of TFA.
when 1>> a5, we obtain V?/Ac(x) in analytical
form

* e2 1
Veac) = -1+ ——+
(<)
o Ho(2wyye) -No(2xy)) -

ﬁ” 1(2ky) =Ny (2“1\!")] (13)

where Hy(z) and Ny(z) are Struve and Neumann

functions. x2p and V%D(x) in TFA (as well as in
RPA) are determined in the integral form.

The potential barrier for emission of electrons
from Q2D zone is

Doy (0, F) = %pp + Vyvac(x) —eF(x+ K;,l) (14)
where y2p = V3p(-L/2) + AVa(-L/2) is the affin-
ity energy.

Dependences of the dimensionless potential

barrier @(¢,F) =(ﬂ/ﬁi;m on distances §=a£0
(4

in vacuum in the external electric field
F=5.10" V/em (curve 1) and F=10% V/em (curve2)
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near the 02D layer (L =3.34) and ap = af, L > af
on the metal (n=1()12 cm®) are plotted in Fig.3.
The dependences of the potential barrier

o dCF) = giﬁg_icm in the absence of metal
2

coat are shown by dashed lines.

It is seen that, with increasing effective screen-
ing radius in the Q2D zone of the adsorbate, the
influence of the metal substrate (its electronic
structure) on the formation the potential barrier
in the external electric field AVi(x,F) increases.

Increasing of the surface degree coating 6 > 6.
contributes to the filling of higher levels in the
layer. It can lead to the appearance of oscillations
in dependence of the emission current jn(F) from
the SQ metallic coat.

It should be noted that, in the framework of a
nonlocal electrostatic the method presented for

the determination of the potential barrier form in
an external electric field F can be used for the
calculation of current-voltage characteristics of
metal emitters with dielectric coats, dipoles coats,
etc.
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BausinMe TOHKMX IUTeHOK ¢ 2D noBepxHOCTHO# 30H0ii B aacopbare
HA MOTEeHIHAILHBII Oapbep BO BHEIIHEM MATHUTHOM MoJ1e

C.I'.inbuenko, A.A.CaBoH

C npHMeHeHHeM TEOPETHYECKHX METOIOB HEIOKaIbHOMH 37eKTPOCTATHKH MOMY4eHO BbIpaXeHHe I
NOTeHIaNa NMPOHUKHOBEHHS BHELIHEro 3JEKTPHYECKOTO MOoJs B TOHKHE MNJIEHKH METanloB
(0yMETAJ 0B HIIH BHIPOXIEHHBIX MONYNPOBOJHHKOB), CIEKTDP 3JNEKTPOHOB B KOTOPBLIX
pa3sMepHOKBaHTOBaH. IloNyYeHHble Pe3yNbTaThi MPHMEHEHB! AN ONpejeeHns BIUAHHA
afcOpOLHOHHBIX MOKPBITHIl ¢ 21D MOBEpPXHOCTHOMR 30HOH B clloe apcopbara Ha GOpPMY NOTEHLIHATBLHOTO

Gapbepa NPH aBTOIEKTPOHHOH 3MHCCHH
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Electrochemical microscopy: conductometric
measurements

V 1.Strikha and L.E.Konovalov

T.Shevchenko Kiev University, 64 Vladimirskaya St., 252017 Kiev, Ukraine

The application of electrochemical microscopy in association with conductometry for evaluation of
thickness of biosensor membrane (enzyme-albumin one cross-linked with glutaraldehyde) in aqueous
substrate solution is presented. It turned out that thereactive component of tip current is the most sensitive

for the position of the tip inside the membrane.

KoHyKTOMETpHYHi BUMipH 3a JOMOMOTOI0 eeKTPOXiMIYHOro Mikpockony GyIH BUKOpHCTaHi [UIs
3HAaXO[KEHHs TOBIUMHM MeMOpaHH GioceHcopa Ha OCHOBI albOyMiHy GesnocepefHbo y pofouomy
posunHi (xanifibochathuii Gydep). Lle mano smory BpaxyBaTH po3byxaHHs MeMOpaHu. Bumipu Ha
3MiHHOMY CTPYMi JIO3BOJISIOTH JIETKO BUBHAYHTH MOJIOXKEHHS MeXi elIeKTpOJIiT-MeMOpaHa.

Introduction

The development of electrochemical microscopy
technique gave one more powerful instrument for
an investigator in the field of processes in the poly-
mer films. Due to small tip size, the local determina-
tion of vast number of the object parameters
became possible. The specific difficulty of biosen-
sors is their swelling in substrate solution where the
sensor, operates. Because of this swelling, even the
determination of film thickness causes difficulties.
But for local measurements in biosensors one must
know reliably at least the position of film-solution
interface, and therefore, the film thickness. It has
been known that the position of such interface
could be easily defined by means of electrochemical
microscopy if the conditions of charge transfer in-
side the film differ from that outside of it. Such
measurements in so-called feedback mode were de-
scribed in [1-3]. There was no charge transfer if
electrode was outside of the film. However, there
was mechanism of charge transfer involving media-
tor (a species, which can get charge at one electrode
and them release their charge at the other) inside the
film while the liquid (aqueous solution of 40 mM
NaClO4 as a supporting electrolyte, for example),
which the film was placed in, was almost insulating.
The position of film-liquid interface could be de-
fined by dipping of sharp tip in the film and meas-
uring the current through this tip at applied voltage.
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It is quite clear that such method of attack in the
case of biosensors which can operate at aqueous
conditions and use no mediator is not convenient.
The variation of tip current between inside and
outside the membrane ought to be small, because
the last swells significantly and, thus, mostly con-
sists of solution. It turned out, however, that ap-
plying of ac voltage can make this measurements
more precise.

Experimental

1. Electronic circuit

The schematic diagram of electronic circuit
used for the experiments presented in this paper is
shown in Fig.1. Sinusoidally varying alternating
voltage at a frequency of 799 Hz comes from the

generator

799 Hz attenuator

Fig.1. Electronic circuit for conductometric measurements.
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oscilator through the variable attenuator to the
tip electrode. The tip current is measured in the
substrate circuit using bandpass amplifier. The
amplified signal comes to the measurement unit,
where its amplitude and phase with respect to the
the reference signal from the oscillator are meas-
ured. The variable attenuator allows to change
amplified voltage in order to minimize it for each
specific sample and tip. By this means, one can
avoid the unwanted changes of the tip due to
faradaic processes, and besides, that allows to
measure really differential values.

2. Tip driver

The experiments were performed using mag-
netoelectric driver schematically shown in Fig.2.
This principle can provide wide range of motions,
unlike the customary piezoelectric one. This is
very important for the measurements in the rela-
tively thick films (biosensor membranes could be
as thick as 100 p and more). The deformation of
the elastic suspension is caused by electromag-
netic force exerted on the coil with current in the
magnetic field. Such driver has almost linear cur-
rent-distance dependence.

3. Electrochemical cell

Electrochemical cell consists of biosensor
membrane on the substrate electrode and the tip
electrode. It operates in aqueous potassium phos-
phate buffer solution (pH 8.0). The membrane is
enzyme-albumin one cross-linked with glutaral-
dehyde, containing glucose oxidase as an enzyme.
The technique of its fabrication was described in
[4]. We used silver plate as substrate electrode.
The membrane on it was about 5 mm in diameter.
The tip was sharpened by electrochemical etching
of 110 pm diameter tungsten rod in saturated
aqueous solution of NaOH at 24 V root mean
square ac. After etching and washing, tip was in-
sulated with molten paraffin as described in [2].
The degree of the tip insulation was checked by
dipping it into conductive liquid and measuring
the resistance between the tip and the liquid.
Then the very end of a completely insulated tip

permanent magnet

N‘/

coil

elastic suspension

Fig.2. Magnetoelectric tip driver.
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was exposed by touching a hard surface using
electrochemical microscope. The tip was then
placed over the membrane in buffer solution and
measurements were carried out.

Results and discussion

Fig.3 shows typical distance dependences of
the values of active and reactive tip current com-
ponents. They were obtained for the voltage am-
plitude of 85 mV on the tip. The distance is
measured from the start position of the tip out-
side the membrane. The point d= 24 corre-
sponds to the beginning of penetration of
solution-membrane interface by the tip. At
d =44 p, the direct contact between tip and sub-
strate occurs. There are 4 main areas of curves:
1) d=0-24 p; tip current does not change, be-
cause the edge is outside the membrane. 2) d = 24—
32 p; the reactive component of tip current
increases due to penetration of stripped edge
through the interface between membrane and so-
lution. The immersed area of the tip is increased
and causes reactive component of the current to
fall. 3) d=32-40 p; the stripped edge is entirely
inside the membrane, so conditions on its surface
vary to only a small extent. The reactive compo-
nent is almost a constant. 4) d = 40-44 p; still un-
explained decay of reactive current. It may be
connected with processes on the substrate elec-
trode. The active current decreases almost uni-
formly across the thickness of the membrane. It
may be associated with unhomogenity of the
membrane or unhomogencous swelling of it.

I, NA

12

10+

4 I i 1 I ] I

15 20 25 30 35 d,um
Fig.3. Active (circles) and reactive (triangles) tip current
components vs. distance. Point at 4 = 44 1 corresponds
to the direct contact between substrate and tip.
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A fall in reactive current when measured in-
side the film could be explained by the difference
in the value of dielectric constant inside the film.

One can easily notice that the reactive compo-
nent of tip current is the most sensitive for sub-
stance around the tip. That is why it can be used
for evaluation of film thickness. In our case, it is
about 20 um thick. The accuracy of these meas-
urements could be improved by more careful ex-
posing of the tip so that it could remain very

sharp. This must decreasc the portions 2) and 4)
of reactive current — distance dependence.
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DJIEKTPOXHUMHYECKHIT MUKPOCKOIN: KOHIYKTOMETPHYECKHE
M3MepeHu .

B.U.Ctpuxa, U1.E.KoHoBanos

KOHAYKTOMETPHYECKHE H3MEPEHHS C MOMOIIbIO 3JTEKTPOXHMHYECKOro MHKpockona GbuiH
HCIONB30BaHbl IS ONpeNeNeHHs TONHHb MeMOpaHb GHOCEHCOpa Ha OCHOBe albGyMHHa
HENOCPeACTBEHHO B paGoueM pactBope (kammitdocdaTHbill Gydep). ITo no3BoHIO yuects pasbyxaHue
MeMOpaHbl. H3MepeHHs Ha MepeMeHHOM TOKe MO3BOJISIOT JIETKO ONpENENHTh MONOXEHHE IPaHHLibl

3JIeKTpOIHT-MeMOpaHa.
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Ion exchange processes on the surface of graphite during
intercalation under action of magnesium perchlorate

S.B.Lyubchik and V.V.Shapranov

Institute of Physical Organic & Coal Chemistry, National Academy of Sciences
of Ukraine, 70 R Luxemburg St., 340114 Donetsk, Ukraine

The process of graphite exfoliation in the system graphite-magnesivm perchlorateis shown to be occur,
in thestrictly defined temperaturerange (400-—440 °C), according to anew proposed mechanism involving
the graphite intercalation products as instabie intermediates only.

TlokazaHo, 1O MpoLec po3mapyBadHs rpadity B cucTeMi rpadit—nepxiIopar MarHiIO B [1EBHOMY
TemmnepaTypHoMy inTepsani (400—440 °C) NpoxoiuTs 3a CTICUHQIYHHM MEXaHI3MOM, B SKOMY
iHTepKATSLIfHI CIOMyKH GepyTh y4acTE TIRbKH K HeCTiiKi NPOMIXHI IIPOAYKTH.

Processes of thermally initiated syntheses of
acceptor type graphite intercalation compounds
(GICs) and exfoliated graphite (EG) are usually
studied and considered to be independent proc-
esses by virtue of essentially different temperature
conditions for GICs and EG formation [1]. That
is, for EG obtaining, the initial graphite must be
at first transformed into GICs and after that,
thermolysis of the latter must be carried out. This
variant has been studied for various graphite (G)
— oxidative reagent (R) systems where R =
= HNO3, H2S04 — Cr (VI), H202 — H280Q4,
S03, NoOs, FeCls, etc. [2—5] and implemented
to produce EG on industrial scale [6].

We wish to report about the discovery of
graphite (G) — oxidative reagent (R) systems for
which thermally initiated processes of GICs and
EG syntheses can proceed simultancously. Such

systems are powder graphite — M?*A3 mixtures,
where M?* is an alkali or alkali-carth metal and
A~ is an anion of oxygen—containing Bronsted

acid (NO3,ClO3, etc.). The behaviour of such mix-
tures within a certain range of temperature is
similar: graphite gets exfoliated very rapidly to
yield EG as a single solid carbon product. Outside
of this temperature range, no reactions of salt
with graphite are observed. It is only the nature
of the reactant R that defines numerical values of
the temperature range and the exfoliation degree
estimated by Kv (i.e. exfoliation coefficient).
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Experimental dependences of Kv on tempera-
ture and salt concentration for powder graph-

ite — M?*A3 mixtures are shown in Fig.1.

While studying the thermally initiated processes
for graphite-oxidant systems in order to identify the
mechanism of GICs and EG formation and re-
agents properties which are responsible for their
thermal behaviour, we carried out detailed thermal
analytical and kinetic investigations on the decom-
position of magnesium perchlorate and its mixtures
with graphite in temperature range of 150—509 °C
using the techniques of isothermal kinetics, differ-
ential thermal analysis (DTA), and thermo-
gravimetric analysis (DTG).

An acceleration of the thermolysis reaction
for mixtures is observed (Fig.2). The main peaks
of decomposition shift to low temperature region.

According to DTA data, there are two main
non-additivity areas for the decomposition of
G—Mg(CiO4)2 mixtures in comparison with de-
composition of individual salt (Fig.3):

1. In the temperature region of 250—380 °C,
all the main reactions of graphite interaction
with salt occur.

We suggest that the active species which oxidize
the graphite and the anions that intercalate result
from salt decomposition. Their lifetime is sufficient
to interact with graphite following GIC formation.

For the reaction of graphite with anhydrous
Mg(CIO4)2, the mechanism of GIC formation is

Functional materials, 2, 1, 1995
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Fig.1. Effects of temperature and salt content on the Ky ratio for G—2Zn(NO3)z2 (@) and G—Mg(NO3)2 (b)

mixtures.
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Fig.2. Temperature dependences of mass loss rate
(Wm) for magnesium perchlorate (@) and its-mixture
with graphite.
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Fig.3. Data of differential thermal analysis for ther-
molysis of Mg(ClO4)2 and its mixture with graphite.
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proposed which involves a chloronium cation as
an oxidant of graphite layers and chlorooxygen-

containing anions, ¢.g. ClOx, which are able to
intercalate. It is postulated that this is due to the
formation of a melt in which the decomposition

of Mg(ClO4)2 leads to CIO% according to an
autoionization equilibrium of the type (1) [7].

clo, == clo, + O 0

Thus, although total melting of the reactants
is evidently not a prerequisite for reaction, partial
melting at the magnesium perclorate and graphite
interface probably does occur and it affects the
GICs formation. This fact is not excluded by
DTA evidence.

Defects in the natural graphite act as ac-
ceptors of active oxygen and lead to oxygen-con-
taining functional groups that shift the
equilibrium (1) to the right. An indirect proof of
such supposition is burnout of a portion of
graphite to CO and COz2, which is in linear de-
pendence on Mg(ClO4)2 content (Fig.4).

These intermediate products of G—Mg(ClO4)2
system thermolysis reacts with graphite in a melt or
gaseous phase according to the scheme:

C, + Clof —»= Cp + clo, ©
ct + clo; —» CiCIO; )]

2. In the temperature region of 400—440 °C, a ther-
mal expansion effect is observed and EG is formed. The
DTA data indicate a powerful exothermic peak. This
peak is to be aitributed to the decomposition of the
mixture components with irreversible exfoliation.

According to preliminary studies, the rate of
GIC formation from graphite is lower or equal to
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EG + gaseous products

K
ks N ka . y
x(Cp) —-k—" x(C,) == xCA]
] K
! 2 Gic Ky

The kinetic model includes the following steps:

RC + gaseous products

1 — an oxidation of graphite polyarene layer to the macrocation Ciy or radical cation Cp;

2 — GIC formation as intermediate;
3 — exfoliation of GIC resulting in EG formation.

4 — decomposition of GIC to residue compounds RC without exfoliation (k3 >> ka).

,I

burnout, wt.%

] ] ! |
20 40 60 80

salt content , wt.%
Fig.4. Plot of graphite burn out versus magnesium

perchlorate content for "G—Mg(ClOs)2" mixture
(from TG data).

its conversion rate to EG for thermolysis of G—
Mg(ClO4)2 mixtures at 300—400 °C. So, it is sug-
gested that an exfoliation in these systems
proceeds according to early described scheme of
direct oxidative conversion of graphite to EG
(DOC-process) with EG formation in graphite re-
actions with oxidants without obtaining and iso-
lation of specified GIC (GIC appears as a very
unstable intermediate only) [8]. .

Conclusion

1. G~Mg(CIO4)2 system does belong to bi-
nary systems in which the components being inert

themselves are able to interact under strictly de-
fined temperature conditions.

2. A novel mechanism of EG formation, dif-
ferent from early known one, is assumed for the
system under investigation, in which intercalation
compounds exist in the form of an unstable inter-
mediate only.

3. The possibility of a new way for formation
of acceptor graphite intercalation compounds has
been shown for powder mixtures of graphite with
alcaline-earth metal perchlorates by a purely ther-
mal process (instead of the usual chemical or elec-
trochemical oxidation assistance) when active
species which are able to interact with graphite
appear as a result of initial salt decomposition.

