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Abstract

A novel approach for the synthesis of nanoparticles has been introduced in which nanoparticles are fabricated via
decomposition of an insoluble precursor compound in a monolayer at the gas/liquid interface, and nanoparticle
growth is an example of a two-dimensional (2-D) process where true 2-D diffusion of precursor molecules, active
intermediates, metal atoms and its complexes, nucleus and growing nanoparticles, surfactants and additives occurs
only in the plain of the monolayer. In the present contribution, two possible example embodiments of the approach
are described. First, magnetic iron-containing nanoparticles were photochemically generated by the ultraviolel
decompaosition of a volalile precursor compound ron pentacarbonyl in a mixed Langmuir monolayer. Secondly,
nanoparticles were produced by the chemical reduction of palladium from Pd,(CH,COO0), molecules and of gold
from Au(P{C.H,};)C] in the mixed monolayers. Stearic acid, arachidic acid or octadecyl amine were used as
surfactants to form Langmuir monolayers on the aqueous sub-phase surface and to stabilize the growing nanoparti-
cles. Nanoparticles were formed in the 2-D pgas phase of a monolayver (at very low or no surface pressure). The
morphology of the nanoparticles synthesized was characterized by atomic force microscopy and transmission electron
microscopy. It was established that the shape, size and crystallinity of the resulting nanoparticles were dependent
substantially on the monolayer composition and state during the growth process. It was demonstrated that the shape
of the magnetic nanoparticles can be changed from 2-D isotropic plate and ring-like to the field-aligned ellipsoidal
and needle-like when external magnetic field parallel 1o the plane of particulate monolayer was applied during the
synthesis. The effects of sell-organization of nanoparticles and formation of 2-D panostructures are also presented.
It is shown that controlling the mixed monolayer composition and compression state opens wide possibilities for the
growth regulation of the 2-13 growth of nanoparticles and self-organization processes to obtain inorganic nanostruc-
tures with various and unique morphologies. © 2002 Elsevier Science B.V. All rights reserved.
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1. Intreduction interactions, structure and morphology, arrange-
ment and patterning at the nanoscopic length

Development of novel nanofabrication tech- scale is currently of principal importance in nan-
niques and methods to control effectively the otechnology, materials research and in designing
new advanced nanostructured and functionalized
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major technological advances in a wide variety of
systems. Nanoparticles and nanostructured mate-
rials are a subject of growing interest due to their
unique electronic, optical, magnetic, chemical and
mechanical properties important for fundamental
studies and wide range of technological applica-
tions [1-5]. Nanophase materials and nanoparti-
cle-based nanostructures play a key role in
research and development works directed to the
creation of nanoscale structural and functional
elements for information processing and storage
technologies (particularly, magnetic storage), ad-
vanced electronics, optics, chemistry (catalysis,
new composite and nanostructured materials),
biotechnologies and many others where the prin-
cipal role of nanomaterials is now recognized. The
preparation of nanoparticles and nanoparticulate
condensed and liquid composite materials has be-
come a major research and technology area in
nanoscale science and engineering. Many methods
arc known to synthesize inorganic sub-micron
particles, and properties of the resulted product,
particularly size, shape, polydispersity, crystal
morphology and degree of crystallinity are usually
dependent on the nanoparticle composition and
reaction conditions. Various colloidal techniques
such as normal/reverse micelle method [6,7], dou-
ble emulsion [8.9], Langmuir monolayer technique
[10], and the two-phase liquid-liquid systems [11],
were exploited to prepare metallic and semicon-
ducting nanoparticles. When inorganic nanoparti-
cles were generated at the gas/liquid interfaces
with surfactant Langmuir monolayers used as
templates, the initial reagents were located in a
gas and/or liquid phases and the growth process
was predominantly of a three-dimensional (3-D)
character [12-15]. Interesting effects of surfac-
tant-dependent controlled oriented crystallization
were  discovered in such  systems  [14,16].
Organometallic techniques, e.g. decomposition of
volatile organometallic precursors such as transi-
tion metal carbonyls (in particular, iron pentacar-
bonyl Fe(CO)s) in the presence of different
surface-active compounds were used to produce
colloidal suspensions of stabilized ultrafine metal-
lic magnetic particles of quasi-spherical shape
[17-23).

