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ABSTRACT

A novel method of two-dimensional (2-D) synthesis ofanisotropic nanoparticles have
been developed in which nanoparticle growth is an example of 2-D process where true 2-D
diffusion of precursor molecules and active intermediates, metal atoms and its complexes,
nucleus and growing nanoparticles, surfactants and additives occurs only in the plain of a
monolayer at the gas/liquid interface. Nanoparticles were generated via ultraviolet
decomposition of a volatile insoluble metal-organic precursor compound (iron pentacarbonyl)
and by chemical reduction of palladium from Pd 3(CH 3COO)6 molecules in a mixed Langrnuir
monolayer with stearic acid, arachidic acid or octadecyl amine on the aqueous subphase
surface. The properties of such surfactants to form Langmuir monolayer and to prevent
aggregation of nanoparticles were here combined successfully. Atomic force microscopy,
scanning tunneling microscopy and transmission electron microscopy techniques were used to
study morphology of deposited nanoparticulate monolayers. The size and shape of
nanoparticles were dependent substantially on the monolayer composition and state during the
synthesis process. We demonstrate that planar synthesis in a monolayer at the gas/liquid
interface allows to produce anisotropic extremely flat nanoparticles with very high surface to
volume ratio and unique morphologies such as iron-containing magnetic nano-rings.

INTRODUCTION

Synthesis of nanosize metal-containing particles (metallic, oxidic and semiconductor)
has recently drawn great attention because of their unique physicochemical properties and
potentially wide applications in diverse devices and processes exploiting nanophase and
nanostructured materials [1-3]. Anisotropic nanoparticles are of particular interest for basic
and applied studies due to the anisotropy of size-dependent properties and substantial surface
effects which can result in much more rich and enhanced physical and chemical properties
compared to the conventional isotropic spherical particles. Therefore, development of novel
methods for effective shape and size control of nanoparticles is of principal importance for
nanoparticles research. The method of nanoparticles synthesis often influences the properties
of the product, particularly the shape, size, crystal morphology and degree of crystallinity
[4-1 1]. A novel approach to the synthesis of anisotropic nanoparticles was introduced recently
in which nanoparticles were fabricated in a mixed Langmnuir monolayer at the gas/liquid
interface [12]. In the present study, nanoparticles were generated by the ultraviolet (UV)
decomposition of Fe(CO)5, and by chemical reduction of palladium from Pd3(CH 3COO) 6 in
mixed monolayers with stearic acid, arachidic acid or octadecyl amine onto the aqueous
subphase surface. Atomic force microscopy (AFM), scanning tunneling microscopy (STM)
and transmission electron microscopy (TEM) were used to image grown nanoparticles.

EXPERIMENTAL DETAILS

Stearic acid (SA), arachidic acid (AA) and octadecyl amine (ODA) were obtained
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from Aldrich/Sigma. Iron pentacarbonyl was obtained from Alfa Inorganic. Pd 3(CH 3COO)6

was obtained and purified by Prof. S.P. Gubin using known procedures. A MilliQ water
purification system was used to produce clean water with an average resistivity of 18 MQ-cm.
Iron-containing nanoparticles were fabricated by the UV decomposition (UV irradiation from
300 mW conventional UV source, X =_ 300 nm) of iron pentacarbonyl, a volatile water-
insoluble metal-organic compound, in a mixed Langmuir monolayer formed by spreading an
appropriate amount of the chloroform solution of Fe(CO)5 with SA on the surface of purified
water (pH=5.6). To synthesize Pd nanoparticles, the mixed solution of Pd 3(CH3COO)(, (water-
insoluble precursor) with AA or ODA in chlorophorm was spread onto the surface of aqueous
phase containing NaBH 4 as reducing agent. Nanoparticles then were synthesized in the mixed
Langmuir monolayer formed after fast solvent evaporation on the surface of aqueous phase
(incubation time 30 min, 21 'C). Langmuir monolayer formation, surface pressure (n) -
monolayer area isotherm measurements and nanoparticulate monolayer transfer to solid
substrates were carried out on a full automatic conventional Teflon trough as described
elsewhere [12, 13]. Mica (for AFM study) and graphite (for STM study) substrates were
freshly cleaved immediately before use. Samples for TEM measurements were prepared by
direct collection of the nanoparticulate monolayer material from the aqueous subphase surface
onto the Fonnvar film supported by the copper grid (diameter = 3 mm), then samples were
dried and subjected to TEM analyses with the use of Jeol JEM-IOOB microscope. AFM
measurements were performed with the use of Solver P47-SPM-MDT scanning probe
microscope (NT MDT Ltd., Moscow, Russia) in a tapping mode. Images were measured in air
at ambient temperature (21 TC) and were stable and reproducible. STM topographic images
were obtained by recording the tip height at a constant tunnel current in a modified Nanoscop
I microscope (Digital Instruments, U.S.A.) at ambient temperature. Tunnel current I = 0.3 nA,
and a bias voltage Vbias = 200 mV.