4. Exceptionally high values of KP**~ 350—
400 cm3/g for investigated G—Mg(ClO4)2 system are
assumed to have application in practice in the range
areas where GICs are used now for obtaining EG.
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HoH006MeHHbIE NPOECCHl HA IOBEPXHOCTH rpadura npu
MHTEPKAJIAUNM N0 AefiCTBHEM NepXJI0paTa MarHus

C.B.JTro6uuk, B.B.Illanpanos

[TokaszaHo, 4TO MpoOLecc paccioenus rpagura B cucTeMe IpaQuT—NepxiopaT Marius B
OrnpeNeNleHHOM TeMIlepaTypHoM HHTepBaiie (400—440 °C) mpoXoauT no crnequdHIecKOMY MEXaAHH3MY,
BKJIOYAIOLIEMY HHTEPKANSUHOHHbIE COeAHHEHHs JHIIb B KayeCTBE HECTOHKHX MPOMEXYTOUHBIX

IPpOAYKTOB.
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Effect of anthraquinone dye molecules aggregation on
the spectral properties of the Langmuir-Blodgett
mono- and multilayers

Yu.P Piryatinsky, V.N.Yashchuk and O.V.Yatsun

Institute of Physics, National Academy of Sciences of Ukraine,
46 Nauki Ave., 252650 Kiev, Ukraine

The spectral properties of the anthraquinone dye (AD) Langmuir-Blodgett (LB) layers have been
studied. It follows from the analysis of absorption and reflection spectra that there are dimers which are
the structural elements of the layers under investigation. At temperature decreasing to 4.2 K, an "excimer-
like" fluorescence appears inradiation spectra of the AD LB layers. Therelativeimportance of the excimer,
prodimer, and dimer states in the Langmuir film of dye is discussed. At low temperatures, an intensive
band appears in the reflection spectra of the multilayer LB films, which is to be associated with the
J-aggregates existence. The properties of the J-band in the AD LB layers is discussed.

JlocnifixeHo cnexTpalbHi BiacTHBocTi wwapie Jlenrmiopa-Brokert (JIB) aHTpaXiHOHOBOTO 6apBHHKa
(AB). I3 aHai3y CIeKTpiB MOIVIHHAHHS i BiIOHTTS BUIUIHBAE, WO CTPYKTYPHHMH eneMenTaMH JIB miiBok
€ numepH. TIpH 3HHeHHi Temnepatypu 10 4,2 K y cnexrpax ¢unyopecuenii JIB wapis AB npossisterses
"excuMepono/IiGHe" BHNpOMiHIOBaHHS. OGroBOPIOETbCA MiClle eKCHMEPHHX, NepeJIHMEePHHX Ta
ZIMMEpPHHX CTaHIB Y JIEHTMIOPIBCbKil IiBLIi GapBHuKa. [IpH HH3bKUX TeMNepaTypax y cieKTpax BitOHTTa
6araromapoBux JIB IiBOK BUHHKAE iHTEHCHBHA CMYTa, IO MOB’S3YEThCS 3 iCHYBaHHAM J-arperarti.
O6roBoproroThes BracruBocti J-emyrd y JIB wapax AbB.

The recent comprehensive studies have shown.

that the molecularly ordered Langmuir-Blodgett
(LB) mono- and multilayers exhibit very interest-
ing linear and nonlinear optic properties which
may have a widespread use [1]. These highly or-
dered molecular structures are of paramount in-
terest due to the perspectives of their use in the
molecular electronics as the basic functional ele-
ments for new generations of electronic devices
[1,2]. The initial stage in the solution of this prob-
lem consists in the study of the structural and
electronic properties of LB layers.

In this work, the absorption, reflection, and
time-resolved fluorescence spectra at 300, 77, and
4.2 K were studied for Langmuir films consisting
of an anthraquinone dye (AD) molecules.

To ébtain the multilayer structures, the Lang-
muir-Blodgett and Langmuir-Schaeffer methods
were used. The monolayers were transferred from
the water surface at the pressure of 13 din/cm.
The absorption and reflection spectra were meas-
ured at normal light incidence on the film plane.

Functional materials, 2, 1, 1995

To study the kinetics and spectra of the time-re-
solved fluorescence, a stroboscopic recording sys-
tem was used having nanosecond resolution. The
fluorescence. was excited by nitrogen laser
LGI-21. The time-resolved fluorescence spectra
were recorded in the maximum of the laser pulse
through the SPM-2 monochromator.

Absorption and reflection spectra
of LB films

In [3], the spectral-luminescent characteristics
of the AD solution were investigated. It was es-
tablished that it is anthraquinone group incorpo-
rating the intramolecular hydrogen bond, which
is the chromophore determining the optical prop-
erties of the molecules under question in the con-
sidered spectral range. Therewith, the dipole
moment of the optical transition is directed along
the short axis of that group. A characteristic fea-
ture of the AD spatial configuration is that one of
amide groups contained in the molecule may
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Fig.1. Anthraquinone dye (AD) molecular structure.

form the intramolecular hydrogen bond with the
oxygen atom of the anthraquinone group. This
results in the planar position of the anthraqui-
none group and one of amide systems. Another
amide group may rotate around the single bond
taking up the conformation corresponding to the
potential energy minimum. In Fig.1, the hydro-
gen bonds mentioned are shown by dashed lines.
When passing from the AD solutions (Fig.2,
curve 1) to the LB films, in the absorption spectra
of the latter measured at 300 K (Fig.2, curves 2 to
4), a significant long-wave shift is observed
(curves 3 and 4 are the absorption spectra of X-
and Z-type monolayers, respectively; curve 2,
that of twelve-layer X-type film). In the LB layers
absorption spectra, the bands having maxima at
623; 577, and 535 nm can be distinguished. The
comparison of the absorption and reflection spec-
tra taken at 300 and 4.2 K shows that the above-
mentioned bands are doubled. Their splitting

D, a.u.
0.8+

06
0.4+

02+

0
06

021

500 550 600 A, M
Fig.2. Absorption spectra of the AD solution in diox-
ane (C=10"* M) (curve 1) and of LB films: 12-layer
(curve 2) and monolayers of X- and Z-type
(curves 3,4 respectively) at 7=300 K.
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makes itself evident more distinctly in Fig.3,
where the absorption spectrum (curve 1) and re-
flection one (curve 2) of LB layers at 4.2 K are
shown. Such spectral features are known [4] to be
characteristic for the physical dimers, namely for
such ones in which the transition moments of
molecules constituing the dimer are not parallel
but positioned at a certain angle to each another.
It is just the case when, at the dimer formation,
the splitting of the first excited level of monomer
into two ievels [4]:

Ey=E +E,+ W+p,

where p is the energy of the resonance molecular
interaction in the dimer; W, the energy of Cou-
lombian interaction between distributed charges

of the first excited molecule having energy Ei,
and the unexcited second one with energy E».

At the consideration of AD molecules [3],
their optical properties in the spectral area under
question were shown to be determined mainly by
the anthraquinone groups; in those, the first elec-
tron transition is polarized along the short axis of
the m-electron system. Therefore, the dimers in
the LB films being studied are likely to be the AD
molecules pairs, in which the mutual disposition
of molecules is determined by the anthraquinone
groups orientation.

The temperature lowering to 4.2 K causes an
additional splitting of bands in adsorption and
reflection spectra (Fig.3). The absorption spec-
trum of the X- and Z-type monomolecular film
consists of three bands groups with gravity cen-
ters at 623; 574, and 532 nm, in which the cyclic
vibration with v~1400 cm’! is manifested. Each of
the band is splitted. The additional maxima are

R, a.u.

| 1 :
500 550 600 650 A.nm
Fig.3. Absorption spectrum of the monolayer X- and

Z-type film (curve 1) and reflection spectrum of the
multylayer LB film at 7=4.2 K.
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defined particularly clearly within the first band
group: at 633; 629; 618, and 614 nm. In general,
the whole absorption spectrum can be divided,
conventionally, into A and B series of doublet
bands. In Fig.3, they are displayed by vertical
solid and dashed lines; the splitting value, 2f, is
approximately 380 em’' between the series and
near to 100 cm™’ within a series. When the num-
ber of layers increased (the structures constitued
of 3; 6, and 12 layers were investigated), in the
reflection spectrum at 4.2 K, a significant inten-
sity increase and a weak long-wave shift were ob-

served for the band having 638 nm maximum.
The double splitting of the absorption bands

of LB films at low temperatures can be assotiated
with the arise of two dimer types for which the
stable configurations exist at different ® angles
between the vectors of transition moments in the
n-electron -systems of molecules forming the di-
mer. According to [4]

@ = arccos[ (M -BROM 131"
where R is the distance between the centers of
dipoles; M, the transition dipole moment for the
molecule.

The .above-mentioned absorption spectrum
bands in the range A<635 nm at 4.2 K (Fig.3,
curve 1) can be related to the reflection spectra
bands having maxima whether coincident with
those of absorption bands or shifted slightly to
the short-wave range.

The most intensive band of reflection spectra
having the maximum at 638 nm has yet no ana-
logues in the absorption spectra. It follows from
. this fact that, in LB layers, some structures exist
which do not show up by absorption but manifest
themselves in the reflected light. Such structures,
in our opinion, may present single-dimensioned
chain-like formations arising in the films due to
hydrogen bonds between the neighbouring amide
groups. In this case, when the electric field vector
of the impinging electromagnetic wave is parallel
to the chain direction, the reflection (Rj)) and ab-
sorption (k) coefficients have maximum values,
and vise versa. Yet the electromagnetic wave hav-
ing electric field vector perpendicular to the chain
directiop "lights over" the absorption band with
|| at the measuring of AD transmission spectra
because the absorption is very weak; therefore,
this latter band does not reveal in the absorption
spectra. In the same time, the intensive reflection
band (R|) is recorded without any distorsions.

Functional materials, 2, 1, 1995

Fluorescence of mono- and-
multilayer LB films

In Fig.4, the fluorescence spectra of AD solu-
tion (curve 1) as well as those of mono- (curve 2)
and multilayer LB films of AD (curve 3 for 3; 6,
and 12 layers; curve 4 for 32 layers) at 300 K are
shown. In the fluorescence spectra of X- and
Z-type monomolecular layers which coincident
with each other (curve 2), the bands at 635 nm
(15750 cm™") and 697 nm (14350 cm™") can be rec-
ognized, Av~1400 em’'. The comparison with the
corresponding absorption spectra (see Fig.2)
makes evident a significant overlapping between
the short-wave fluorescence band (635 nm) and
the long-wave one of the absorption spectrum
(632 nm, corresponding to 0-0). This fact, as well
as the mirror symmetry of the absorption and
fluorescence spectra and the manifestation of a
common cycle frequency Avx1400 em’! indicate
that, at 300 K, the same centers, namely AD di-
mers, absorb and emit in the AD layers. At 4.2 K,
an essential change of the film emission spectral
composition occurs (Fig.4, curve 5). The fluores-
cence spectrum of AD layers is, in this case, a
broad band having "the gravity center" near to
700 nm, with maxima at 695 and 732 nm standing

“out on its background. When the films are heated

to 300 K, the intensity of the long-wave emission
with a structureless spectrum decreases signifi-
cantly. Yet, the absorption spectra do not change
essentially at the transition from 300 to 4.2 K and
back. This indicates that, at low temperatures, the
transition of initially excited centers to excited
states of lower energy takes place. From the ap-
pearance of the spectrum and its important shift
in relation to the absorption one, a supposition
can be made that those states are of excimer na-
ture. It should be noted that similar spectral fea-
tures have been observed for tetracene dimers
dispersed in a polymer matrix [5]. Those authors

I, a.u.

|
600 650 700 750 A, nm
Fig.4. Fluorescence spectra of the AD solution
(curve 1), mono- (curve 2) and multilayer LB films
(curve 3 for 3,6, and 12 layers, curve 4 for 32 layers)
at 7=300 K and of monolayer film at 7=4.2 K.
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concluded that, at low temperatures, dimeric
statés may arise in tetracene pairs after an excita-
tion of one tetracene molecule, such states corre-
sponding to the potential energy minimum of
- such a pair. The part played by low temperature
is that, in such a case, the dimers of that type do
not destruct because of the heat motion. Similar
to the case of AD LB layers, in the "excimer-like"
spectra of tetracene pairs, a weakly-expressed
structure was observed assigned to the formation
of variously configurated excimer.

In our opinion, the excimer-like states are re-
sponsive for the low-temperature fluorescence in
the AD films, too. At the formation of the AD
layers, a certain number of the pre-excimer pair
may form initially. When the temperature de-
creases, the spatial rapprochement of molecules
constituting a pair becomes possible due to the
thermal contraction or a phase transition. As a
result of such an evolution, the excimer arises,
which absorbs energy as a single molecule but
emits similar to a dimer. In a film, there is some
distribution of excimer configurations having
their own emission frequencies, which manifests
itself as the unresolved spectrum of low-tempera-
ture fluorescence. The long-wave background
(A>650 nm) in the low-temperature absorption
and reflection spectra of LB films (Fig.3) indi-
cates the existence of prodimer state where the
molecules in a pair are approached more closely
each other then in an excimer. This fact shows
that prodimer centers become active, at low tem-
peratures, already in the ground state. In such a
case, the prodimer states may serve as the traps
for the excitation energy of single molecules and

Fig.5. Scheme of the AD molecules distribution in
the monolayer presented as the layer section by two
perpendicular planes.
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excitons and transform that energy to long-wave
spectral range.

Proposed structure of LB film

The investigation results of the AD LB films
spectral properties indicate that AD molecules
form in those layers excimer, prodimer, and di-
mer states. Excimers manifest themselves in the
fluorescence spectra at liquid helium tempera-
tures while prodimer states are active already in
the absorption and reflection spectra. The dipole
moments of transition to the lowest excited states
for the AD molecules constituting dimers are po-
sitioned at an angle © different of 180 °. For an-
thracene dimers, the ® angle was shown [6,7] to
be close to 60 °. If we admit the same © value for
AD dimers and take into account the AD mole-

cule length d=19 A [8], we can suppose the
scheme of the AD molecules disposition in the
layer; that scheme is presented in Fig.5 as the
section of the layer by two mutually perpendicu-
lar planes. It follows from Fig.5,a that the LB

monolayer thickness (d) must be equal to 16 A.
This estimation is consistent with the double AD

layer thickness d=29 A given in [8]. For the

monolayer d=14.5 1&, counting not the interpene-
tration of the layers. As is seen from Fig.5,b, the
long axes of AD molecules are disposed at an
angle to each other, what results in the formation
of another type dimers in the layer.

Let us consider the nature of the band having

maximum at 638 nm in the reflection spectrum.

taken at 4.2 K. Attention must be drawn to its
spectral features. This band appears at low tem-
peratures only; at 300 K, the reflection spectra do
not contain it. When the multilayer thickness in-
creases, the intensity of that band becomes con-
siderably higher. So, if the LB film consists of 3
layers, the intensity of the band under question
and that of nearest to it, the most intense reflec-
tion band at 633 nm are equal. In the film of 12
layers, the intensity of the 638 nm increases sig-
nificantly, the 633 nm reflection band being rec-
ognizable on the background of the former as a
slight shoulder. In the band under discussion, the
excitation of the strong polarizability Ao was ob-
served, which, for the 20-layer LB film of AD,
exceeds the monolayer Ao by three decimal or-
ders [8]. It should be noted that the above-men-
tioned properties of the reflection band with
maximum at 638 nm (high intensity; a large long-
wave shift and small half-width; the temperature-
dependent intensity; anomally great values of the
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non-linear interaction parameters) are charac-
teristic for the low-dimensional coherent struc-
tures, called J-aggregates. There is a high
probability that the AD J-aggregates arise in LB
films, perhaps involving the hydrogen bonds be-
tween amide groups of the dye molecules.

The J-aggregation, indeed, has been revealed
and studied [9-11] in the LB films of an an-
thropyrimidine (AP) dye having molecular struc-
ture similar to that of AD. The excitation of
anomally high polarizability of the aggregates
was observed (Aox6- 102 em® [11]). This has been
assigned to the electron excitation delocalization
on an aggregate consisting of 6 to 8 molecules
[10]. The temperature dependence of the aggre-
gate J-band intensity and half-width can be ex-
plained similar to the above-mentioned prodimer
states formation in LB films of AD, or, alterna-
tively, in terms of the concept of the heat-local-

ized exciton excitation in an associate [12].