For basic studies and potential applications
anisotropic nanoparticles are of particular interest
because nanostructures and materials with such
nanoparticles can exhibit novel and enhanced
properties compared with the spherical nanoparti-
cles what could open possibilities to realize new
nanostructured systems and advanced materials
with unique properties. The anisotropy of size-de-
pendent characteristics of anisotropic nanoparti-
cles and substantial surface effects can result in
much more rich physical and chemical properties
in comparison with the conventional isotropic
spherical particles due to the anisotropy in elec-
tronic interactions and quantum confinement ef-
fects, magnetic anisotropy, etc. Also, ordered
one-dimensional (1-D3), two-dimensional (2-D)
and three-dimensional (3-D) arrays and aggre-
gates of anisotropic nanoparticles are of substan-
tial interest due to the expectable new collective
properties not encountered with  isotropic
nanoparticles and in connection with the develop-
ment of effective nanoscale patterning methods
based on self-assembly and self-organization
effects.

Inorganic crystal nanoparticles can be naturally
highly anisotropic in shape, e.g. acicular y-phase
iron oxide (y-Fe,0,) and CrO, particles or hexag-
onal plate-like barium ferrite crystallites widely
used in conventional magnetic recording media
materials [24.25]. The conditions of bulk synthesis
and surfactant nature often influence the proper-
ties of grown nanoparticles, particularly the
shape, size, crystal morphology and degree of
crystallinity [26-28]. Synthesis of nanoparticles in
confined geometries, and in anisotropic and
nanostructured reaction media can result in an-
isotropic and size-controlled inorganic nanoparti-
cles [29,30). Thus, synthesis in  nanoporous
material [31] and in anisotropic reverse micelles
[32] gives prolate metallic nanoparticles. The use
of multilayer Langmuir-Blodgett (LB) films as
templates and metal—-organic precursor matrix for
the synthesis of inorganic nanoparticles in quasi-
2-D organic nanoreactors resulted in oblate
metallic [33] and semiconductor [34,35] nanoparti-
cles. It was shown that heating treatment could
change the size and shape of thiolate-encapsulated
gold nanoparticles [36).
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A novel approach towards the synthesis of
nanoparticles was introduced recently by our
group [37). The idea of the approach is the forma-
tion of nanoparticles and nanostructures via 2-D
prowth process in a dynamic monomolecular
structure at the gas/liquid interface. In this ap-
proach nanoparticles are fabricated via decompo-
sition of an insoluble metal-organic precursor
compound in a mixed amphiphile Langmuir
monolayer at  the gas/liquid interface, and
nanoparticle growth is an example ol the 2-D
process where precursor molecules, active inter-
mediates, metal atoms and complexes, nucleus
and nanoparticles, surfactants and additives form
a true monolaver reaction system at the liquid
surface. The present work illustrates briefly some
possible embodiments of the approach allowing
the formation of highly anisotropic metal-contain-
ing nanoparticles with widely and controllably
variable shape and morphology. In the experi-
ments described in this contribution nanoparticles
were generated by the ultraviolet (UV) decompo-
sition of iron pentacarbonyl, and by the chemical
reduction of palladium from metal-organic
Pd(CH,CO0), molecules and of gold from
Au(P{C,;HC! in the mixed monolayers with
stearic acid, arachidic acid or octadecyl amine on
the surface of the aqueous phase. Because of the
synthesis of nanoparticles in the present approach
being carried out in a Langmuir monolayer at the
gas/liquid interface, there is an opportunity to
deposit monolayer or multilayer LB films with
synthesized nanoparticles onto the atomically flat
substrates (as mica or graphite) and to apply
scanning probe microscopic technigues Lo investi-
gate the topography ol the resulting nanostruc-
tures with high-space resolution. Atomic force
microscopy (AFM) was used earlier to study the
morphology of fatty acid mono- and multilaver
LB films [38]. It was established that domains can
exist in such films with dilTerent heights and sizes,
and height differences between domains corre-
sponded to the step heights multiple to the thick-
ness of a monolayer of wvertically oriented
surfactant molecules [38]. For the films obtained
in the present work composed of surfactant
molecules and synthesized nanoparticles where
nanoparticles were probably covered by the sur-

lactant layer the comparison structural data from
AFM and transmission electron microscopy
(TEM} were used to analyze the shape and mor-
phology of the synthesized nanostructures.