RESULTS AND DISCUSSION

Typical STM image of the ultraflat iron-containing nanoparticle photochemically
generated in a mixed iron pentacarbonyl/SA monolayer is shown in figure 1. In a sence, such
system where 2-D arranged precursor molecules are photochemically decomposed with
initiation of 2-D reactions of nanoparticles growth represents an ultimately thin hotosensitive
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Figure 1. a): STM topographic image (top view) of individual iron-containing nanoparticle
synthesized in a mixed Langmuir nionolayer and deposited bhi horizontal lifting method onto
the surface of high oriented pyrolytic graphite substrate. Reaction conditions: initial
Fe(CO).1s/A ratio in monolayer was 10:1, UV exposure time 3 nrin, T = 294 K, suhphase
pH = 5.6, uncompressed monolayer (i7 = 0). The white crosses and black line mark the
position of cross-section. b): Cross-section profile of the nanoparticle shown on figure lJ).
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structure. Figure 2 shows corresponding AFM images of the nanoparticulate monolayer

deposited onto the surface of mica substrate. Figure 2b) demonstrates AFM phase contrast
regime image corresponding to the image 2a) revealing the difference in material of circular

objects and surrounding SA matrix, thus indicating grown nanoparticles. Figure lc) shows the
typical height cross section profile of the image la) and indicates an overall film roughness of
- 4 nm with clearly observable nanoparticles of the volkano-like morphology with obvious
cavity in the central part. Nanoparticles are very flat (height about 1 nm) with very high

surface-to-volume ratio (diameter/height ratio - 100). Nanoparticles grown in the compressed
mixed monolayer (figure 2d) are characterized by significantly larger diameter (- 200 nm and
more), noncircular shape, but also by extremely small height (- 2 nm). Some nanoparticles
possessed ledges of- 5 nm height and formed aligned aggregates clearly seen in figure 2d).
Such differences in morphologies of nanoparticles indicate that kinetic factors (anisotropic
2-D diffusion and surface concentration of reagents and active intermediates) and complex

uA.I

Figure 2. AFM tapping mode topographic images of iron-containig nanoparticles synthesized

in the mixed floating monolayer (initial Fe(CO)5/SA ratio was 10:1, UV exposure time 4 min,
T = 294 K, subphasepH = 5.6) and deposited onto the mica substrate at r = 25 mN/im using

vertical substrate lifting method. a): nanoparticles were sinthesized at r = 0, top view image,

580x580 nm2 scan area, the black-to-white color height scale is 0 -5 nm. b): AFM phase

contrast mode top view image corresponding to the image 2a). c): Typical height cross-
section profile of image 2a). d): top view image of nanoparticles synthesized in a compressed

monolayer (surface pressure during the synthesis of nanoparticles was 7r-- 2 mN/im)

1.25x].25 lnm2 scan area, the black-to-white color height scale is 0 - 6 nm.
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structure of mixed compressed monolayer can play important role in the determination of
nanoparticle morphology in the 2-D synthesis method.