According to that concept, not all aggregated
molecules but the coherently bounded ones con-
tribute to the aggregate spectral characteristics;
the number of such molecules depends on tem-
perature [10]. The J-band amplification with the
growing number of AD LB layers can be associ-
ated with the increase of molecular interaction
between the aggregate piles belonging to neigh-
bouring monolayers. In this case, the two-dimen-
sional J-aggregate must be considered where the
interaction between linear piles plays a substan-
tial part. It is shown [13] that such interaction

extends the possibilities of J-aggregates forma-
tion. Thus, the J-aggregate structure becomes as-
sociated to the linear molecular piles interacting
between themselves. Perhaps the molecules in the
piles are disposed not fully equivalently but at
certain angles (see Fig.5) which causes splitting in
the reflection and absorption spectra.
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Bansinue arperanuy MoJieKyJ1 aHTPAXHMHOHOBOIO KPaCHTe/Isi HA
CIIEKTPAJIbHBIE CBOHCTBA MOHO- H MYJIbTHC/IOEB
JIanrmiopa-baogxkerr

10 I1.ITupsarunckwuii, B.H.Awmyx, O.B.SuyH

HccnemoBannl cnekTpaibHble cBoitcTBa cinoeB JIsurMiopa-Binogxerr (JIB) anTpaxuHOHOBOTO
kpacurenst (AK). 13 aHanusa CleKTPOB MOTJOLIEHHS M OTPAXEHHS CIELYET, YTO CTPYKTYPHBIMH
3NeMEeHTaMH HCCIEeNYeMbIX CIIOEB SBIAIOTCS AHMMepbl. IIpH moHmxeHHH TemmepaTypsl Ao 4,2 K
NposIBIIAETCs "aKcHMepononobuas” dayopecLieHUHs. OGCyKIaeTcss MECTO 3KCHM EPHBIX, IIPeIIMMEPHBIX
H IUMEPHBIX COCTOSHMA B JISHTMIOPOBCKOH MileHKe KpacuTelsl. [IpH HH3KHX TeMIeparypax B CIeKTpax
OTpaxeHUs1 MHOTOCHOHHLIX JIB nieHok nposBisieTcss MHTEHCHBHAS MoJIoca, KOTOpasi CBSI3bIBAETCH C
cyniectBoBanHeM J-arperaroB. O6cyxaatores cBoiictBa J-nostockl B JIB cnogr AK.
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Heavy metals ion adsorption on the sorbents
containing lignine

A M Yatsenko and V.M.Shmandiy

Kharkov Polytechnical University, Kremenchug Division, Kremenchug, Ukraine

The paper deals with the process of heavy metal ions (chromium, nickel, iron, copper, lead, etc.)
trapping in industrial wastewaters. A method is proposed to obtain a sorbent on the basis of hydrolysed
lignine production wastes and high-concentrated spent sulphuric acid products. The sorption capacity of
the material obtained is studied as a function of temperature, reaction duration, and reagents concentra-
tions; optimum values are established for those parameters. It is worth to note that the industrial wastes
use for sorbent preparation allows to reduce significantly the production cost of the latter as compared
to traditional materials.

Po6oTa npucBsueHa JOCIIKEHHSM MPOLIECY YIOBIIOBAHHS iOHIB BaXKKHX METaJliB (XpoM, Hikellb, 3aJ130,
MiJIb, CBHHELIb Ta iH.) Y CTIYHHX BOZIaX NPOMHCIIOBHX [TIPHEMCTB. 3aIIpOIIOHOBAaHO TEXHOJIOTIIO OTPHMAaHHS
copbeHTa Ha OCHOBi BigXOAiB BHPOOHHMLTBa TifPOJI3HOTO JIrHIHY Ta BHCOKOKOHLIEHTPOBaHHX
BUIMpalbOBaHUX Cip4aHOKMCTHOTHHX BimxomiB. IIpoBeneno mocnifkeHHs1 copGLIHHOI eMHOCTI OTPHMAaHOTO
Martepiay B 3aJI&XHOCTI BiJl TeMIlepaTypH, Yacy peakilii, KOHLIEHTpaLlil peareHTiB Ta BCTAHOBJIEHO ONTHMAaJIbHi
3HAYeHHs LIMX NapameTpiB. BimMiueHo, 110 3a paXyHOK BHKOPHCTaHHS MPOMHGIOBHX BiIXOAIB JI/IS OJIEPKaHHs

copGeHTa NMOMITHO 3HHXEHO COGIBapTICTh OCTAHHLOTO Y MIOPIBHAHHI 3 TPAJHLIHHHMH MaTepialaMH.

Ions of the heavy metals — chrome, nickel,
copper, lead, iron, etc., — are characterized by
high toxicity and, if brought into the environ-
ment, cause its pollution.. The main sources of the
heavy metal ions are the galvanic processes on the
machine works and the sections for the surface
preparation of several metals before various
treatments. The machine works wastewaters con-
tent the above-mentioned ions in considerable
quantities, and, for their removal, the waters are
cleaned by several techniques.

The traditional methods of wastewater treat-
ment are based on the pre-precipitation of heavy
metal ions in form of hydroxydes with subsequent
final cleaning by the biochemical, sorption, or
ion-exchange methods [1]. The sorption wastewa-
ter treatment is based on the interaction of ions
with the sorbent active centers. In this case, the
bonding energy corresponds to that of hydrogen
bond, or energy of weak chemical co-ordination
bond (like to that of heavy metal complex com-
pounds).

It is noted [1] that the activated carbons and
other similar sorbents adsorb the heavy metal
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ions only slightly and, therefore, these sorbents
have no practical use in the wastewater treatment
processes. However, in [2], it is noted that it is
possible to use the fresh-obtained hydrolysed
lignine (HL) to remove the chrome ions from
water. These authors believe that the HL contains
the active centers capable to hold the chrome ions
firmly enough. It is noted also [2] that the HLis a
natural polymer containing chemically active aro-
matic groups.

One of disadvantages of the sorbent men-
tioned consists in the dependence its sorption
characteristics on the obtaining and storage con-

ditions.
We have developed the method of sorbent

production from the hydrolysis industry wastes in
form of the HL and the high-concentrated spent
sulphuric-acid product (SSA). The method con-
sist in the mixing of the HL and SSA at 70-90 °C
for 10 to 15 min. Subsequently, the reaction mix-
ture was neutralized by the 20 per cent aqueous
ammonia solution; this was resulted in a solid
product with 25 to 35 % moisture, which has used
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Table 1. Sorption capacity of the sorbents on the
hydrolysis lignine base.

Sorbent type Sorbed jon amount,
mg-eq./g of sorbent

chrome| nickel | copper| iron

Initial hydrolysis lignine| 0.11 | 0.15 | 0.12 | 0.16

Sorbent obtained at the ‘
HL/SSA ratio (wiw) i

1:04 036 | 042 | 0.33 | 046

1.0.8 0.63 | 060 [ 0.57 | 0.71

1:1.2 098 [ 092 | 084 | 093

1:1.6 1.08 | 1.02 | 0.95 | 0.9

Sorbent modified by | 1.36 | 1.18 | 1.15 | 1.44

lignosulphonates,
HL:SSA=1:12

Note: temperature of treatment 85 °C, reaction time 12 min.
Lignosuphonates amount 2 % relative to HL mass.

as the sorbent for heavy metal ions. The experi-
mental results are given in the Table 1.

The increase of the HL:SSA ratio enhances
the sorption capacity of the product obtained (see
Table 1). However, it seems unpractical to raise
the SSA amount more then by 1.2 times as related
to HL, because, at the further increase, the ab-
sorbed ion amount change only unsignificantly. If
the reaction temperature exceeds 90 °C the sorp-
tion capacity of the product drops by
1.5-2.5 times. The lignosuiphonates introduced
into the sorbent obtaining process enhance the
sorption capacity by 20 to 30 %.

The results obtained can be explained as fol-
lows. The unmodified HL contains a small num-
ber of the active centers interacting with the

heavy metal ions, and that fact is responsive for
the low sorption capacity of the product. The ad-
dition of the sulphuric acid solution with 60 to
89 per cent concentration favours the increase of
the active centers amount due to the sulphuric
acid reaction with the aromatic fragments of the
HL polymer chain. Accordingly, the amount of
the heavy metal ions adsorbed increases consider-
ably. Perhaps, the introduction of the technical
grade lignosulphates into the sorbent preparation
process also enhances the active centers amount
increasing, what results in a further increase of
the mass of ion adsorbed.

Thus, the activation of the natural polymer
sorbents surface by means of chemical reagents
gives the hydrophilic character to that surface, i.c.
enhances the surface wetting, what, in turn, as-
sists considerably the heavy metal ions interac-
tion with the sorbent surface and forms the
additional active centers which build up the sorp-
tion capacityof the products. The use of the pro-
duction wastes in the sorbent preparation allows
to reduce significantly its price and substantially
eliminate the use of the costly ion-exchange resins
in the processes of the heavy metal ions removing
from wastewaters. .

The further investigations are desirable to
search the products capable to increase the sorp-
tion capacity of the sorbent.
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IIpouecc aacopOuMm HOHOB TAKENBIX METALIOB HA
JIMTHHHCOEPXRALIMX COPOEHTAX

A.M.SAnenxo, B.M.IIManmui

Paora nocssmuena HecneIoBaHHsIM NpOLIEcca YIABIHBAHKA HOHOB TSKENTBIX METAILIOB (XPOM, HHKEND,
Kelie3o, Me/lb, CBMHELl H Ap.) B CTOYHBIX BOJIaX MPOMBIIUIEHHBIX Npemphsituii. IIpeasoxeHa TeXHONOTH
NMOJNY4YEeHES copGeHTa Ha OCHOBe€ OTXOJAOB NIPpOHU3BOACTBE THAPOJJH3HOIO JHTHHHA H
BbICOKOKOHIIEHTPHPOBAHHBIX OTPaGOTaHHBIX CEPHOKHCIOTHBIX OTXOHOB. IIpoBesieHbl HccleNoBaRHS
oopéuuouuoﬁ €MKOCTH MOJIy4eHHOI'O MaTepualia B 3aBHCHMOCTH OT TeMIepaTyphi, BpeMEHH pPeakiiH,
KOHLIEHTPALMH¥ PDEareHTOB H YCTAHOBJIEHbl ONTHMAJILHBIC 3HHaYeHHS 3THX napamMeTpoB. OTMG‘{CHO, YTO 3a
CY€T HCMONb3OBAHUA NMPOMBILIIEHHBIX OTXOMOB ISl NMOJY4YEeHHS COpGeHTa 3aMeTHO CHHXKaeTcs
ce5eCTOMMOCTD MOCHE/IHErO 110 CPABHEHHIO ¢ TPAIMLIMOHHBIMH MaTEpHATIAMH.
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Biomolecules interactions with the surface
of mineral particles

V.V Dudnik

Institute for Surface Chemistry, National Academy of Sciences of Ukraine,
31 Nauki Ave., 252650, Kiev, Ukraine

A new mechanism is proposed for the regulation of the disperse particles selective aggregation by living
microorganisms at the change of the non-uniform charge distribution in the cell membrane. The possibility of
creation of membranes having selectivity in terms of particle size and surface characteristics is pointed out.

'V po6oTi 3anpONOHOBAHO HOBHIt MeXaHi3M perynsailii celeKTHBHOI arperatlii IMCIIGPHHX YaCTOK XHBHMH
MIKpOOPTaHi3MaMH TIpH 3MiHi HEOHOPIHOTO PO3NOAITY 3apAfy Y KIiTHHHiH MemOpaHi Ta BKasaHO Ha
MOXIHBICTh POPMYBaHHS MeMOPaH 3 CelleXTHUBHICTIO 32 PO3MIpaMH Ta XapaKTepHCTHKAMH MOBEPXHi YacTOK.

At present, much attention is given to the
study of the biological objects (e.g. microorgan-
isms, macromolecules) interaction with various
mineral particles. The importance of these investi-
gations is due to the possibilities of widespread
use of various effects in biological processe as
well as in medicine.

There is a great number of publications deal-
ing with the selective aggregation of metals by
some species of microorganisms, both in the sol
form [1,2] and in solutions {3,4].

Several hypotheses are known explaining us-
ing various approaches. The authors of [5] sup-
pose that the living cells produce an unhomogene
electromagnetic field and the selectivity is due to
the particles polarization. Thus, in water me-
dium, the metallic particles move to the area of
the maximum electrical field intensity (i.e. toward
a cell) while the dielectric ones displace toward
the minimum field strength, i.e. away from the
cell. The estimations given in [6] have shown,
however, that such a mechanism is hardly realiz-
able because of great energy required. In [7], the-
ory is developed describing the microorganisms
interaction with disperse particles in the stage of
the capture and transfer of a particle toward a
cell. According to that work, the selectivity in the
capture stage is due to the drift in a concentration
gradient of metabolism products (selective diffu-
siophoresis), and in the transfer one — by the
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different charge redistribution on a cell (flip-flop,
lateral diffusion) and on a particle (metallic and
dielectric). However, is was pointed out [8] that
the selective diffusiophoresis is possible at the
electrolyte concentration not exceeding
10" mol/dm® what was inconsistent with the ex-
perimental conditions [1,7]. The second mecha-
nism does not discriminate the intact cell and the
inactivated one. Besides, the calculation of the
energy on the basis of the disjoining pressure val-
ues [max given in [7] using the circular zones ap-
prdxjmation [9] gives the Umax values = 10 kT for
metallic particles (Umax~ 100 kT for dielectric
ones); hence, the coagulation time should have
order of several days (for dielectric particles, sev-
eral months), in contrast to several dozens of
minutes in experiment [1,7]. Later, the same
authors have proposed the neutralizational co-
agulation mechanism [8,10] for the discharging of
the gold particles by polysaccharides being re-
leased in vital processes of a cell; however, such a
high selectivity degree was not proved just for
polysaccharides, and, moreover, in mixed gold-
and-rock suspensions, the discharged gold parti-
cles should be coagulated with the neighbouring
rock ones. In [11] and [12], a protein residing on
the cell membrane and specially sorbing the gold
is believed to response for the selectivity; how-
ever, the widespread variety of functional groups
on the cell surface may assure the chemical bond-
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Fig.1. Membrane charge forming model.

s.;,,

ing not only of gold, but of any particle which is
attained membrane. The authors of [12] and [13]
say about the effect of cell surface unhomogeneity
on the coagulation of metallic particles on a cell,
but do not discuss any models.

The estimated values of the coagulation time
from the experimental data [1,7] allow to admit,
reasonably enough, that the particle transfer to a
cell is due to the Brownian diffusion. As to the
causes of of the selectivity, each of hypotheses
mentioned contains some contradictions. Besides,
all the hypotheses take not into account an un-
usual fact, namely, the adsorption and coagula-
tion of negatively chdarged metal particles
intensifies when electronegativity of a living cell
increases.

In our work, an attempt is made to explain the
selective coagulation from the fact that charges
are distributed non-uniformly through-out the
cell membrane, and various areas bear the oppo-
site-sign charges; the mechanism of such areas
originating and development being not discussed
at the moment.

Let us.consider at first the charge and potentlal
distribution in the membrane. Assume that a charge
is formed, first, as a result of ion adsorption by the
surface, and second, is consequence of cell living
activity processes inside the membrane. Let admit
that the first factor is associated to the charge (and
potential) of an inactivied cell (c®**”) and the sec-
ond one to the those of an intact cell (6’ ~"*”) (see
Fig.1). Moreover, let suppose that, inside of a mem-
brane, charges exist which move along its surface
only (lateral diffusion).

The. potential distribution in the membrane
{I<ayer>) can be found from the known system of
equations Laplace

Ae®'= - ane® /AT Y 2 G M

and Focker-Planck equations
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j,=-D,VC,-Dz,C, V@' )]
where ¢ is the dielectric constant; e, the electron
charge; k, Boltzmann constant; T, absolute tem-
perature; z;, Ci, the electrovalency and concentra-
tion of i-th kind of ions, respectively; ®@,
dimensionless potential; (e/<T)-®, the dimen-
sioned potential).
Let the potential be represented as the sum of
two items

o' = o) + () )

where fbll(z) is the potential of the uniformly

charged surface; ®h(p), that of non-uniformly
charged area. It should by noted that, in contrast
to the preceding work [14], each component of
the surface charge is associated to the certain
mechanism of its forming.

Since ions are moving along the membrane, C;
depends on p, and, taking into account that, in a
quasi-steady state, ji = 0, we have

C/ = C¢. exp(- Z05(p)) @

where Cc, is the ion concentration in the mem-

brane away from a non-uniformly charged area.
Accounting for the anisotropy of the mem-

‘brane, we must distinguish its dielectric constant

values along the surface (g)) and normal to that

(e1). To simplificate the mathematical expression let
assume only singly charged ions to be presented in
the membrane (C, z=-1). Then, from Eq.(1)—(4), in
the Debye approximation, we obtain

]
U@ 1 8 ggp_)
8z te (P
0z p op dp
4me’
=7 G- d+ 50))
®)
wherefrom, by dividing up to two equations
Foie) 2
P l (6)
40) m
L2 2)—l%0

p op
we can, without difﬁcultlcs, obtain the solutions
for each

O = 72+4l D +B. ®
Oyp) =43 Ko (<, p) +Bi Ly (e, p) O
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(10)

V%

Py is the Debye shielding
me”Co

radius, Ko(k | p); lo(x | p)s the modified Besselian

where Kﬁ,l 1= (EUL—H:

functions of zero order. Imposing the boundary
conditions

@,(0) = () = @, (10)

]
Dy(x,a) =D, 9y
we obtain ultimately

) = (272 + (1zY2 + @, (12)

(Dlz(p) -0 Kok, p)/Ky(x, @), pza
Yy, p) gk @),  pza (13)
Now, let us describe the potential distribu-
tion in the bulk electrolyte (m<edium=>). Similar
to the above scheme, expressing the potential as
the superposition of two items in the Debye ap-
proximation, we obtain equations

52@11(2)=Kz
P! (14)
1 of Whea) FDed ,
o ’ Op( % )+ Py =x" Dy(p.2) (15)

the solutions of which have the form

O7(z) = ATexp(—kz) + Blexpez) (16

p.2) = A7exp(-N — 1) +
+ B, exp(zNk” — K )} x

i 17
x [KO(Kl p) +Cy Lok p)] (17

The unknown constants ks, 412, B2, CI" can
be determined from the conditions of continuity

for the ®; and @, potentials and convergence in
the infinity. Ultimately, from Eq.(12), (13), (16),
and (17), we obtain

'(2) = yexp(-«z) (13)
(D';(p,z) =@, exp(—zVk~ — K?) x

Ko, p)/Ko(x,a), pza (19
Io(k p) Ik, @), p2a
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Fig.2. Non-uniform potential distribution at the
‘membrane surface.