2. Experimental

Stearic acid (SA), arachidic acid (AA) and oc-
tadecyl amine (ODA) were obtained from
Aldrich/Sigma. Iron pentacarbonyl Fe(CO); was
obtained from Alfa Inorganic. Pd,(CH,COO0),
and Au(P{C.H:):)Cl were kindly supplied by Pro-
fessor S.P. Gubin. All chemicals were used as
received without further purification. Milli-Q wa-
ter purification system was used to produce water
with an average resistivity of 18 MQem for all
experiments. Fatty acids and long-chain amines
are known as classical surfactant compounds to
form insoluble Langmuir monolayers at the gas/
aqueous phase interface [39]. At the same time
such compounds are widely used as stabilizing
agents to preveni aggregation of particles in col-
loidal suspensions (e.g. magnetic fuids [40]) due
to the short-range steric repulsion between surfac-
tant monolayers formed on the surface of colloid
particles. In the 2-D synthesis method the proper-
ties of surfactants to form Langmuir monolayer
and to passivate surface of clusters and nanoparti-
cles can be combined successfully.

Experimentally,  iron-containing  magnetic
nanoparticles were fabricated by the UV decom-
position (UV irradiation from 300 mW conven-
tonal UV source, 4A=300 nm) of iron
pentacarbonyl at  the ambient temperature
{21 °C}) in a mixed monolayer formed by spread-
ing an appropriate amount of the chloroform
solution of iron pentacarbonyl with SA on the
surface of purified water (pH 3.6). The lamp was
held 25 ¢cm above the monolayer delivering UV
power of ~ 500 pW em ~ % Fe(CO); is a volatile
water-insoluble metal-organic compound widely
used in the chemical vapor deposition technique,
with gas phase CO and iron and/or iron oxycar-
bide species as final products, under normal con-
ditions it is a liquid with a tendency to evaporate
slowly. The surface pressure—monolayer area (7—
A) isotherm of a pure SA monolayer was not
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changed noticeably after UV-irradiation for 25
min, Spreading solutions were prepared by dis-
solving SA and iron pentacarbonyl in chloroform
to give concentration of I1x10-* M SA
molecules. Initial Fe(CO)/SA ratio in a mono-
layer was varied from 10:1 to 1:1. UV exposure
time was 6 s and 4 min, surface pressure in a
mixed monolayer was varied controllably in dif-
ferent experiments,

To synthesize Pd and Au nanoparticles the
mixed spreading solutions of Pd(CH,COO), or
Au(P(C,H),)Cl with AA or ODA in chloroform
were prepared (precursor/surfactant ratio was
varied in different experiments). AA in these ex-
periments was used due to its low solubility in
water at high pH in comparison with SA, Spread-
ing solution was then deposited onto the aqueous
phase containing sodium borohydride as reducing
agent (NaBH, concentration varied from 0.001 to
0.01 M). Nanoparticles then were synihesized in a
mixed precursor and surfaclant Langmuir mono-
layer formed afier solvent cvaporation on the
surface of borohydride solution (incubation time
20 min).

Nanoparticles were formed in the 2-D gas
phase of a monolayer (at very low or no surface
pressure) where in-plane diffusion of monolayer
compounds was allowed. Monolayers with syn-
thesized nanoparticles were then compressed by a
mobile Tellon barrier at a continuous barrier
speed ~ 3 A¥/molecule x min and deposited onto
the solid substrate at a constant monolayer sur-
face pressure # =25 mNm ' and ambient tem-
perature (~21 °C) using the conventional
vertical lifting method with good transfer ratios to
form monolayer nanoparticulate samples for
AFM and TEM measurements. The compression
of a monolayer with growing nanoparticles to the
monolayer solid state and following deposition
onto the solid substrate stop the diffusion-medi-
ated processes in the monolayer and fix effectively
the synthesized nanoparticles. It was found that
AFM and TEM images of the formed monolayer
nanoparticulate samples were reproducible after a
few months of storage under ambient conditions.
Mica substrates were used for AFM investigations
and were freshly cleaved immediately before
monolayer deposition. Samples for TEM mea-