Figure 3 illustrates the possibilities of 2-D synthesis approach to control the shape of
noble metal, in particularly, Pd nanoparticles. In this embodiment the reduction of palladium
in a mixed precursor plus surfactant monolayer floating on the surface of the aqueous
subphase with sodium borohydride can be considered as an ultimate version of a two-phase
reducing system in which precursor phase represents a monomolecular structure. It follows
from figure 3 that the morphology of grown Pd nanoparticles is dependent on the presence of
surfactant in the monolayer and on the nature of surfactant used. The homogeneous flat
morphology of nanoparticles is clearly illustrated by figure 3c) where height histogram of the
image 3a) is presented with two broad peaks corresponding to the most frequently present
structure heights with main height difference about 2.4 nm demonstrating the terrace structure
of the particulate monolayer with probable main Pd nanoparticle height about 2.4 nm.

Figure 4 shows TEM micrographs obtained from corresponding nanoparticulate
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Figure 3. AFM tapping mode topographic images of Pd nan oparticles sl ntheid in a

monolayer at the ga~s/NaBI14 .solution (5x] 0-3 Al) inteiface a t zr = 0, T = 294 K, and dep~osited

onto the mnica substrate. a): to]) view image, 580x-580 mn 2 scan area, the black-to-white color
height scale is 0 - 3 nin, spreading solution 01 Pd (CI1hCOO)(j /ODA wit/h 1:1 ratio in

chiorophormn (10-4 Al ODA) was used. b): top- view' image. 58Ox-580 1172 scan area, the bicack-
to-white color height scale is 0 - 12.5 nm, spr-eading solution qfMd4CHiCOO),)c/AA with/: I:
ratio in chlorophorin (10-

4 MAfAA) wa.s used. c,): height histogramn oft/ic image 3a). d): top
view image, 580x580 n2112 scan areci, thce lcick-to-white color height scale is 0 - 35 171i,,

spreadcing solution at PcI CH3~COO,)6 in chlorophormn (]0-4 Al) wit/mat siirfactiint was used.
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samples giving evidence for amorphous character of iron-containing nanoparticles and
polycrystalline metallic Pd nanoparticles with morphology being in good agreement with
STM and AFM data. Earlier we have observed ferromagnetic resonance and
superparamagnetic signals in the material with iron-containing nanoparticles, indicating
magnetic moments of the grown particles [14]. It was also found that the size and shape
anisotropy of iron-containing nanoparticles grown under applied external fields were strongly
dependent on the applied field orientation relatively to the monolayer surface [14, 15].• jib'

F-el-
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Figure 4. Transmission electron micrographs showing nanoparticles grown in Langmuir
monolayer and deposited onto the copper grid with Formvar coating. Conditions for
nanoparticle synthesis:for images a) and b) the same as in figure 2a), for image c) the same
as in figure 3a), fir image d) the same as in figure 3b). Image e) - selected area electron
diffractogramm obtained from amorphous iron-containing nanoparticles (images 4a) and
41h)). hnage]) -selected area electron diffraction pattern obtained froni nanoparticles shown
on images 4c) and 4d) indicating polyerystalline Pd.
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CONCLUSIONS

A novel approach to the synthesis of anisotropic nanoparticles is developed in which
nanoparticles are fabricated via decomposition of an insoluble metal-organic precursor
compound in a mixed surfactant monolayer at the gas/liquid interface accompanied by 2-D
reactions of nanoparticles growth. It is demonstrated that such 2-D synthesis method allows to
produce anisotropic extremely flat inorganic nanoparticlcs including noble metal
nanoparticles with very high surface to volume ratio and unique morphologies such as iron-
containing magnetic nanoparticles with characteristic nano-ring shape. Controlling the
morphology of nanoparticles via planar synthesis in a monolayer at the gas/liquid interface
and/or under applied external fields opens new possibilities for regulation of the nanoparticles
growth processes to obtain anisotropic inorganic nanostructures with different predetermined

morphologies what could prove to be a promising approach for nanotechnology, nanophase
engineering and creation of new nanostructurcd bulk materials and ultrathin films (down to
monolayer thickness) with advanced, in particularly, highly anisotropic physical and chemical
properties perspective for applications.
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