Moreover, since the charge and potential dis-
tributions in the membrane are subject to the in-
tegral electro-neutrality, we can write an
additional relationship

o4+ elCCl = —eCI)OCOK"1 (20)
wherefrom
i Og¥ 99
Co= Do+ eCy) @1

Assuming that, for an inactivated cell, C(;l =0,
and having denoted

e (22)

iabuiiroaa - (@ - D) (23)

Unfortunately, the precise determination of
el

the

value is very difficult, since, for thin
€} Ki

surface layers, the dielectric conctant g can dif-

gl

~ 1

fer fron bulk one . We admitted
€1 K
(< ~30 A, I~ 100A, e~ 80, s1~ 24). Asis seen
from Eq.(19) and (23), if the living cell poten-
tial, @, becomes more electronegative, the bulk
shielding radius in the non-uniform charge

_ -1
area, (K\fr— ((Dﬁ - dg) | , decreases, and, hence,
the potential becomes more long-range acting.
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Fig.2 shows the potential distribution in the
bulk electrolyte (z) and along the surface (p). It is
seen that, in the non-uniform charge area, at
®o<0, ©,>0, some "channels" exist along which a
negatively charged particle can attain the living
cell. The cell may provide for selective sorption of
several particle forms and sizes by regulation of
the @y value.

The model proposed can serve as an impor-
tant supplement to the theory linking transmem-
bran potential and the bioenergetic processes
[13,15], since, on its basis, one can find a natural
explanation for the selective heterocoagulation of
disperse particles on living cells as well as its rela-
tion to the membrane processes. Moreover, a pos-
sibility arises for the creating of membranes
containing builded-in charge structures which as-
sure the selectivity in terms of the particle sizes
and surface characteristics.
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B3aumoneiicTBue 6UOMO/IEKYT € MOBEPXHOCTHIO MHHEPAJIbHBIX
YaCTHIY

B.B.lynHuk

B paGote nmpemioxeH HOBbIH MeXaHH3M PeryJsiLMH H3OHpaTelIbHOH arperaly QHCIEPHBIX YaCTHLI
KHBBIMH MHKPOOPI'aHH3MaMH MPH H3MEeHEHHH HEOIHOPORHOTO paclpeleNeHHs 3apsia B KIIETOYHOH
MeMOpaHe H ykazaHa BO3MOXHOCTh (GOPMHPOBaHHS MeMOpaH C CEJEKTHBHOCTBIO MO pa3MepaM H

XapaKTEepUCTHKaM IMOBEPXHOCTH YaCTHL].
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Water desorption processes research on the
actual surface of stainless steel

Yu.F.Stefanov

Research and Education Center "Physics, mechanics and technology
of unhomogeneous systems", T.Shevchenko Kiev University,
64 Vladimirskaya St., 252017, Kiev, Ukraine

The nature of the water displacement desorption stimulated by the contact of oxygen with the
high-vacuum chamber walls is investigated. It is shown that, on the stainless steel actual surface, in the
high vacuum, three types of water adsorption centers exist characterized by the desorption activation
energy values of 0.2;0.4; and 0.9 eV. The two first types of adsorption centers can be the surface hydroxyls
as well as the surface oxygen having lone electron pair, which interact with a water molecule by one or
two hydrogen bonds, respectively. The third adsorption center type is responsive for the associative water
desorption from two hydroxyls. The mechanism of the oxygen-stimulated displacement desorption of
water is proposed and substantiated.

JloCiiaxeHo TPUPOLY edeKTy BHTHCKYBaILHOL Jecop6itii BOAH, CTHMYIbGBAHOI KOHTAKTOM KHCHIO 31
CTIHKAMH BHCOKOBaKyYMHOI kamepH 3 Hepxasirouoi crani. ITokasano, wo Ha peanbHiH MOBEPXHI
HepXapiloyoi cTali y BUCOKOMY BaKyyMi 11 MOJIEKYJT BOJH icHyrOTh TpH THIH aficopBuiiiHuX LeHTpiB,
SIKi XapaKTepH3yIOTbCS eHEPTisMH akTHBaLlii mecopbuii 0,2; 0,4; 0,9 eB i nofano ix inTepnperatito. [lepmi
[Ba THIH aicOpGLIHHHX 1IeHTPiB MOXYTh GYTH MOBEPXHEBHMH TiIPOKCHIIaMH, & TAKOX MOBEPXHEBHM
KMCHEM, IO Ma€ HeMOJIiJIeny eleKTPOHHY Napy, ki B3aEMOMIIOTh 3 MOJIEKYNIaMi BOH OJHIEIO Ta HBOMa
BOJHEBMMH 3B’S3KaMH, BipnosigHo. Tperilt Tun aficopOLifiHux LieHTpiB 3abesneuye acoLiiaTHBHY
HecopOUilo BOAM 3 ABOX TiIPOKCHIIB. 3alponoHOBaHO Ta OBTPYHTOBEHO MeXaHi3M BHTHCKYBAJILHOI

Jecopbuii BOJH, CTHMY/IbOBAHOI KHCHEM.

Recently, the water desorption investigations
on the transitional metals surfaces are topical,
since these processes are of great importance in
the catalysis, corrosion, electrochemistry, and
vacuum techniques areas [1]. Among the transi-
tional metals and their atloys, the stainless steel
12X18H10T is of particular interest being the
main construction material in the vacuum devices
area.

Water desorption processes on the stainless
steel surface are still almost unrescarched, though
there are just these which determine the water
vapour background level in the high vacuum
equipment, which always is desirable to reduce to
minimum because of the water activity. Besides,
the secondary effects are revealed associated to
the release of the water molecules in a high-vac-
uum chamber due to oxygen action [2] which in-
fluence significantly on the reliability of the
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adsorbtion-desorption research performed by the
mass-spectrometry method. These effects are the
“fzlse peak" of water associated to the design fea-
tures of mass-spectrometer ion source [3] and the
effect of water displacement desorption from the
high-vacuum chamber walls stimulated by the
oxygen [4,5]. The latter effect is of particularly
interest since it is not an instrumental artifact, in
contrast to the "water false peak” [3]. The first
attempt to study the nature of the oxygen-stimu-
lated displacement desorption of water is made
by us in [4]. However, in that work, the nature of
the revealed adsorption centers on the stainless
steel actual surface and, on this basis, the mecha-
nism explaining the water displacement desorp-
tion effect were based on the rather intuitive
assumptions.

Functional materials, 2,1, 1995
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I, imp/s
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Fig.1. Iron, oxygen, carbon, and hydrogen distribu-
tions profiles in the thickness of the surface layer for
the stainless steel 12X18HI10T actual surface ob-
tained after surface machining and exposure to air at
ambient temperature for 48 h.

The aim of the present work is to research the
oxygen stimulated displacement desorption of
water.

Characteristics of specimens and
experimental methods used

In our experiments, the stainless steel
12X18H10T was used, its correspondance to the
GOST 5632-72 requirements from the viewpoint
of the elemental composition was proved by
X-ray spectroscopy.

The desorption features of stainless steel ac-
tual surface were studied, i.e. those of the ma-
chined surface exposed to air at the ambient
temperature, as well as of specially oxidized one
in the dried air at the atmospheric pressure and
temperature 473 K for 15 h.

The surface composition of the specimens was
analysed by secondary-ion mass-spectroscopy
method using the ion probe IMS-4F; the H, C,
and O ifnpurities distribution profiles in depth of
the surface layer were obtainied. The analysis re-
sults are presented on the Figs.l and 2 where is
shown that the actual surface, as well as the spe-
cially oxidized one, is enriched by the hydrogen,
carbon and oxygen.

Functional materials, 2,1, 1995
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Fig.2. Iron, oxygen, carbon, and hydrogen distribu-
tions profiles in the thickness of the surface layer for
the stainless steel 12X18H10T after the special oxida-
tion in dried air at T=473 K for for 15 h.

To study the water desorption processes on
the stainless steel surface, the unique procedures
were applied consisting in that the walls of high-
vacuum chambers were used as the specimens.

For the kinetics investigation of the water
molecules desorption on the stainless steel surface
in the high vacuum, a chamber made from
12X18H10T steel of 0.8 dm> volume was used,
attached directly to the MX-7304 mass-spec-
trometer and being pumped out, through a stop
value, to the residual pressure of 10® Torr. The
chamber and the ion source of the mass-spec-
trometer were provided with the thermostated
heating system. The water and hydrogen thermal
desorption curves were taken after the chamber
pump-out closing at constant temperatures in the
293-493 K range through 10 K intervals. All the
curves obtained flatten out at saturation, what
indicated their nature is associated with desorp-
tion. The stabilization of the surface under re-
search in terms of the adsorption centers quantity
was achieved by the long-time (not less than
8 hours) high-vacuum exposure of the chamber
walls at 493 K, what assured a good results repro-
ducibility.

The identical initial conditions of the filling of
the adsorption centers by the OH particles involv-
ing in the associative desorption of water mole-
cules, were assured, at various temperatures, each
time before the desorption curve was taken, by
the achieving of the equilibrium adsorption-
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desorption state in which the velocities of mole-
cules being desorbed and of those being out-
pumped were equal to ecach other. In this case, the
mentioned adsorption centers were admitted to
be completely filled, since, at the saturation of the
stainless steel surface with the hydrogen and oxy-
gen, it is just the associative desorption process
which is the limiting stage in the water molecules
formation. The desorption rate of the molecules
under study was determined as the slope of the
corresponding desorption kinetics curve in the
time range 20-60 s after the pump-out closing,
where the curve can be adequately approximated
by a straight line. The activation energy was esti-
mated from the Arrhenius’ relationships by the
linear regression method.

To investigate the displacement desorption in
the oxygen medium, another chamber was used
made from 12X 18HI10T material, too, but
1.0 dm’ in volume, which has been pumped out
to a high vacuum by a diffusion pump provided
with the liquid nitrogen trap to the 167 Torr re-
sidual pressure, and was connected, on one side,
to the mass-spectrometer ion source through a
diaphragm with 50 pm orifice, and on the other
side, to a sampler being purged with the dry oxy-
gen. The sampler was a measured volume which
can be closed by two stop valves, one on the
chamber side and other on the side of gas line
assuring the purging of the sampler by the dried
oxygen, the humidity of the latter being control-
led by means of Baikal 3M hydrometer. The
water displacement desorption curves were taken
at fixed chambers temperatures in the 293-493 K
range through 10 K intervals after the admission
of the chamber with the dry oxygen to 102 Torr
pressure and molecular flowing to the mass-spec-
trometer ion source. Therewith, the admission of
a gas sample has been carried out at the closed
high-vacuum valve after the adsorption-desorp-
tion equilibrium has been previously attained,
which is characterized by a constant water vapour
background level. The sample admission were so
chosen that, over an appreciable length of time
(order of 20 min), the pressure drop due to pump-
ing by the magnet-discharghing pump through
the mass-spectrometer ion source can be ne-
glected. In this case, the water release kinetics
curves (from 5 min after the beginning of the
sample admission to ion source and on) can be
satisfactorily approximated by straight lines, and
the water releasing rate has been determined from
the slope of these lines related to horizental axis.
The water release so measured has nothing to do
with the "false peak"” arising from the icn source
design and work. That was proved by the experi-
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ments dealing with the water refease kinetics at a
fixed (ambient) temperature of the chamber un-
der study and varying (in the range of 293-473 K)
temperatures of the ion source; these investiga-

tions had shown that, in ail cases, the saturation

stage of the kinetics curve is achieved substan-
tially within 5 min after the beginning of the oxy-
gen admitting to ion source. The stabilization of
the chamber walls from the viewpoint of the ad-
sorption centers amount and the assuring of iden-
tical initial conditions of filling by OH particles
invoiving in the associative water molecules
desorption, were achieved similar to experiments
on the thermal desorption of water in a high vac-
uum.

It should be noted that both high-vacuum
chambers under study as well as satellite speci-
mens for the elemental analysis were made from a
common piece of the 12X 18H 10T steel.

Results and discussion

The data characterizing the water molecules
desorption kinetics in high vacuum on the stain-
fess steel actual surface, as represented in the
form of the Arrhenius’ relationships, have the ap-
pearance of a broken linc consisting of three lin-
ear portions characterized by the activation
energy values of 0.18+£0.05 ¢V at 293<7<333K;
0.3840.05 eV at 333<T<393 K, and 0.910.1 eV at
393«<T<493 K and corresponding to the water
desorption from the adsorption centers of three
types. In fact, the experimental procedure used
for the water thermal desorption study realizes
the mode of the multiple water molecules interac-
tions with the high-vacuum chamber walls and,
consequerntly, with all types of adsorption centers
existing on the stainless steel surface. Thus, at
first, the water molecules are associatively desor-
bes fyom the primary adsorption centers accord-
ing to the foliowing scheme:

OH(ad) + OH(ad) - H,O(gas) - O(ad)

After the landing of these water molecules on
the other (secondary) adsorption centers, they
will be registered as if they are desorbed from the
latters, their true origin being "forgotten”. There-
fore, in our case, the increase of the water vapour
partial pressure in a unit time registered by a
measuring device can be presented as

dP/dT = W(V, + Vy + V3 ) /kT )
where V1= CNiexp(-Evir), V2 = CNaexp(-E¥cr)
is the water molecules quantities in a unii time regis-
tered from the secondary adsorption centers N1 and
Ny, respectively; V3, the water molecules quantity in
a unit of time registered from primary adsorption
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centers; W, the chamber volume; &, the Boltzmann
constant; T, the chamber walls surface temperature;
C, the factor at the exponential term; E, the desorp-
tion activation energy. The first linear portion
(293 K<T<333 K) of the Arrhenius’ curve corre-
sponds to the case when

V1= CNyexp(Fvjp) >> Vy + V3,

the second one (333 K<7<393 K) —to
V2 = CNyexp(-£vp) >> V) + 1,

R while the third (393 K<T<493 K) — to
V3 = CNsexp(-5510) >> V1 + 1,

where Ny is the quantity of the primary adsorp-
tion centers. .

Thus, on the actual surface of the stainless
steel, three types of adsorptions centers are ex-
perimentally found, corresponding to the water
molecules desorption activation energy values of
approximately 0.2; 0.4; and 0.9 eV. Since the
stainless steel actual surface is saturated with the
oxygens and hydrogen and, consequently, with
surface hydroxyls, it can be supposed that the
desorption activation energy value of 0.2 eV cor-
responds to the desorption of the water molecules
which interact with the adsorption centers formin
v with those one hydrogen bond; 0.4 eV — two hy-

—
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Fig.3. Model of the water molecules desorption from the stainless steel actual surface in high vacuum.

drogen bonds and 0.9 ¢V energy corresponds to
the associative desorption with the formation of
one water molecule from two hydroxyls. The first
two types of the (secondary) adsorption centers
can by the surface hydroxyls as well as oxygen
atoms having a lone electron pair necessary for
the hydrogen bond formation. The model of the
water desorption from the stainless steel actual
surface in a high vacuum is presented on the
Fig.3.

The Arrhenius’ relationships obtained in ex-
periments dealing with the water thermal desorp-
tion on the specially oxidized surface of the
stainless steel, have, too, the broken line appear-
ance consisting of the three linear portions char-
acterized by the desorption activation energy
values of 0.19+0.05 eV at 293K <T<383K;
0.3910.05 eV at 383K<7<433 K; and 1.040.1 eV
at 433K<T<493 K. Hence, in comparison to the
case of the stainless steel actual surface, the eleva-
tion of the first temperature range upper limit by
50 K and that of second one by 40 K is observed
for the oxidized surface, what supports the pro-
posed model of the water desorption processes on
the stainless steel surface in high vacuum. Indeed,
the stainless steel oxidation results in an increas-

"ing quantity of the secondary adsorption centers
N1 and Ny, associated to the surface oxygen, what
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should, according to Eq.(1), cause the broadening
of the temperature range in which the contribu-
tion -of the water molecules desorbed from the
secondary adsorption centers prevails.

The experinemtal data relating to the water
displacement desorption stimulated by the oxy-
gen, as presented in the form of the Arrhenius’
relationships, have the appearance of a broken
line consisting of two portions; these correspond
to the activation energy values of 0.42+0.05 eV (at
363K<7<393 K) and 0.840.1 eV (at
393K <7<453.K). The low temperature range at
T<363 K remained unrescarched because of poor
sensitivity.

Besides, as is seen from Table 1, the water re-
lease from the chamber walls is accompanied by
the activated adsorption of the oxygen, and the
water liberation rate is correlated with the rate of
the oxygen partial pressure dropping. Hence, the
water evolving is associated with the oxygen
chemisorption.

When comparing the experimental results re-
lated to the oxygen-stimulated water release and
those of the thermal water desorption in high vac-
uum, the surprising similarity can be noted in the
behaviour of the Arrhenius’ curves describing
two these processes, at first glance so distinct.
Only a small difference in the desorption activa-
tion energy is observed, which amounts to 0.1 eV.

From the aforesaid, an assumption can be
made as to desorptive nature of the oxygen-
stimulated water release, and the mechanism ex-
plaining it can be proposed. The principle of the
oxygen-stimulated displacement water desorption
is that the oxygen adsorbed on the metal surface

Table 1. Temperature dependence of the relative
changing rate of the oxygen and water partial pres-
sure at the dry oxygen admission into a stainless steel
vacuum chamber.