surements were prepared by direct collection of
nanoparticulate monolayer material from aqueous
sub-phase surfuce onto the Formwar film sup-
ported by the copper grid (diameter =3 mm),
then samples were dried and subjected 10 TEM
analyses. In this work the Langmuir monolayer
formation, surface pressurc-monolayer area
isotherm measurements and monolayer transfer to
the solid substrates were carried out on a full
automatic conventional Teflon trough as de-
scribed elsewhere [41). Surface pressure was mea-
sured with Wilhelmy plate balance.

AFM mecasurements were performed with the
use of Solver P47-SPM-MDT scanning probe mi-
croscope (NT MDT Lid, Moscow, Russia) in a
tapping maode, Images were measured in air at
ambient temperature (21 °C) and were stable and
reproducible,

TEM images of nanoparticles synthesized in
Langmuir monolayer were obtained with the use
of JEOL JEM-100B microscope.

3. Results
3.1, Fe-containing nanoparticles

A possible embodiment of the 2-D approach to
the synthesis of nanoparticles is the formation of
mixed Langmuir monolayer consisted ol a volatile
metal-organic  precursor  and  surfactant
molecules. then photochemical decomposition of
the precursor with initiation the 2-D reactions of
nanoparticles growth. In a sense, such system
represents an ultimately thin photosensitive film,
The possibilities Tor precursor and surfaciant
molecules to form true monolayer with its diffu-
sion in the plane of monolayer and the structure
and homogeneily of the monolayer are important
for this approach and are dependent on the sur-
factant and precursor nature and monolayer com-
pression extent. Thus, amphiphilic properties of
precursor and its behavior in the mixed mono-
layer can be important for the 2-D synthesis
method. It was shown previously that iron pen-
tucarbonyl used as a precursor possess am-
phiphilic properties and can change surface
tension of water being deposited on its surface.
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The shape of mixed Fe{CO)./SA monolayer com-
pression isotherm was dependent on the initial
Fe(CO),/SA melar ratio in the moenolayer and
changed noticeably after UV irradiation and gen-
eration of nanoparticles [37]. The compression
isotherm shape and quantitative evaluations of
the monolayver area per SA molecule in the com-
pressed nanoparticulate monolayer [37] give evi-
dence for the real monolayer structure of resulting
nanoparticulate film in which monolayer area per
SA molecule only slightly exceeds 20 A? what
implies that nanoparticles are incorporated in the
monolaver in a way when general monolayer
structure  of  surfactant  monolayer was not
disturbed.

Fig. 1 shows the AFM tapping mode topo-
graphic images of a nanoparticulate monolayer
deposited onto the surface of mica substrate by
the vertical lifting method. Grown nanoparticles
are clearly seen in Fig. 1{a) {top view) and I{c)
(3-D image}. Nanoparticles were synthesized in a
mixed Langmuir monolayer (initial Fe(CO),/S5A
ratio was 10:1, UV irradiation 4 min) at x=10
{gaseous phase) with low surface concentration of
compounds in the monolayer, Fig. 1(b) demon-
strates the AFM phase contrast regime image
corresponding to the picture l{a) revealing the
difference in material of circular objects and sur-
rounding matrix, thus indicating grown nanopar-
ticles. The AFM image of control monolayer
deposited without UV irradiation is shown in Fig.
lid) giving evidence for rather fat and homoge-
neous  structure  of  the monolayer without
nanoparticles. Fig. 1{e) shows typical height cross-
section of the image 1{a) and indicates an overall
film roughness of ~ 1 nm with clearly observable
nanoparticles of volcano-like morphology with
obvious cavity in the central part of nanoparticle.
One can see rom Fig. | that grown nanoparticles
are very flatten (height about | nm) with very
high surface-to-volume ratio (diameter/height ra-
tic ~ 100}, The results presented in Fig, | show
that ultraflattened and even dented nanoparticles
with diameters 30—100 nm are formed under the
conditions of permanent UY illumination in the
rarefied gascous phase monolayer.