T.K Actual surface Specially oxydized
surface
-dP/dt O, |dP/dt H,O | -dP/dt O, \dP/dt H,0
(arb. units)| (arb. units)| (arb.units) | (arb. units)
403 1.4 0.052 - -
413 22 0.100 - -
423 2.8 0.529 - -
433 4.0 0279 - -
443 6.2 0.529 0.9 0.047
453 72 0.814 1.7 0.090
473 - - 2.9 0414
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adjacent to a hydroxyls pair forming a water
molecule brings a perturbation into the metal sur-
face — hydroxyl pair system, what results in the
decrease of the associative water desorption acti-
vation energy by a value of 0.1 ¢V order. This
causes a breaking of the'adsorption-desorption
equilibrium in the measuring chamber and an in-
crease of the water partial pressure. This supposi-
tion is supported by a theoretical work [6] where
authors, assuming the Ni{111) surface simulated
by means of the two-layer cluster Nijo model,
have performed the calculation of the water mole-
cule interaction with the pure Ni(111) surface and
with Ni(111) surface presaturated with the ad-
sorbed oxygen. It is shown that, in Ni/H20 sys-
tem, the bonding energy of water molecule with
the metal surface is higher:by a value of 0.1 eV
order then in the Ni+O/H20 system.

Taking into account that, in experiments on
the water displacement desorption, the oxygen
partial pressure in the measuring chamber has the
order of 107 Torr, it can be assumed that the
oxygen chemisorption is not the limiting stage in
the water displacement desorption process. Be-
fore the oxygen is admitted to the measuring
chamber, the velocity of the water molecules
desorbed from primary adsorption centers is
V3 = CNoNoexp(-£%7) (see Eq.(1)).

Then, according to the proposed mechanism
of the water displacement desorption, in the con-
ditions of oxygen contact with the chamber sur-
face, the velocity of the desorbed water molecules
V3 = CNoNoexp(-F3% 1 where E3 - Ey = 0.1¢V.

The increase of the desorbed water molecules
velocity associated with the displacement desorp-
tion effect

Vy = V3 = CNoNoexp(-Exp) {1~ exp[-E5~E3¥q] | ~
~ CNNoexp(F¥/p) )

since, at T<473 K, exPL—(ErEs')/kT << 1.

Thus, at the oxygeni admissionTin the measur-
ing chamber, the rate of the water molecules re-
lease from the chamber walls is defined by the
Eq.(2). However, similar to the case of the ther-
mal water desorption, at the temperature lower
than critical one (393 K for the stainless steel ac-
tual surface), the water molecules are registered
as those desorbed from the secondary adsorption
centers of 1st and 2nd type, corresponding to the
desorption activation energy values of 0.2 and
0.4 eV, respectively.

An alternative mechanism of the oxygen-
stimulated water release based on a catalytic in-
teraction of the hydrogen with oxygen on the
stainless steel surface resulting in the water for-
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mation, is, in our opinion, unlikely. In fact, ac-
cording to modern views [7], the catalytic hydro-
gen oxydation reaction goes through the
intermediate stage of the hydroxyl formation.
However, there is no information in the literature
confirming the hydroxyl formation on metal sur-
faces in the course of the oxygen chemisorption.
So, in [8], during the research of the oxygen inter-
action with the polycrystallic nickel surface pre-
saturated with hydrogen, the surface hydroxyls
formation was not found.

Conclusions

1. On the actual surface of the stainless steel,
in a high vacuum, three types of the adsorption
centers for water molecules, characterized by
desorption activation energy values of 0.2; 0.4;
0.9 eV, are identified and interpreted. The activa-
tion energy of 0.2 eV corresponds to the desorp-

tion of water molecules bonded to the surface:

hydroxyls and oxygen by one hydrogen bond;
0.4 eV — by two bonds, and 0.9 eV corresponds
to the associative desorption of water forming
from two hydroxyls.

2. The mechanism of the oxygen-stimulated
water displacement desorption is proposed and
substantiated. Its principle consist in that the
oxygen, being in contact with the high-vacuum

chamber walls, chemisorbs itself on their surface.
Therewith, when oxygen is chemisorbed on the
metal surface in the vicinity of a hydroxyls pair
forming a water molecule, a disturbation is
brought in the metal surface — hydroxyl pair sys-
tem, resulting in a lowering of the activation en-
ergy of the water associative desorption by a
value of 0.1 ¢V. The minimization of the oxygen-
stimulated displacement water desorption is asso-
ciated with the decrcase of the oxygen
chemisorption rate and is achievable by the stain- -
less steel surface oxidation.
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Hccnenosanue qecopoOlMOHHLIX MPOLECCOB BOAbI HA
peasibHOii NOBEPXHOCTH HEPXKABEIOUIeH CTAIH

10.®.Credanos

HccnepoBana npupona agdekra BbITeCHHTENbHOH HecopOLHH BOIb!, CTHMYJIHPOBAHHOH KOHTAKTOM
KHMCIOpOJa CO CTeHKaMH BbICOKOBaKYyMHOH KaMepbl M3 HepxkaBefollel cramu. IlokasaHo, uTo Ha
peanbHOH MOBEPXHOCTH HepxaBeloileH CTalH B BbICOKOM BakyyMe AJISt MOJIEKYJI BOABI CYLECTBYET TpH
THNAa afcOPOLIMOHHBIX LIEHTPOB, XapaKTepH3YIOLIHXCsl 9HePrHIMH aKTHBaUHU fecopbumnu 0,2; 0,4; 0,9 3B
H JaHa UX uHTeprperauus. [lepBble qBa THHA aJCOPOLIMOHHBIX LIEHTPOB MOT'YT GbITh MOBEPXHOCTHBIMH
THAPOKCHIIAMH, a TaKXe OBEPXHOCTHBIM KHCIOPOJOM, HMEIOLIHM HENOASICHHYIO 3IEKTPOHHYIO Napy,
KOTOpble B3aHMOMIEHCTBYIOT C MOJNEKYIaMH BOJXbl ONHOH H OBYMS BOLOPOAHBIMH CBA3SAMH,
COOTBETCTBeHHO. TperTHil THN ancOpOLHOHHBIX LIEHTPOB obecreyHBaeT acCOLIMATHBHYIO JecOpOLHIO
BOJIbI M3 JIBYX THApOKCcHIOB. IIpeqnokeH U 0GOCHOBaH MEXaHH3M BBITECHHTEILHOH AecOpOLHH BOIbI,

CTHMleHpOBaHHOﬁ KHCIIOpOAOM.
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The porous structure features of metal-oxide type
vacuum condensates

G.M Kochetov, G.G.Didikin and B.M Emel’yanov

Kiev State University of Architecture and Building,
31 Vozdukhoflotsky Ave., 252037 Kiev, Ukraine

The structure of porous vacuum condensates of Fe—Al2O3 and Co—Al2Gs systems has been investigated
using large-angle and small-angle X-ray scattering, gas adsorption and microhardness measurements.
These two-phase compositions have been established to consist of the porous metallic matrix and the oxide
phase dispers particles distributed uniformly therein. The porosity characteristics have been studied as
dependent on the condensate composition. The chemical nature of the matrix metal is noted two influence
the structure parameters and sorption properties of metal-oxide compositions.

Meropamu perTreHorpadii Ha BeJIMKHX Ta MAJIMX KYTax, ra30Boi aficopOLil, BAMIpIOBaHHS MiKpOTBEPIOCTi
JIOCHI/DKEHO CTPYKTYPY NMOPHCTHX BaKyyMHHX KoHIeHcaTiB cucreM Fe—Al203 1 Co—AlO3. BeranormeHo, o
i ABodasHi KOMITO3HLIT CKIIaIAIOThCS 3 MOPHCTOI METANYHOI MATPHLI | PIBHOMIPHO PO3MO/IUIEHHX B Hill
JMCTIEPCHHX YaCTOK OKCHIHOI ¢asH. BHBUEHO XapaKTepHCTHKH IOPHCTOCTI B 3aJIEXHOCTI Bif CKIamy
KOHJIeHcary. BinMiveHO BIUMB XiMi4HOI NMPHPOAM MATPUYHOIO MeTaly Ha CTPYKTYPHi HapaMeTpH Ta

copOUiiiHi BIIaCTHBOCTI METATIOOKCHIHUX KOMITO3HLIIH.

The leading branches of modern industry
have an urgent need for refractory high-strength
materials characterized by chemical resistance,
low density, specified heat and electrical conduc-
tivity values, as well as by special magnetic and
optical properties.

The electron beam technology allows to ob-
tain the metal-ceramic composite materials with
specified properties and working characteristics
{1]. In this connection, much interest is given to
investigations of porous compositions containing
a metal and alumina obtained by the electron-
beam evaporation with subsequent condensation
in vacuum. Such condensates can be used as the
refractory protective coatings, heat-insulating
materials, selective filters and sorbents.

Results of the structure investigations of Ni—
Al2O3 vacuum condensates are considered in de-
tail in [2-6]. The literature data about the
metal-oxide systems based on iron and cobait are
meagre enough and relate only to compositions
obtained by traditional powder metallurgy meth-
ods.

In this work, the results of study of the vac-
uum condensates Fe~Al203 and Co—Al2O3 struc-
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ture and porosity are presented; also, data are
compared obtained for systems having matrices
based on various metals of iron triade and pre-
pared in the identical conditions.

Materials and techniques

A¢ the initial materials for condensates prepa-
ration, the iron and cobalt ingots were used pre-
pared by induction melting in vacuum with
subsequent electron-beam remelting, and alumina
bars made of the analytical grade material (p.a.)
by presssing and sintering at 1700°C. The metal
and alumina evaporation was performed by two
independent sources in the vacuum of
1.33-10° Pa. The mixed vapour flow condensa-
tion occurred on a carbon steel (St.3). The evapo-
rators and support arrangement allowed to
obtain about 1 mm thick condensates with alu-
mina content varying in the 0-30% (by mass)
range.

The X-ray phase analysis of the condensates
was perfomed by means of DRON-3 diffractome-
ter in the filtered copper radiation. The lattice
constants were determined basing on gravity cen-
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Table 1. Lattice constants (a+0.00008), pores concentra-
tions (C+0.3) and oxygen sorption values (g+1) as func-
tions of alumina content (m) in Fe—Al2O3 condensates

Table 2. Concentration dependences of crystalline
structure, total porosity and oxygen sorption for
_ Co—-Al203 condensates

m, % by mass| Lattice type C,% g, mglg
0.7 HCP 9.0 82
24 HCP 132 89
5.1 HCP 15.8 91
10.2 FCC 239 105
204 FCC 264 140
30.8 FCC 29.8 137

m, % by mass a, nm C,% g, mglg |
0.8 0.28669 5.1 99
23 0.28673 104 102
5.9 0.28697 19.0 119
14.2 4 0.28759 . 227 138
21.3. 0.28793 25.1 149
28.3 0.28821 274 149

ters of the diffraction maxima registered in the
precision region.

The condensates were studied by the small-an-
gle X-ray scattering using the CRM unit in FeKq
radiation. The measurements were made on the

specimens of less than 80 pm thickness by the -

“transmission” technique in the angular range
3.5-2 deg, with the slot-collimated primary beam.
The scattering intensity was registered by the
pulses counting over a specified time interval (ex-
ceeding 100 s), discretely, at the step size from
20" to 5'. The RMS error of the intensity meas-
urements did not exceed 3%. To evaluate the ex-
perimental data characterizing the angular
dependence of the X-ray scattering, the method
described in [7] was used. Calculations were per-
formed using formulas [5] allowing to obtain,
without preliminary introducing the collima-
tional correction, the size distribution of structure
microinhomogeneities (small pores and disperse
oxide particles).

Sorption tests of the compositions obtained
were performed by the static method at 20°C. The
sorption capacity value was established as the dif-
ference between the mass of an adsorbent sample
after oxygen sorption at atmospheric pressure
and that of vacuum-degassed one. The total po-
rosity of condensates was determined by the hy-
drostatic weighing method. The microhardness
was measured on the PMT instrument at 50 g in-
dentor loading.

Results
Fe—Al O3 system

The condensates of compositions presented in
Table 1 were investigated. The X-ray phase analy-
sis of these condensates had given following re-
sults: the diffraction patterns of all the samples
studied show only reflections corresponding to

the a modification of iron. No other phases have
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been revealed. The absence of alumina reflections
evidences its amorphous state in the condensates
(in terms of X-ray method). The results of the
lattice constant measurements show that, for all
the samples studied, it exceeds somewhat the ref-
erence value for the pure a-Fe; therewith, the
lattice constant increases when the oxide phase
content in the condensate rises. It follows from
the data presented in Table 1 that the condensate
porosity grows with the alumina concentration
increase. In Fig.l, the microinhomogeneities size
distribution is shown. In the samples studied,
submicropores of 36 nm radius are prevailing. On
the f(R)-R curve for the Fe-14.2% Al2O3 sam-
ple, an additional maximum arises which in-
creases with the alumina content growth. The
results of the microhardnness measurements are
presented in Fig.2, those for sorption capacity —
in Table 1.

Co-Ah O3 system

The specific feature of this condensate system
is that the crystalline modification of metal ma-
trix depends on the alumina concentration. The
phase composition study has shown that, in the
range of oxide phase concentrations from 0 to
10% (by mass), the diffraction pattern of the o-
cobalt HCP lattice is characteristic for those con-
densates. At higher aluminium oxide contents,
the FCC modification of the p-cobalt is realized.
No other phases have been found. Data presented
in Table 2 indicate that the condensate porosity
increases with Al203 concentration growing. The
small-angle scattering measurements have shown
that, in the initial samples, the submicropotes of
about 40 nm radius and disperse oxide particles
having radius about 25 nm prevail. The concen-
tration dependence of the condensates micro-
hardness is shown in Fig.2, the sorption
measurements results are presented in Table 2.
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Fig.1. Microinhomogeneities size distribution in Fe—Al203 (a) and Co—-Al203 (b) condensates containing respec-
tively 0.8 and 0.6 (1), 5.8 and 5.0 (2), 14.2 and 10.2 (3), 28.3 and 30.8 (4) per cent of Al203 (by mass).
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Fig.2. Concentration dependences of the microhard-
ness for Fe~Al203 (1) and Co-Al203 (2) condensates.
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Discussion

The specific character of the metal-oxide com-
positions obtaining by the electron-beam evapora-
tion method consist in that processes of the mixed
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vapour flow condensation onto the support and
of formaticn of the deposited layer thereon occur
in the non-equilibrium conditions. Therefore, the
condensates studied are complex heterogeneous
systems characterized by high concentrations of
various structural imperfections (from point-type
defects to macropores) and physico-chemical
propertics different from those of similar massive
samples. Studies of Me-AbO3 binary systems
based on the iron triade elements have shown a
great similarity of their ‘structural characteristics.
So, all the objects studied consist of the porous me-
tallic matrix and alumina particles of average size
about 40 nm distributed uniformly therein. In the
whole concentration range studied, the absence of
interaction is established between phases forming
the condensate. Besides, for all three systems, the
lattice constant and the condensate porosity in-
crease regularly with the rise of the second phase
content. The increase of the lattice constant is asso-
ciated obviously with the metallic matrix doping by
aluminium atoms arising as a result of the partial
dissociation of oxide in the course of the electron-
beam evaporation. The microhardness measure-
ments of the condensates studied (Fe-Al203,
Co—AlO3, Ni~Al203) have shown that the increase
of the Al203 content up to 3-4% by mass causes

Functional materials, 2, 1, 1995
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the microhardness growth. The relationship ob-
served is associated obviously with that small alu-
mina admixtures result in the fine-grain
condensate structure formation [2]: the small
crystallite sizes and disperse alumina particles
promote the microhardness rise of condensates
wherein pores are arranged mainly on the grain
interfaces. The further increase of the disperse ox-
ide particles amount causes a microhardness low-
ering due to open pores formation over the whole
condensate volume, increase of those sizes and
concentration.

The combined analysis of the sorption data and
structural parameters given in this work allows to
suggest that all the compositions studied have
rather developed specific surfaces due to high mi-
cropores concentrations. Thus, the use of the elec-
tron-beam technology makes possible to obtain
effective sorbents characterized by high sorption ca-
‘pacity and prespecified structural features.

Along with the similarity mentioned above,
we have found some distinctions in the charac-
teristics studied of the porous structure of binary
condensates on the basis of iron friade metals.
Namely, the submicropores size and total con-
densate porosity increase with the rising ordinal
number of the matrix metal. These distinctions
are in agreement with the commonly accepted
temperature model of the vacuum condensate
structure [1]: the porous structure features of
compositions deposited under identical condi-
tions depend on the melting temperature of ma-
trix metal, moreover, the size and amount of
pores form according to the diffusion mechanism,
is proportional to the diffusional activity of metal
increasing over the Fe—~Co—Ni series [8].

The results of sorption tests presented in this
work show that the sorption properties of the
compositions studied are due not only to struc-
ture characteristics, but also the condensate
chemical composition. It seems impossible to ex-
plain this fact only by the oxygen physical ad-
sorption process. It is our opinion that, in parallel
with the physical adsorption, the oxygen chemi-
sorption occurs. Since iron possesses a higher
chemical affinity to oxygen than cobalt, the oxy-
gen chemisorption by Fe—Al203 condensate
must be more active, what is confirmed by experi-
mental data.

A specific effect of the alumina disperse parti-
cles om, the crystalline structure of the cobalt-
based condensates is to be noted: when the oxide
phase content increases, the high-temperature
FCC lattice of the cobalt matrix becomes more
stable, what is in agreement with the literature
data for similar massive compositions [9].
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The structure characteristics variations of bi-
nary metal-oxide type systems as functions of ox-
ide phase concentration and conditions of the
condensate obtaining were considered in publica-
tions [3-6].

From the comparison of the structure charac-
teristics of the condensates based on iron triade
metals, the conclusion can be made about the sen-
sitivity of the porosity and physico-chemical
properties determined thereby to the metal matrix
nature.

Conclusions

1. Porous composite materials have been ob-

‘tained by the electron-beam evaporation of a

metal (iron or cobalt) and alumina out of two
independentsources and subsequent condensation
of the mixed vapour flow onto a heated support.

2. Alumina in two-phase condensates is found
to be in fine-dispersed state. The composition to-
tal porosity and the crystal lattice constant of the
metallic matrix increase with rising alumina con-
tent. The submicropores size distribution in the
condensates has been established.

3. The comparison of structure characteristics
of Fe—Al203, Co—Al203 and Ni~Al203 conden-
sates obtained under identical conditions, shows
that the submicropores size and total metallic ma-
trix porosity increase regularly from iron to
nickel.

4. A correlation has been revealed between
condensate structure, microhardness and sorp-
tion properties. The investigation results allow to
determine the optimum compositions of metal-
oxide type porous materials intended to use as the
selective sorbents.
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OcoGeHHOCTH MOPHCTO# CTPYKTYPbI METALIOKCHIHBIX BAKYYMHBIX
KOHIEHCATOB .

I'M.Koyeros, I'.I". Jumukus, b.M.EMenbsiHoB

MeTonamn peHTreHorpaduu Ha GOMBIINX M MAaNbIX YINaX, ra3oBoil afcopGLHH, H3MEpeHHs
MHKPOTBEPAOCTH HCCIIEAOBaHa CTPYKTYPa MOPHCThIX BAKYYMHBIX KOHeHcaToB cHeTem Fe—AhOs u Co-AlLOs.
VYcraHoBNIEHO, YTO 3TH [BYX(pa3sHble KOMIIO3HLUHMH COCTOST M3 MOPHCTOH METAIMYECKOH MaTpHUbI U
PaBHOMEPHO pachpelieleHHbIX B Hell JUCIEPCHBIX 4acTHI OKCMIOHOH (asbl. M3ydeHb! XapakrepHCTHKH
TNIOPHCTOCTH B 3aBHCHMOCTH OT COCTaRa KoHfIeHcaTa. OTMeYeHO BIHSHUE XHMHYEeCKOH MPUPO/Ib MATPHUYHOTO
MeTajula Ha CTPYKTYPHBbIE apamMerpbl H COPOLIMOHHbIE CBOHCTBA METAJUIOKCHIHBIX KOMITO3HLIMHA.
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Study of surface chemistry of the active titanium dioxide
used in sorption and catalysis processes

V.P Koryukova, E.V.Shabanov and G.L.Kamalov

A .V Bogatsky Physico-Chemical Institute, National Academy of Sciences
of Ukraine, 86 Chernomorskaya Doroga, 270080 Odessa, Ukraine

The influence of the preparing conditions and the composition of the heterogeneous system TiO2 —
aqueous solution (gas) on the surface groups composition of crystalline hydrated titanium dioxide
(pigment industry) was studied. The nature, polyfunctionality and lability of the sorption and catalytic
centers are explained on a base of the hydrolytical model of the SO4-inclusions transformations on the

titania surface.

BrBueHO BIUIMB YMOB OJiepXaHHs Ta CKJIa[y rereporenHoi cucreMu TiO2 — BoaHHil po3unH (ras) Ha
CKJIAJl TIOBEPXHEBUX TPYN KPHCTaJliYHOIO Ti[paTOBAHOTO AiOKCHAY THTaHY (BHPOGHHUTBO MirMeHTIB).
ITpupona, nonipyHkiioHaIbHICTh Ta Na6iNMbHICTE AKTHBHHMX LIEHTPIB copOuii i kaTanisy Momudikanii
TiOz inTepriperoBana Ha 6a3i rigponiTHyHOi Mozieni TpanchopManii SO4-BKIIOYeHD Ha MOBEPXHi.

The wide variety of surface groups of the ac-
tive titanium dioxide and their transformations in
the function medium cause the ambiguity of theo-
retical notions about the nature of adsorption
and catalysis active centers.

Among the heterogeneous photocatalytic sys-
tems on the basis of titanium dioxide, those pre-
pared by thermal hydrolysis of sulphuric acid
solutions containing titanium (THT) are believed
to be most effective {1]. In contrast to other syn-
thesis techniques, the thermo-hydrolytic method
of obtaining, in a solution, of the crystalline hy-
drated titanium dioxide (anatase) ensures the re-
producibility of the solid phase composition and
properties and the stability thereof during storage
and heat treatment [2]. The THT products are
characterized by the high crystallinity degree, de-
veloped surface and a pronouced structure imper-
fection, which causes the variety of active center
types [3]. This fact determines significant poten-
tial of THT as the base for selective sorbents and
photocatalysts [4—7].

The*marked composition non-stoichiometry
characteristic for THT is represented by various
types of structure defects. Among those, disrup-
tions of the anatase lattice regularity are predomi-
nant, including dope-type ones due to the
incomplete hydrolysis of acid residues and con-
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trolling the TiO2 semiconducting properties. Het-
erogeneous cations poorly coordinated on the
surface, including those substituting titanium
(statistically distributed Si, Fe, Al) or occluded
during crystallization (Cu, Co, Ni), create the
high uncompensated charge areas causing forma-
tion of additional hydroxyl groups with increased
acidity due to the water dissociative adsorption.
The presence of such proton-donor centers, along
with numerous forms of oxygen-hydrogenic
groups bonded to titanium, determines the pro-
nounced polyfunctionality of the titanium diox-
ide technical grades. Admixtures, distorting the
electron-energy structure of the wide-zone semi-
conductor, cause the Fermi quasi-level shift un-
der lighting. The unhydrolyzed acid residues, i.e.
sulphate groups having a high mobility and form-
ing a solid solution in the anatase do organize the
structure of the hydrate sphere on the THT inter-
phase surface and, via the crystal lattice, effect
inductively the chemisorbed water molecules,
thus changing ihe surface energy pattern and
acid-base properties [2,3]. The sulphate presence
in the bridge-like coordination [10] brings about
changes manifesting theirself, especially, in the
value of the specific surface of the hydrated
anatase which is anomalously great for crystalline
modifications, as well as in the absence of olation
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and oxolation processes (“ageing”) during stor-
age and heat treatment. Of substantial- impor-
tance are distinctions between technical-grade
and regular anatase preparations concerning the
structural cavities dimensions and transport
channels system permeability, which define the
mass transfer conditions in sorption and catalysis
processes. The predominance of micropores
which cannot be measured using traditional
methods is responsive for the scatter of the spe-
cific surface values depending of the sorbate na-
ture. In all cases, however, these values are
underrated as compared with the true size of the
active surface accessible for small molecules or
ions [3].

The aim of this work is to study the specific
chemical and structural features of the hydrated
titanium dioxide (anatase) obtained by thermal
hydrolysis of sulphuric acid solutions of titanium
(IV), including polymetallic ones.

Experimental

Samples used in this work were obtained in
our laboratory by thermal hydrolysis of solutions
produced by means the sulphuric-acid stripping
of ilmenite concentrate during titanium pigment
production, as well as the purified solutions; the
industrial intermediate products (technical grade
and special purity grade) were also employed.
The laboratory preparations were obtained ac-

cording to the optimized version of the thermal
hydrolysis method [8] which ensured the chemi-
cal, phase and dispersion homogencity and a high
crystallinity degree (anatase 93—97 %, rutile 3—
S %) without the specific surface reduction (not
less than 120 mz/g). The possibility of matrix
standardization enables more correct determina-
tion the specific chemical features of the sample
surface.

Results of the THT attestation by the low-
temperature nitrogen adsorption method are as
follows (mmol/g):NHs, 1.38; HCI, 0.27; and COz,
0.38 (after NH3 preadsorption) at the atmos-
pheric pressure and 3.2, 1.0, and 0.38, respec-
tively, at the surface saturation by sorbates. The
mild dehydration conditions (100°C) excluding
the destruction of the active hydrate structures
chemisorbed on the surface have assured the
maximum approximation to the interphase sur-
face state in heterogeneous systems TiO2—gas
and TiO2—solution. Due to high strength of
chemical bonds, the air-dried samples and those
dehydrated at the temperature of the physically
sorbed water elimination restore the surface
structure by chemisorption of water vapour from
the ambient air.

In Tables 1,2 and in Fig.1-3, characteristics of
preparations studied are presented.

Fig.1 and 2 illustrate the results of the acidi-
metric determination of the fluoride-substitutable
surface functional groups compensating the coor-

AV/Ar™
A Ao
30}F
40f M0 0.4
3.0 20 \
02k 2
10
1
0 l I 0 ™
20 0 A 200 400 t°C

Fig.1. Variation of the samples surface hydroxylation degree depending on the pre-hydrolysis mixture composition
(a) and on the contact time (1, hours) with modifying agent (b)

Sample No. 1 2 3 4 5 6

TiO,, g/dm3 100 100 100 100 50 20
{

Fe/TiO,, % - - 045 045 045 045

Anatase nuclei, % 1.0 1.0 10 05 05 05
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Table 1. Characteristics of samples. I is the Cu, Co, Ni, Cr, Mn, Cd and Pb total content.

No. Composition, % by mass Specific Densit;', Particle | TOH,
10° surt;ace, glem | size, um | pH 11,
) ) m'lg ’ mequiv/g
method)

17 o 0.1 0.1 01 | 698 | 38 | 2634 | 9 245 | 110 1.0
2 10 3 1 5 77.70 7.18 15.12 166 261 0.2-10 32
3 10 5 1 5 77.90 461 17.49 159 2.62 4-6 34
4 10 1 1 5 76.50 4.79 18.71 132 2.57 46 34
5 2 0.1 0.1 2.3 77.4 7.10 15.50 - 2.65 4.6 3.6

* Cu, Cr, Mn, Cd 510“%; Ni, Co, Pb 1-10%%.

** Special purity grade. The crystallinity degree: Nos.1,2 - 50%; 34,5 - 96 to 100%.

Table 2. Chemical composition and sorption characteristics of samples No.1,2 and 3 in the ion-exchange cycle. H20° is the
water eliminable up to 150°C; H20P, that eliminable in the temperature range 150-500°C.

Characteristic of samples No.1 No.2 No.3
Composition, mass %:
TiO, 79.0 81.1 78.6
H,O 16.6 187 179
SO, 44 0.2 3.5
Formula:
TiO; 4(SO3)o.gs6(H20) 0.370(H20) 0 565 No.l
TiO, .a(Sos)o.oozs(Hzo)po.zss(Hzo)co.7a1 (Na)g gq1 No2
TiO4 §(SO3)g 044(Hzo)po 379(Hzo)co 633 No3
Specific surface. m 110.0 213.1 191.4
OH groups content (pK ~ 3.5), mequiv/g 0.36 040 0.37
Na content, equiv/g - 1.40 -
Na content after water washing, mequiv/g - 0.40 -
Catalytic activity in relation to that of the initial sample, increase by, times:
H,0, decomposition - 4 -
H,O photoreduction - 10 -

dinational unsaturation of the surface ions [9]
and the variation range of the TiO2 active surface
state as depending on the thermal hydrolysis con-
ditions- (under reaction medium parameter vari-
ation).

The appearance of the sorption isotherms for
molecules (Fig.3) and alkali metal ions as the pH
function (Fig.2) reflects the polyfunctionality and
“sieve” properties of anatase.
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In Table 2, the chemical analysis of ion-ex-
change products and characteristics are presented
for samples obtained under step-by-step control
of the ion-exchange cycle, i.e. of initial THT
(No.1), of that treated by sodium chloride solu-
tion up to saturation (No.2), and of the latter
“regenerated” by the acid washing..
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SO4-equiv. ' pH
AM)

l H i
0 .
2 4 6 8 10 pH 1 2 3 4  A(OH)
Fig.2. Isotherms of alkali metal ions sorption (a) and of pH-neutralization. Isomolar series, 0.04 mmol/g: I to 7 -
NaOH + NaCl; 8 - Ba(OH)2 + BaClz. Nos. 1.8 - THT; No.2 - THT neutralized to pH 11; No.3 - THT neutralized to
pH 11, water-washed; No.4 - “regenerated” No.2; Nos.2,3,4 - suspension in 0.02 mM HCI; Nos.56 - THT
thermally treated at 400 and 500°C, respectively; No.7 - THT highly doped by Fe(lll).

pPH

OH/Ti

-~

10

jer]

| | |
3 4 A(OH), mmol/g

Fig.3. Molecules adsorption isotherms for THT (1) and THT + NH3 (2). AV/Ar - pore radius distribution;
A - sorption value, mmol/g.
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Discussion

The comparison of results obtained in the
course of study of thermohydrolytic anatase modi-
fications by sorption methods as well as of data
concerning pH-alkalimetry and acidimetry of fluor-
substitutable hydroxyls leads to the following con-
clusions about the nature of active groups which
may act as the sorption, proton exchange, and ca-
talysis centers. The total amount of the ammonia-
adsorbing acid centers corresponds to the data of
the alkalimetry at high pH values which accounts
for various acid center types. The number of ab
initio reactive centers coincides with results of the
acidimetry of hydroxyls substituted by fluoride ion
as well as with the maximum value of the alkali
metal ion sorption (of sodium which is adsorbed
without by-processes).

The CO2 adsorption by THT sample treated
by the NH3 preadsorption depends not on the
relative pressure. The values of CO2 and I2 sorp-
tion (0.38 mmol/g) by dehydrated “salt” anatase
forms from solutions in CCl4 are the same, while
the initial “hydrogen” THT form does not sorb
iodine. Since the “salt” forms differ from “hydro-
gen” one by that they contain, in interlayer cavi-
ties of the anatase lattice, instead of sulphate
bridges, hydrolysis products thereof, it can be
supposed that there are just centers induced by a
cation at pH values exceeding the isoelectric point
which are responsive for CO2 and 12 adsorption.
After -SO4 admixture elimination under anhy-
drous conditions (calcination at 500 °C), the sam-
ples remain inert in relation to l2. These
transformations effect only slightly the adsorp-
tion of sterically unlimited water molecules.
Therefore, the results of CO2 and |2 adsorption
do not characterize the initial anatase sample, but
its ammonium derivative. The value of HCl sorp-
tion on samples treated by the ammonia pread-
sorption amounts to one-half of the ammonia
consumption (1.6 mequiv/g) and characterizes the
total number of surface groups of non-acid and
basic types present on the surface initially and
induced by the incorporated ammonium ion.
These centers can be suggested to be presented
mainly by amphoteric hydroxyls, pair to the acid
OH groups in the interlayer space, as well as by
more basic hydroxyls being formed in the process
of THT interaction with alkalies.

Isoterms of sorption and those of pH-neu-
tralizatibn of the THT acid groups (Fig.2) are
characterized by the pronounced polyfunctional-
ity and values multiplicity on the sections where
the proton-donor groups amount depends step-
wise on the suspension pH. The structure reveals
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a “memory” in relation to the defect being elimi-
nated (sulphogroup) incorporated earlier in the
course of the anatase crystallization during the
thermohydrolysis of the sulphate titanium com-
plexes. The number and strength of acid groups is
controlled by the conditions of the subsequent
thermohydrolysate treatment.

The sorbat nature influence reveals itself
clearly (Fig.2,3) caused by the combination of the
THT ultramicroporous surface sieve effect and of
chemical factors limiting the nature of the surface
complex. The complex form of the alkali metal
sorption isotherms is explained by the superposi-
tion, onto the exchange stoichiometry, of conju-
gated dehydration and rehydration reactions as
well as of interphase surface transformations in-
duced by the sorbate (differentiated due to dis-
tinctions in the sorbate effects on hydrate water
structure and nearest OH groups, ion size and
basicity).

The relationship between the alkali metal ion
sorption value and ion size under variation of the
suspension pH (as the most intensive factor in the
system) and the jump-like capacity increase at pH
exceeding 7 allow, in agreement with the pH-al-
kalimetry data, to suggest that the cation-ex-
change centers are just the hydroxonium ions of
interlayer hydroxyl-hydrate structures being
formed in the process of anatase samples interac-
tion with the reaction medium. These structures
are decomposed by a mineral acid or alkali ex-
cess, but are regencrated after a longterm water
washing. Such a suggestion is not in contradic-
tion to data published [11] characterizing the hy-
droxonium groups bonded with titanium-oxygen
surface groups as most strong acid centers; more-
over, the replacement of the hydroxyl group pro-
ton by the fluoride ion results in the loss of
cation-exchange function due to the destruction
of the three-spin configuration.

The active anatase polyfunctionality, taking
into account the clearly revealed multiplicity of
the sorption value to the sulphate residue content
in the initial THT sample, indicates the presence
of a genetic association between corresponding
functional groups acting as the sorption centers.

The water molecules compensating the coor-
dinative unsaturation of the surface titanium
ions are able, as a result of the dissociative
chemisorption, to form additional hydroxyl
groups of two types (THOH and —O(H)~); the
number thereof correspond stoichiometrically to
the sulphogroups desorption (OH/SO4 for the sur-
face sulphogroups and 20H/SO4 for the bridge-
type ones).
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The dynamics of the active anatase surface
formation in an electolyte solution is showed il-
lustratively in Fig.2. The sulphate admixture
climination at the sample contact with the elec-
trolyte, pH exceeding the isoclectric point, is ac-
companied by a substantial decrease of its acid
capacity. Under the Na-modified sample “regen-
eration” conditions by the acid treatment (titra-
tion of the THT suspension in HCI), the initial
acid capacity does not recover and is determined
by the 20H/SO4 stoihiometry. The water wash-
ing of such a sample from the excessive acid leads
to a sharp increase of its surface acid propertics:
the dissociation pK diminishes by 4 units, and
amount of the proton-donor centers having
pK ~ 6 becomes corresponding to the initial sam-
ple total alkali and ammonia capacity.