Fig. 2 presents the AFM topographic top view
images of the deposited monolayers with

nanoparticles synthesized in  the compressed
mixed monolayer (initial Fe{CO)s/SA ratio was
10:1, UV irradiation 4 min, as in Fig. | under
surface pressure 7=1 mNm ' (Fig. 2(a}) and
under z=2 mNm ' (Fig. 2(b} and (c)). In this
case nanostructures in the monolayers were ob-
tained substantially different in shape and size
from those in Fig. | with significantly larger di-
ameter ( ~ 200 nm and more), non-circular shape,
but also of extremely small height ( ~ 1 nm). Fig.
2(e) shows typical height cross-section of the flat
nanostructure in Fig. 2(c). Some flat domains
possessed ledges of ~ 5 nm height which form
aligned aggregates (clearly seen in Fig. 2(b)
Quasi-circular nanostructures with tower-like hills
were also observed (Fig. 2(a)). The height his-
togram in Fig. 2(d) clearly demonstrates the ter-
race structure of the particulate monolayer with
main height step about 0.7 nm (diameter/height
ratio = 200). The differences observed in mor-
phologies of deposited nanoparticulate monolay-
ers where nanoparticles were synthesized in mixed
Langmuir monolayers with the same initial con-
tent and under the same UV irradiation condi-
tions but under different monolayer compression
extent indicate that kinetic factors (anisotropic
2-D diffusion and surface concentration of
reagents and active intermediates) and complex
structure of mixed compressed monolayer (also
allTecting the kinetics of monolayer reactions) play
important role in the determination of nanoparti-
cle morphology in 2-D synthesis method.

The AFM images of iron-containing nanoparti-
cles, grown under the same conditions as in Fig. |
but under external magnetic field (2 kOe) applied
parallel to the plane of the monolayer with grow-
ing nanoparticles, are shown in Fig. 3 and are
different substantially from those in Fig. 1. Shape
of nanoparticles in Fig. 3 is close to the oblate
semicllipsoid, and  characteristic  ultraflatten
nanoparticles shown in Figs. 1 and 2 were not
observed in the sample formed under applied
field. One can see aligned prolate nanoparticles in
Fig. 3 with aspect ratio about 2 and with rather
wide particle size range (nanoparticles smaller
than 100 nm, large nanoparticles about 2({) nm
length and  apgregates of some hundred of
nanometers in size can be observed). Fig. 3(c)
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Fig. 1. AFM tapping mode topographic images of iron-containing nanoparticles synthesized in Langmuir monolayer at @ =0 (initial
Fe{CO)./5A ratic was 10:1, UV exposure time 4 min, I'= 294 K, sub-phase pH 5.6) and deposited onto the mica substrate at m = 25
mMN m ' using vertical lifting method. Picture (a): AFM topographic image {(lop view), 280 = 280 nm® scan area, the black-to-white
color height seale is 0-2 nm. Picture (b AFM phase contrast mode top view image corresponding to the image (a). Picture {c):
AFM topographic 3-D image corresponding to the image (a). Picture (dx AFM topographic image (top view) of the control
monolayer deposited without UV rradiation, 280 = 280 nm” scan area, the black-to-white color height scale is 0-35 nm, (e} Typical
height eross-section profile of the image (a).
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shows characteristic cross-section profile of the of magnitude larger than the height of particles

image in Fig. 3(a) indicating that heights of grown without ficld. Aligned chain aggregates of

nanoparticles synthesized under applied field par- nanoparticles were also formed. When external

allel to the monolayer plane are at least one order field was applied normal to the plane of the
l'll'l!t

nm | N
¢ 00
E '!: ‘i
| 200
LR
i ] 1004
u.
I e ' 2 3 4 nm
n
nm
3,0
Le.
25
2.0+
1,5
1,04
05

0 50 100 150 200 250
m

Fig. 2. AFM tapping mode topographic images (top view) of nancstructures synthesized in compressed Langmuir monolayer (initial
Fe{CO)./SA ratio was 1001, UV exposure time 4 min, T = 204 K, sub-phase pH 5.6) and deposited onte the mica substrate at = = 25
miN m~ . Picture (a): monolayer surface pressure during the synthesis of nunoparticles was 73 ] mNm =", 1 x | pm® scan area,
the black-to-white color height scale is 0-7 nm. Picture (b): monolayer surface pressure during the synthesis of nanoparticles was
m=2mNm~", 1.2 % 1.2 pm® scan area, the black-to-white color height scale is 0-6 nm. Picture (c): other area of the same sample
as in picture (b), 1.2 = 1.2 pm® scan area, the black-to-white color height scale is 0- 6.5 nm. Curve (d): height histogram of the imige
(c). Picture (e): wypical height cross-section profile of the flal nanostrecture in the image (¢) parallel to the x-uxis.
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Fig. 3. AFM tapping mode topographic images of iron-containing nanoparticles synthesized in Langmuir monolayer under applied
external magnetic ficld (1f = 2 = 10" O¢) parallel 1o the plane of monolayer and deposited under the conditions as in Fig. | (initial
FeiCO)/SA ratio was 11, UV exposure time 4 min, 7= 204 K, sub-phase pH 5.6, monolayer surface pressure during the synthesis
of nunoparticles was = = 0). Picture (a): AFM topographic image (top view), 1.2 = 1.2 pm? scan arca, the black-to-white color height
scale is 0-14 nm. Picture (b): 3-12 AFM topographic image corresponding Lo the image (a). Picture (ch typical height cross-section
profile of the image (a) parallel to the x-axis.
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Fig. 4. AFM tapping mode images of nanoparticles synthesized in compressed Langmuir monolayer under applied external magnetic
field (H =2 = 107 O¢) perpendicular to the plane of the monolayer (initial Fe{CO)./SA ratio was 10:1, UV exposure time 4 min,
Tm= 294 K, sub-phase pH 5.6, monolayer surface pressure during the synthesis of nanoparticles was =2 mN m~",) and deposited
to the mica substrate at =25 mNm~"' Picture (a): AFM topographic image (top view), 580 x 580 nm® scan area, the
black-to-white color height scale is 0-10 nm. Picture (b): AFM phase contrast mode top view image corresponding to the image (a).
Picture {c): 3-D AFM topographic image corresponding to the image (a). Picture (d): typical height cross-section profile of the image

{a) parallel o the x-axis.

monolayer with growing nanoparticles, the parti-
cles obtained were quasi-circular and of substan-
tially smaller size.

Fig. 4 presents AFM topographic images of
nanoparticles synthesized in a mixed compressed
monolayer (z=2 mN m~') under applied mag-
netic field 2 kOe perpendicular to the plane of
monolayer. Other conditions were identical to
those described in Fig, 3. Fig. 4(b) shows AFM

image recorded in a phase contrast regime and
corresponding to the images (a) and (c). There is
obvious correlation between images indicating the
characteristic morphology of the formed nanos-
tructures. Prolate nanoparticles characteristic for
uncompressed monolayer under applied field (Fig.
3) were not observed. Besides small flatten quasi-
circular nanoparticles with thumbtack-like shape
are clearly seen. The nanoparticle of the close
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shape was already met in Fig. 2(a) corresponding
to the compressed monolayer without applied
fields. Fig. 4(d) shows typical results of cross-sec-
tion analysis of nanoparticulate monolayer shown
in Fig. 4(a)—(c) from which characteristic shape
parameters of synthesized nanostructures can be
derived. Thumbtack-like nanostructures have ~
0.7 nm thickness flatten foundation and wide
peak ( ~7 nm height).