Comparison of the components ratio in the
samples (see Table 2), with account for the tem-
perature limits of the chemisorption and physical
sorption of water, shows that, as a result of the
contact with sodium chloride solution, the
desorption of sulphate inclusions occurs, the rela-
tive water molecules number being changed in
equivalence with the sulphate groups content,
The sodium sorption value corresponds to the
doubled number of sulphogroups being regener-
ated in the sample and to the number of the struc-
tural hydroxyls as determined by PMR
experiment [3]. The specific surface of the sample
increases twofold due to the modification. There-
with, a sharp increase of the THT catalytic activ-
ity in the hydrogen peroxide decomposition and
water photodecomposition processes is observed.

Studying the anatase contact with the potas-
sium fluoride solution at pH>8, it is possible to
trace the time evolution of the hydroxyl-hydrate
bridge structures formation. First, the surface hy-
droxyl-containing groups are displaced into solu-
tion by the fluoride. Then, after 16 hours of a
quasi-equilibrium, the jump-like doubling of the
number of hydroxyls evolved occurs. Compari-
son of the pH-alkalimetric titration curves for
samples taken in the first and seconds quasi-equi-
librium states of the heterogeneous THT-aqueous
KF system (Fig.1) illustrates clearly the time evo-
lution of the formation of proton-donor centers
with pK 4,5 at pH exceeding the TiO2 isoelectric
point, i.e. that ensuring the anionic admixtures
desorption from the solid phase. The ultrasonic
treatment of the anatase sample suspension modi-
fied by KF for 24 h results in the break of bridge-
type linkages which reveals as the specific surface
doubling and crystal aggregates destruction. A
prolonged contact of the phases is accompanied
by anatase corrosion due to the fluor-titanium
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complexes formation; therewith, first of all, the
most reactive part of the active surface in the in-
terlayer space becomes lost. Therefore, such
preparations loss their sorption and catalytic ac-
tivity. The samples corresponding to various por-
tions of the “fluoration” kinetic curve differ
substantially in the functional activity in sorption
and photocatalytic systems.

A critical value of the residual sulphate bridges
content in anatase (about 0.2 %) seems to exist, be-
low of which, the deterioration of crystal aggregates
occurs, which manifests itself as the specific surface
increase (by two times) and rise of the powder dis-
persity. The action of monobasic mineral acids so-
lutions can cause their peptization. The sulphate
bridges presence appears to be a necessary condi-
tion for the preservation of the layer-like structure

- character of active anatase with all its functional

advantages ensuing therefrom.

Exceeding the 400 °C temperature limit causes
a sharp drop of the acid centers number, there-
fore, that value seems to be considered as the up-
per limit of the THT active centers thermal
stability.

It can be suggested from the foregoing that,
due to high mobility of sulphate inclusions, in
THT aqueous suspensions at pH exceeding the
isoelectric point, a new interlayer surface compo-
sition arises in which hydroxyl-hydrate bridge-
like structures become predominant ones.

Combination of the wedging effect of ions (SO?(,
alkali metals) with increasing number of inter-
layer channels, being formed due to the sulphate
bridges hydrolysis and containing the most active
proton-donor centers, is favourable for the react-
ing particles transportation, causes a radical
change in the surface electron-energy state and, as
a consequence, the mass transfer intensification
in the sorption and photocatalytic systems. Nu-
merous experimental facts point to a substantial
change of the TiO2 surface nature influenced by
structural defects. We can suggest obviously that
the state of the surface active centers is a resulting
effective function of several variables determined
by the synthesis conditions and function medium.
Therefore, the sample pre-history must be taken
into account, i.e. the initial surface state and its
transformation dynamics influenced by intrinsic
or induced structure defects.
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I/Izyqeﬂue XHMHH NOBEPXHOCTH AKTUBHOI0O JMOKCH/IA TUTAHA,
HCIIOJIB3YEMOI'0 B Ipoueccax COpﬁlIl/ll/l H KaTa)In3a

B.I1.Koprokosa, E.B.Illa6Ganos, I'.JI.Kamanos

H3y4yeHo BiHsIHHE YCIOBHH MOJIy4YeHHs! H cocraBa rereporeHHoH cucreMbl TiO2 - BOAHBIH pacTBOp
(ra3) Ha COCTaB MOBEPXHOCTHBIX TPYMIl KPHCTAUIMYECKOI'O TMAPATHPOBAHHOI'O JUOKCHAA THTaHa
(mpou3BoAcTBO MUrMeHTOB). IIpupoaa, noMHdYHKIIHOHANLHOCTE H NaGHIBHOCT aKTHBHBIX LIEHTPOB
copbLHH H KaTanu3a npou3BoAHbIX TiO2 06bsAcHeHa Ha OCHOBE THAPOJNHUTHYECKOH MOAEIH
npespaieHud SO4 - BKIIOUEHHH Ha IOBEPXHOCTH.
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Influence of hydrogen on reconstruction diamond
(111) (2 % 1) surface by the ESR

N.V.Tokiy, D.L.Savina and V.V.Tokiy

Donbass State Academy of Architecture and Constructions,
339023, Makeyevka, Ukraine

The hyperfine interaction parameters for a 3¢ nucleus positioned on the (111) surface of diamond
have been examined and scrutinized. Within the limits of the tight-binding theory, the cluster calculation
have been performed for the models with the reconstruction (2 x 1) of the monoatomically pure (111)
diamond surface as well as of that containing hydrogen atoms. Comparison of the experimental and theoretical -
data on the ESR of the surface paramagnetic centers in diamond is made.

[TpoananizoBaHi napaMerpd HaATOHKOI B3AEMO/I] Ha SAPI BYTJIELIO 130, PO3MILLEHOT0 Ha NIOBEPXHi
(111) anmazy. ¥ paMkax Teopil CHIBHOTO 3B’SI3Ky NMpPOBEMEHI KJIAacTepHi po3paxyHKH MojeneHd 3
pekoHcTpyKuieto (2 x 1) anMasHoi noeepxHi (111) MOHOATOMHO YHCTOI Ta 3 aTOMaMH BoHIO. IIpoBesieHo
NOPIBHSHHS eKCIIePHMEHTAJIbHUX Ta TeOPETHYHHX Aanux no EITP noBepxHeBHX NapaMarHiTHUX LEHTPIB

y anMasi.

1. Introduction

Recently, investigation of diamond surface
(111) has aroused a great attention of researchers.
Fairly detailed statements and interpretations,
concerning the fact of the growing interest, can be
found a number of papers, [1,2] are being a good
example. Disposition of atoms close to the dia-
mond (111) surface presents both theoretical and
practical interest. At the same time, using conven-
tional surface science techniques (Auger electron
spectroscopy, X-ray photoelectron spectroscopy,
low energy electron diffraction and other stand-
ard -surface analytical tools) a success is only
achieved in the establishment of symmetry of su-
perstructurgs caused by rearrangements of the
close- to-surface atoms. The experimental data on
the displacement values near the ideal monoa-
tomically pure surface remain still unavailable.
The problém concerning the so-called real sur-
face, i.e. the surface which is not isolated from the
environment (gas, liquid and solids of a different
composition) presents even a more complicated
aspect. Moreover, we have no accurate data on
the atomic configuration of such a surface [3].
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2. Hyperfine interaction on 13Cin
diamond

ESR is one of the most powerful tools for
microscopic identification of the surface param-
agnetic centers in diamond, particularly when the
nuclei on which the unpaired spin resides have
naturally magnetic isotope.

Electron spin resonance is observed for elec-
troqné in variety of situations. The one which will
concern to us is unpaired electron localized in
orbitals at defect sites in solids. Such electrons are
far from being free but are rather described by
wave functions localized in a region of the dis-
crete crystal lattice. The paramagnetism of these
electrons reflects the interaction of electrons with
the lattice and we will express this interaction in
terms of the “Spin Hamiltonian”. For the defects
in diamond, the most common presentation of
the spin Hamiltonian is one of the form [4]

3 3 3
}Ispm = Z ﬁ}']igiksk + Z SiDikSk + Z SiAik]k (l)
ik=1 ik=1 ik=1

The first term is the Zeeman splitting of spin
states in external magnetic field Hi. The gik re-
flects the anisotropy of the local environment.
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The second term is the interaction of the electron
spin with the crystal field produced by the sur-
roundings of the paramagnetic centre. This term
exists only if the effective spin S>1/2. The last
term presents the unpaired spin (S=1/2) interac-
tion with magnetic nuclei 13C(I= 1/2 is the nuclear
magnetic moment of 13C). The components of
the hyperfine interaction tensor Ak are written as

A =ggvmy [<D| (3x,.x,'c/x5 - Sik/xs) |®>+
+8,81 | @ (0) /3], : @

where @ is the electronic defect wave function, g
and gn are the electronic and nuclear g factors,
respectively, and p and py are the electronic and
nuclear magnetons. The x vectors are measured
from the magnetic nuclear 13¢. For axially sym-
metric systems, the diagonal components of Aix
have a nondegenerate and twofold degenerate
eigenvalues, conventionally written as 4 (nonde-

generate) and A (twofold degenerate). If we as- -

sume that the defect wave function can be written
in the form of the sum of 2s- and 2p-orbitals of
each_atom of carbon '°C and separately of carb-
on 13’C we shall have: .

N-1

®= Z(C’|2H>+Zcf |200>) +

3
+%c, 120+ °C, |29, >,
P (€)
k=1
where N-1 is the number of carbon atoms 2C in
the system; k runs along the value of the three
coordinate axes. Then, the diagonal components
of Aix can be written as

A" =a+2b (4)
A, =a-b, ®)
where ‘
_ 21342
3a = 8nggpy | 250) | “(TCY) ©)
and

3
- 13
b=04ggymy<2plr 3 | 2p>z ( CP;;)Z- )
k=1

Often (4), (5) when taking into account (6),
(7), are written as:

A=pA +2p,8, ®

* *
A, =pd"-p,B, B
where: 4 "= 8nggnpun | 25(0) |3 and
B = 0.4ggnupn<2p | '3 | 2p> are constants of the
hyperfine interaction for the free carbon atom
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3¢ which usually cannot be identified experi-
mentally but can be calculated with a sufficient
accuracy from the wave functions of that free 13C
atom. In this work, we have used 4 =1130 G and
B"=33 G [5]. ps=(*3Cs)? is the probability of the
unpaired electron residence on the 2s orbital of

3
the carbon '3C. pp= Z (l 3Cpk)2 is the probability

of the unpaired electron residence on the 2p or-
bital of the carbon '°C.

3. ESR of the surface of diamond

The experimental data on ESR of the dia-
mond surface are few in number, see, for exam-.
ple, the review [3]. Among them, there are
practically no ?orts dealing with the magnetic
nuclei of carbon ' °C which are a real probe of the
microstructure of the diamond surface. Only in
[6,7] one of the authors of the present work has
scrutinized the peculiarities of the paramagnetic
resonance on the surface centers of diamond and
identified the HFI parametcrs of the unpaired
electron on the carbon '°C nucleus (4 1=238G
and A1 =120 G).

4. Cluster calculation

In this work, the consideration is based on the
simulation of the C(111) diamond surface by a
cluster of 22 carbon atoms with C3 symmetry.
The system is interpreted as a large molecule.

The group, in the shape of a hemisphere, in-
cludes a central nodal point (0,0,0) plus its first
three (1,1,1), nine second (2,2,2), six third 3,1,1)
and three forth (4,0,0) nearest neighbours in a
diamond lattice. We have modelled a C (111) sur-
face consisting of a single central carbon 13¢ hav-
ing a dangling bond perpendicular to the surface
and surrounded by six secondary carbon atoms,
each having a surface-normal dangling bond
(variant I) or four having a C—H bond and two
having a dangling bond perpendicular to the sur-
face (variant II).

We use the tight-binding theory [8,9]. In this
theory of sp-bonded systems, the electronic eigen-
states are written in terms of a basis set consisting
of a single s state and three p states on each atom.

The corresponding one-electron eigenvalues
and eigenfunctions are then obtained by di-
agonalizing an NxN Hamiltonian matrix based
upon these N orbitals.

In this work, the basis system is limited by

hybndlzed orbitals made of one s-orbital and
three Dx-, Py- and p;- orbitals of the valence shell
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of each atom. These are 2s- and 2p- atom wave
functions of carbon. It is assumed that these orbi-
tals are orthogonal on different atoms. However,
the hybridized orbitals are not eigenfunctions of
the quantum-mechanical system under question.
Since the Hamiltonian matrix elements among dif-
ferent hybrids are not equal to zero, we utilize
parameters consisting of Herman-Skillman term
[10] values for diagonal terms gs=-17.52 eV, es= -
8.97 eVand the formula

Viem=ript - nd) {10
for the interaction between nearest neighbouring
orbitals. The first two subscripts indicate the orbital
coupled and the last indicates the component of
angular momentum around the internuclear axis.
The coefficients are mMgso=-1.40, ngpe=1.84,
Nppa=3.24 and nppr=-0.81 from [8].

To find the eigenfunctions and eigenvalues of
the system energy, it is necessary to diagonalize
the symmetrical matrix Hyy. The single electron
orbitals in our cluster can be expressed as

N
q)azzcva|hv>a (11)

where () — basis hybridized orbitals, and in-
dex v runs along all the hybridized orbitals on
each atom and on all atoms; N — the number of
the basis functions; cvo — the solution of the
single-electron equations for the cluster:

N
D 8, E) =0, a=12,.N, (12)
» (Huv i a) Vo

where Eo — the single-clectron eigenvalue of the
cluster energy, Hyv — the matrix elements be-
tween the hybridized orbitals. The wave function
of the unpaired electron localized on the carbon

C, in which the coefficients are the solutions of
the equation system (12), is given as (3).

5. Results and discussions

By diagonalising the Hamiltonian matrix and
by finding cv coefficients of the wave function (3),
using the formula (8) and (9), we can find A} and
A1. The interaction rcsu]ts*calculation of the hy-
perfine parameter Ajso = 4 (13(35)2 on the surface
nucleus of carbon '°C for the cluster model of
C(111) surface are shown in Fig. 1.

These lines show ps and Ajso vs dispiacement
(r) of elevated (line Ib) and downcast (line Ia) 1°C
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from their ideal value on the surface not contain-
ing (line IT) and containing hydrogen.

The isotropic hyperfine interaction constant
Aiso=(A) + 24 1)/3, determined by the experimen-
tally measured A} and A1 from [6], is shown in
the shape of a dashed lihe. These experimental
data have been obtained from the ESR spectrum
of powdered natural diamond with a particle size
of 1 wn at room temperature. Analysis of the fig-
ure | shows that, at a room temperature, which is
used at the ESR experiments, the (111) surface is
hardly reconstructed on (2 x 1). The experimental
data agree beat of all with our calculations [7] of
relaxation of the surface layer into depth of crys-
tal on 4.5 pm (line I11 in the Fig. 1).

o - 6.14 Ps
r(pm)
3.08
I
1.54 )
0
113 158 e
Fig. 1.
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Bansnue Bomoposaa Ha pexoncrpykumio (2 x 1) nosepxnoctn (111)
2M232 N0 JAHHBLIM 3JIEKTPOHHOIO CNHHOBOTO (MAPaMarHHTHOIO)
pe3oHaHca

IIpoaHalH3HPOBaHLI NMapaMeTphl CBEPXTOHKOTO B3aHMOJECHCTBHA Ha sipe yriepoja 3¢,
PACTIONOXEHHOTO Ha noBepxHocTH (111) anmasza. B pamMxax TEOpDHH CHIbHOH CBSI3H MpPOBEJEHBI
KJIacTepHble BbIYHCIIEHUS MOZeNell peKOHCTPYKLHHM (2 x 1) anmasHoit nosepXHoctH (111) MOHOATOMHO
yycTOM M ¢ aTOMaMK BofopoAa. IIpopeieHO cpaBHEHHE TEOPETHYECKHX H 3KCIIEPHMEHTAIbHBIX JaHHbIX
no OI1P noBepXHOCTHRIX NapaMarHHTHBIX LICHTPOB B AlMazse. '

H.B.Toxnii, [1.J1.CaBuna, B.B.Toxuit
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Study of phase transition parameters in components of
the pelychlorotrifinorethylene — vanadium dioxide
system -
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Dependences of temperature and heat of phase transitions in components of the polychlorotrifluore-
thylene (PCTFE) —- dispersed vanadium dioxide (VO2) system on the VO3 concentration have been
studied. It is shown that VO is an active regulator of the supermolecular PCTFE structure.An effect of
the polymeric matrix on parameters of the metal-semiconducter phase transition (PTMS) in the filler has
been found and studied. Tt is shown that areas of the polymeric matrix that are adjacent to filler particles
make a significant contribution to variations of the PTMS temperature and heat in vanadium dioxide.