Transmission electron micrography provided
more structural information on the formed iron-
containing nanoparticles. Figs. 5 and 6 present
TEM micrographs showing the nanoparticles and
nanostructures obtained with characteristic mor-
phologies. Fig. 5{a) represents the characteristic
initial stage of the 2-D formation of large plate-
like nanoparticles from small ( ~ 4 nm) nanoparti-
cles and nuclei under short period of UV
illumination (6 s) with immediate compression
and deposition of the monolayer. Different char-
acteristic nanoparticle morphologies observed in
the experiments described above with 4 min UV
illumination corresponding to Fips, 1-4 are pre-
sented in Fig. 5 including disks with high (image
{c)) and low (image (d)) central area densities,
nano-ring (image (e}) and prolate nanoparticle
synthesized under applied magnetic field parallel
to the plane of the monolayer (image (). Fig.
5(b) shows the selected area electron diffraction
pattern of the annular region in the nanoparticu-
late sample corresponding to Fig. 5(a). The ab-
sence of visible reflections indicates the
amorphous structure of the nanoparticles synthe-
sized, This is consistent with known data when
the decomposition of iron pentacarbonyl by ultra-
sound [42] and thermal treatment [43] leads to the
formation of dispersed amorphous iron. Inclusion
of other alloying elements is possible and is de-
pendent on reaction conditions and the composi-
tion of reaction media [43]. Thus, stable colloidal
dispersion of amorphous Fe,0, particles in hex-
adecane stabilized by oleic acid was produced by
sonication of Fe(CO),s under air conditions [44].
Iron-containing nanoparticles synthesized in the
uncompressed Langmuir monolayer formed by
Fe(CO),; without surfactant under 4 min UV illu-
mination are shown in Fig. 6{a). Nanoparticles
are characterized by the wide range of the diame-

ter values with main diameter ~ 10 nm. Corre-
sponding selected area electron diffraction pattern
is shown in Fig. 6{b) and indicates polycrystalline
nature of the sample (with gamma-iron oxide as
dominating phase). Fig. 6 represents also the ef-
fect of 2-D self-organization and structural evolu-
tion in the nanoparticulated SA Langmuir
monolayer under the dark incubation after
Fe(CO); decomposition by short (6 s) UV illumi-
nation. Fig. 6(c) and (¢) demonstrate the charac-
teristic  ramified inorganic  nanostructures
observed in such deposited monolayer. The
nanostructure is composed of quasi-orthogonally
organized nanorods with nm-sized clearances in
the junctions. Such junctions resemble the skeletal
joints and can reflect the mobility of individual
nanorods in the nanostructure. Characteristic
nanorod is shown in Fig. 6(f). Selected arca clec-
tron diffraction pattern obtained with nanostruc-
ture in Fig. 6(c) is shown in Fig. 6(d). Clear visible
point reflexes give evidence for the high degree of
crystallinity of the nanostructures formed. Such
nanostructures were observed in the mixed mono-
layers with surfactant while individual nanoparti-
cles and non-ordered aggregates were formed
without surfactant under the same reaction condi-
tions. The last observation implies the important
role of surfactant molecules in the 2-D self-orga-
nization processes of iron-containing magnetic
nanoparticles.

3.2, Pd and Au nanoparticles

The other embodiment of the 2-D synthesis
method of metallic nanoparticles can be the for-
mation of a mixed monolayer composed of
metal - organic precursor and surfactant molecules
at the gas/liquid interface with subsequent chemi-
cal reduction of the metal to zero-valent state.
The formation of noble metal nanoparticles, and,
in particular, Pd and Au nanoparticles, in two-
phase liquid/liquid system via the reduction of
metal-containing precursor compounds in a hy-
drophobic phase (in particular, in chloroform or
toluene) by reducing agents from the agueous
phase (in particular, by sodium borohydride) is
known [45-47] and was used to prepare thin
nanoparticulate films of palladium using LB tech-
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Fig. 5. Transmission electron micrographs showing iron-containing nanoparticles grown in uncompressed Langmuir monolayer and
deposited onto the copper grid with Formwar coating at # = 25 mN m ~ ', Conditions for nanoparticle synihesis for the image (ak
initial Fe(CO).SA ratio 11, UV exposure time 6 5, 7= 294 K, sub-phase pH 5.6, monolayer surface pressure during the synthesis
of nanoparticles 7 =0, Conditions lor nanoparticle symhesis for images (d) and (¢) were the same as in Fig. 1: conditions for
nanoparticle synthesis for image (¢} were the same as in Fig. 4. Conditions for nanoparticle synthesis for image (I) were the same