BupueHo 3amexHocTi TemmepaTypn Ta TeIOTH (Ha30BUX TMEPEXONIiB Y KOMITOHEHTAX CHCTeMH
nonixnoprpudgroperunen (IIXT®E) — mucnepcunii muokens Bavafiio Big konueutpauii VO2.
Hokasano. mo VO2 e akTiBHHM PCryJISTOPOM HagMonekyaspHoi ctpykTyph IIXTOE. Busmreno i
JOCIIDKEHO BIUIMB M0TiMEpHOi MaTpHLI Ha napamerpr (a3oBoro Nepexomy MeTal-HaniBIPOBITHHK
(PIIMH) y nanosmiopaui. IToxasano, 110 cyTTeBHIT BHECOK Y 3MiHy TemmepaTypy Ta TennoTH GITMH B
i OKCHJIi BAHA/II0 BHOCATH OBJIACTI MOMIMEPHOT MaTPHII, K MEXYIOThb 3 YACTHHKAMH HallOBHIOBAYA.

Study of materials having new functional
propertics, including filled polvmers, is of applied
as well as of scientific interest [1,2]. In [3,4], new
polymeric composite materials (PCM) were de-
scribed containing poiychlorotrifluorethylene
(PCTFE) as the matrix and disperse vanadium
dioxide (VO2) possessing a metal-semiconductor
type transition (PTMS) as the filler.

The PTMS in VO2 is known to occur in the
temperature region T ~ 340 K and to be accom-
panied by the reversible jump-like conductivity
change by 3 to 5 orders of magnitude [5]. On the
other hand, in the temperature region T ~ 485 K,
the phase transition (melting) in PCTFE takes
place. Experimental data [3,4] evidence to a
rather strong interaction of components in the
PCTFE + VOz system. It is known that the pres-
ence of such an interaction can influence substan-
tially the phase transition parameters in the
polymer matrix [2]. Therefore, of interest is to
study the character and degree of the influence
mentioned as well as the PTMS parameters be-
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haviour for VOz included in the polymer matrix,
as depending on the filler content in PCM.

The aim of this work is to study the features
of phase transitions parameters in the PCTFE-
dispersed VO2 system in the range of components
phase instabilities.

The PCM samples for the investigation were
prepared by hot pressing method at 523 K under
200 MPa pressure; the melt was exposed for
20 min and cooled subsequently at the rate of
0.2 K/s in a device ensuring the reproducibility of
the thermal and temporal forming conditions.
Composition containing PCTFE and VO at the
content of the latter from 0.1 to 3.0 mass % every
0.5 % and from 55 to 95 % every 5 % were pre-
pared from suspensions [6]. Specimens were made
as cylinders of 7-20 mm diameter and 5-20 mm
height, the butt planes were parallel to within
+0.01 mm. The B grade PCTFE [7] and disperse
vanadium dioxide obtained by the solid phase
synthesis method according to reaction
V203 + V205 — 4VO2 [3,8] were used as the in-

Functional materials, 2, 1, 1995

¢




P.A.Vozny et al. / Organic chemistry at functionalized...

itial materials. According to the granulometric
analysis data, the VO2 consisted by about 80 %
by mass of 1-10 um size particles. ‘

The heat conductivity coefficient (\) of PCM
was measured by the dynamic method of mono-
tone heating [9] at 0.05 K/s rate on the modern-
ized IT-A-400 unit in the continuous regime. The
‘temperature difference on opposite butts of sam-
ples did not exceed 2 K. The specific heat capacity
(Cp) was measured by means of a differential
scanning calorimeter on the diathermic envelope
[10]. The relative error of A and Cp measured val-
ues did not exceed 13 % and £2.5 %, respectively.
Acoustic properties — the ultrasound propaga-
tion velocity (U) and absorption coefficient (o)
were determined according to procedure based on
the combination of the pulse-phase and echo-
pulse methods [11] on 5 and 7.5 MHz frequencies
at 293 K. The relative error of U and o measure-
ments was 10.75 and +5 %, respectively.

Fig.l shows the experimental dependence of
the PCM heat conductivity coefficient (1), as well
as those of the polymer matrix melting heat (2)
and melting temperature (3) on the filler concen-
tration for the low filling ratios range. It is seen
that the PCM heat conductivity increases with the
VO3 concentration rising up to 1.5 %, with sub-
sequent drop in the 1.5-3 % concentration region.
The experimental relationship A=/(C) is inconsis-
tent with the calculated one (curve 1') obtained
according to mixing formulas [12] under the as-
sumption that there is no interaction between the
polymeric binder and filler, what evidences an ac-
tive influence of vanadium dioxide on the PCTFE
supermolccular structure.Moreover, the intro-

S, a.u. Tm K

A, Wi(m-K)

210
0.60

209

0.55

Fig. 1.
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duction of VO2 in an amount of 0<C<1.5 % leads
to a progressive diminishing of the polymer melt-
ing specific heat (Sm) and temperature (Tm) (the
Tm value was taken as temperature correspond-
ing to the melting peak maximum of the Cp=/(T)
curve, Sm was determined from the area value of
peak mentioned). Therewith, the symbate vari-
ation of the ultrasound propagation velocity and
of the acoustic wave absorption coefficient was
also observed in specimens studied.

The experimental data presented together
with the IR spectrometry results allow to the con-
clusion that the crystallinity degree of PCTFE
varies substantially under the VO2 influence in

. the low filling region of PCM. So, the decrease of

the polymeric matrix melting temperature and
heat at 0<C<1.5 % is possibly due to a decrease of
the large crystallites number. The experimentally
observed A risc of PCM at the crystallinity degree
drop may occur as a rcsult of the molecular
chains orientation in the polymer layers neig-
bouring to the filler [13].

Investigation of PCTFE + VO2 system by the
IR spectroscopy methods has revealed the pres-
ence of characteristic absorption bands (920-1080
and 1250-1349 cm'}); the-appearance thereof can
be related to a chemical interaction of the vana-
dium dioxide surface layer with PCTFE macro-
molecules under the formation of bonds in
complexes, most likely between vanadium and
fluor [14]. Such an interaction is responsive for
the increase of PCM structure-mechanical char-
acteristics [3] as compared with those of initial
VO2 and PCTFE, as well as for the active filler
influence on the composite properties (Fig.1).

Experimental dependences of the polymer ma-
trix melting temperature and heat on the VO2
concentration in the high filling range of PCM
are presented on Fig.2,a. These data show that
the Tm and Sm values are influenced substantially
by the PCM composition. The rise of those char-
acteristics in the 50<C<75 % range can be associ-
ated with the increase of the PCTFE crystallinity
degree which grows therewith from 50 to 68 % (as
determined from the specific melting heat vari-
ation). The Ty and Sm drop at C>75 % is due to
the decrease of the polymer matrix crystallinity
degree because of the crystallite size limitations
associated with the polymer shortage.It should be
noted that, in the high filling range, the fold crys-
tallization mechanism may be replaced by the
straight-chain one. A similar filler influence on
polymer properties is known and described in
[13}. :

Consideration of the PTMS temperature and
heat (Tptms and Spems, respectively) in the filler as
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functions of the PCM composition indicates,
however, the presence of an unusual phenome-
non, i.e. the active influence of polymer matrix on
the phase transition parameters in vanadium di-
oxide (Fig.2,b). As mentioned above, the
PCTFE + VO2 system is characterized by the
strong enough interaction between polymer mac-
romolecules in the boundary layer and filler; this
interaction is due to chemical factors, besides
physical ones. Therefore, it can be suggested that
the structural transformations of the VO2 parti-
cles - in the course of PTMS occur under some
polymer matrix influences, e.g. by means of elas-
tic or electrical forces (note that the PTMS in
VO2 may take place due to the pressure or electri-
cal field action [15]).

In fact, as the filler concentration grows, the
volume of polymer being in the boundary layers
neighbouring to VO3 particles increases rela-
tively, up to the overlap of such layers. There-
with, the elasticity module of composite and its
apparent density increase, while the porosity re-
duces [3]. With the chemical bond between the
VOz2 surface and polymer, distortion occurring in
the filler particle at a structure reconstruction in
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the course of PTMS can pass to the whole matrix;
the response of the latter will depend obviously
on the composite filling degree. The elastic
stresses arising thereat may, in turn, propagate
over the whole volume of VO3 particle and con-
tribute to the change (increase) of thermody-
namic characteristics of the filler and, therefore,
of the composite as a whole, what is in fact ob-
served in the concentration range 50<C<85 %
(Fig.2,b).

In our case, it is characteristic that the poly-
mer matrix area adjoining the filler particle con-
tributes substantially to the Tptms and Spims
changes for the metal-semiconductor phase tran-
sition it the composite. The presence of such areas
is showed by us at the study of the ultrasound
dissipation coefficient in the composite material
by the two-frequency technique {3). In the region
of C > 85 %, a decrease in the PTMS heat and
temperature in VO2 is observed (Fig.2,b) which
can be associated with the shortage in binder and
reduction of the relative part of the VO2 surface
coated by the polymer. The latter instance causes
the increase of macroporous volume and the
sharp drop of the composite physico-mechanical

" characteristics.

Thus, this work has showed that the disperse
vanadium dioxide is an active regulating agent
for the PCTFE supermolecular structure. Also,
the phenomenon of the polymeric matrix influ-
ence on paramerers of the metal-semiconductor
phase transition in the filler of the PCTFE + VO3
system is first revealed and investigated. The data
obtained indicate a basic possibility to change the
properties of the polymer matrix-functional filler
type solid systems as compared to components
conditioning those properties. The phenomenon
observed is due, in our opinion, to the mutual
overlapping of the polychlorotrifluorethylene lay-
ers adjoining the filler and to corresponding pa-
rameter change of the polymer matrix influence
on the vanadium dioxide electronic structure.
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Hccaenosanue napamerpos ¢pa30Boro nepexona B KOMIOHEHTaX
CUCTEMbI OIMXJIOPTPU(TOPITHIIEH — JHOKCHA BAHAHSA

IT.A.Bosuetii, I1.I1.Top6ux, B.B.JIeBannoBckuii, B.A.Haropubli,
' B.M.Orenxo, JI.K. IHueBckuii

M3yueHbl 3aBHCHMOCTH TEMIIEPATYPbl H TEIUIOTH! (a3oBbIX MEPEXOOB B KOMIIOHEHTAX CHCTEMBbI
nonuxnaopTpHdropsTHiaen (IIXTDD) - gucnepcHslit QHOKCHA BaHAMHS OT KoHLeHTpauuu VOa.
[Toxazano, uyto VO2 ABNsieTcss aKTHBHBIM PETYJISATOPOM HaIMOJIEKYNIIPHOH CcTpykTypbl [IXT®D.
OGHapy)eHO U HCCAENOBAHO BIIHSHHE BO3JEHCTBUS MONMMEPHOH MATPHLb Ha napamerpsl (pazoBOTO
nepexona Meramn-nonynpoBognuk (@IIMII) B ranonuuTene. Iloxa3aHo, YTO CyMIECTBEHHbIH BKIaj B
H3MeHeHue Temnepatypbl U Temnothl OIIMII B muoxcune BaHafus BHOCAT 06GNacTH MOMHMEPHO

MAaTpHLbI, TpaHU4Yallke ¢ YaCTHLIaMH HAMOJIHHUTEA.
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Solid solutions of the K(NO3)1-x (ClO3)x system and
stable ferroelectric states
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The solid solutions of the K(NO3)1-x (ClO3)x have been synthesized with 0<x<0.20. The phase diagram
has been constructed. The existence of the ferroelectric phase 111 of potassium nitrate in a wide temperatur
range have been proved by the X-ray structure analysis.

CHHTe30BaHO TBepHi po3unRH cucTemu K(NO3)1.x (ClO3)x 3-0<x<0.20. FloBymoBaHo Jjarpamy
(a3oBux cTaHiB. MeTo[oM PEHTPEHOCTPYKTYPHOFO HANITY IOKa3aHO iCHYBAHHA cepH@TQ;:neKTpu‘leOi'
¢asu 1] HiTpaTy Kamiio B LIHPOKOMY iHTEPBatli TEMAEPATYD. ' ‘

If potassium nitrate crystals were possessing
the ferroelectric (FE) properties and, in conse-
quence, nonlinear ones, they would be promising
for use as electrooptic elements having a high
bulk optical strength. Unfortunately, however,
the FE state in potassium nitrate (so-called phase
IIT) is realized only in a narrow temperature
range near the Curie point (125—115 °C) and re-
veals only at the cooling of specimens [1—3]. A
number of attempts was made to widenthe tem-
perature range of the FE phase stability and to
shift it towards the room temperature at least.
For this purpose,the ionic substitutions in the
cationic sublattice were accomplished either by

Rb* [2,4] or by NH} ions [2,5,6]. In both cases
some extension of the FE state realization was
achieved, and the FE phase was revealed during
specimens heating. The temperature range of the
FE phase existence, however, remained narrow
enough and did not descend lower than 40 °C.
The aim of this work was to obtain samples of

the potassium nitrate basis in the FE state by the
substitution of the N @ anionic group by the

ClO3 group, i.e. to obtain the FE solid solutions
of the K{(NO3)1-x (CIO3)x family 0 < x <0.20. It is
the isostructurality of anionic groups in both
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KNO3 and KCIO3, which was the prerequisite for
the choice of just this investigation direction.

Samples for experiments were obtained €ither
by the melting of the compounds mixture or by
combination of melting and solid state synthesis.
X-ray structure investigations were performed on
"Siemens" X-ray diffractometer D-500 using the
Ni-filtered CuKo radiation. The phase transitions
points of solid solutions under study were deter-
mined by differential calorimetry on the "Mettler"
TA 3000 Differential Scanning Calorimetric Sys-
tem.

Fig.1 shows diffraction patterns of the solid
solutions having x = 0.05; 0.10; 0.15 and 0.20. As
it is seen from these results, there are no unre-
acted components in the compounds obtained.
Also absent are the possible decomposition prod-
ucts ofinitial components. The crystallographic
structure of the solid solutions with x = 0.05 is
identical to that of potassium nitrate at the room
temperature (so-called phase II). The X-ray dif-
fraction pattern of the solid solution with
x = 0.10 contains the reflections corresponding
both to phase II and phase III of potassium ni-
trate.Reflections corresponding any other struc-
tures are absent. This indicates that at the room
temperature the non-ferroelectric potassium ni-
trate phase II and ferroelectric one III are co-exis-
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Fig.1. X-ray diffraction patterns of solid solutions of
the K(NO3)1x (ClO3)x system. Reflexions are related
to-following structure modifications of potassium ni-
trate: I — phase II, I — phase III, III — phase IV
(suppositively). ‘

tent in the solid solution K(NO3)0.9(ClO3)0.1. On
the X-ray pattern obtained from the solid solu-
tion with x = 0.15 only reflectes corresponding to
the FE phase III of potassium nitrate are present.
The mainset of the diffraction reflections from
the solid solution with x = 0.20 corresponds also
only to the FE phase III structure. Besides, how-
ever, week lines are present which, in our opining,
are associated with the potassium nitrate phase

" IV stture. To answer this question more accu-

rately, we intend to obtain and study solid solu-
tions having x > 0.20.

Thus, the experimental data obtained allow to
state unambiguously that in the synthesized solid
solutions of the K(NO3)1.x (ClO3)x with x > 0.10
the FE phase of potassium nitrate is realized at
ambient temperature. The well-defined dielectric
hysteresis loops correspond to this phase in solid-
solutions menti- oned;the remanent polarization
P: has a value (9-10) ,,LC/cmz, which is close
enough to the potassium nitrate polarization in
the metastable phase II1.

The temperature range of stability for each
phase of solid solutions studied are presented on
the phase state diagram (see Fig.2). The melting

Functional materials, 2, 1, 1995
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Fig.2. Phase diagram of K(NO3)1x(ClO3)x
(0<x<0.20) solid solutions.

temperature of solid solutions decreases linearly
as the potassium chlorate content raises:
(dTiig/dx) = 1.7 °C. The potassium chlorate con-
tent increase in the solid solutions results in a
marked elevation of the temperature of phase tran-
sition into the paraclectric (PE) state (into the phase
I of potassium nitrate). This phase transition is ac-
companied by a well-defined maximum on tem-
perature dependence of diclectric constant. The
transition point between FE phase III and nonfer-
roelectric phase 11 is difficult to determine by the
calorimetric method,since the temperature range of
both phase coexistence is broad enough, and transi-
tion occurs in a gradual manner. It is hard to estab-
lish also using the temperature dependence of
dielectric constant for reason mentioned above as
well as because of small diclectric constant values.
Therefore, on Fig.2 the line of the transition phase
III — phase 1I is showed by a broken line. The
boundary between these phases and temperature
range of their coexistence are intended to be deter-
mined more precisely by X-ray method.

Thus,in this work the solid solutions
K(NO3)1-x (ClO3)x are shown to be synthesized
which, at x>0.10, have the structure of potas-
sium nitrate phase III and possess the ferroelec-
tric properties in a wide temperature range.
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Teepasie pacTeopsl cuctemsl K(NO3)1-x (ClO3)x 1 cTabuabubie
CEerHeT03/1eKTPUUECKHE COCTOAHUS

10.H.Benuxos, B.JI.Uepruneu, B.M.Nuyk,
B.A.ITanukapckas, E.C.Temnunkas

CunresupoBanbl TBepable pacTBOph cucTeMbl K(NO3)1.x (ClO3)x ¢ 0<x<0.20. IlocTpoena
AuarpaMma $as’oBbIX COCTOSHHA. METOLOM PEHTTeHOCTPYKTYPHOTO aHalu3a JOKA3aHO
CYWIeCTBOBAHHE CETHETO3JIEKTpHYecKoH ¢a3pl 111 HHUTpaTa Kanus B WIMPOKOM MHTepBale
TeMnepaTyp.
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