as in Fig. 3, Image (b)—typica] selected area electron diffractogram obtained from the sumples with iron-containing nanoparticles.
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Fig. 6. Trunsmission electron micrographs showing iron-coniaining nanoparticles and nanostructures grown in uncompressed
Langmuir monolayer and deposited onto the copper grid with Formwar coating at 7=25 mNm =", Image (a): monolayer was
formed by Fe(CO), without surfactant, UV exposure time 4 min, 7= 294 K, sub-phase pH 5.6, monolayer surface pressure during
the synthesis of nanoparticles 7= 0. Reaction conditions Tor images {(c)—(e) were: initial FefCOJ/SA ratio 5:1, UV exposure time
6 5, dark incubation of the monolayer aller UV illumination 4 min, 7= 294 K, sub-phase pH 5.6, monolayer surface pressure during
the UV illumination and [ollowing dark incubation 7 = 0, Image (b): selected arca electron diffractogram obtained from the sample
with iron-containing nanoparticles shown in {a); image (d): selected area electron diffractogram obtained with nanostructure shown
in {ch
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nique [48]. To demonstrate the possibilities of the
2-D synthesis approach to control the shape of
noble metal nanoparticles the Pdy,(CH,COO), and
Au(P(C H.);)Cl molecules were used as a waler-
insoluble precursors in the present work. In this
embodiment the reduction of noble metal to zero-
valent state in a mixed precursor plus surfactant
Langmuir monolayer floating on the surface of
the aqueous sub-phase containing sodium borohy-
dride can be considered as an ultimate version of
a two-phase reducing system in which precursor
phase represents an ultimately thin monomolecu-
lar structure. Mixed LB films of fatty acids and
different metal organic nanocluster and complex
molecules with structure and properties close to
the precursors used in the present work were
studied previously in our group and it was shown
by the scanning tunneling microscopy technique
with sub-molecular resolution that such mixed
supramolecular systems can be true monolayers
[49].

Fig. 7 represents the AFM tapping mode topo-
graphic images of Pd nanoparticles synthesized at
the gas/sodium borohydride agqueous solution in-
terface without surfactant at low surface density
of Pd(CH,COO0), molecules at n=10, and de-
posited onto the mica substrate at =18
mNm ' Fig. 7(a) and (b) demonstrate charac-
teristic topographies observed in the sample. Il
can be seen that many particles have coalesced to
form complex supraparticulate structures. Areas
with regular 3-D aggregates of quasi-spherical
nanoparticles were found with mean nanoparticle
size ~ 30 nm. Fig. 7(c) demonstrates an enlarged
image of such a “crystal of nanoparticles’. At the
same time arcas with rather planar arrays of
quasi-spherical nanoparticles were observed (Fig.
7{b) and (d)). Height cross-section profile of
nanoparticulate aggregate from Fig. T(¢) is
present in Fig. T(e) and height cross-section of
image (d) parallel to the x-axis is shown in Fig.
71 demonstrating the pronounced 3-D character
of morphologies of the nanostructures
synthesized.

Superstructures firmed by Pd nanoparticles syn-
thesized at the gas/sodium borohydride solution
interface without surfactant but under the surface
pressure value 7 = | mN m ' are shown in Fig. 8,

In this case macroscopic aggregates of nanoparti-
cles with two characteristic morphologies were
formed. One 15 shown in Fig. 8(a) and (c), and
represents  rather irregularly aggregated large
nanoparticles ( ~ 200 nm). The other is a system
of aligned quasi-parallel strings of nanoparticles
(nanoparticle size was also about 200 nm).
Macroscopic string-like structures can be a result
of anisotropy of interparticle interactions on the
aqueous phase surface introduced by slight planar
compression of the interface area.

It is known that the presence of surfactant
during the formation of metal nanoparticles can
influence the resulled nanoparticle morphology
[27.48.50]. Fig. 9 shows typical AFM tapping
mode topographic images of Pd nanoparticles
synthesized in a mixed Langmuir monolayer with
arachidic acid (Pd,(CH,COO},/AA ratio was 1:1)
at the gas/agueous sodium borohydride solution
interface ut #=0, One can see from Fig. 9 that
the presence of surfactant changes substantially
the morphology of grown nanoparticles and of
deposited particulate monelayer as a whole. Im-
ages Na) and (b) represent characteristic aggre-
gates of nanoparticles observed in the deposited
monolaver, Aggregates are of quasi-chain (Fig.
Ha) and (c)) and of plate-like and complex planar
character (Fig. 9(b) and (d)) should determined by
the attractive interparticle van der Waals interac-
tion (dependent on the particle size) and by sur-
factant cffects. AFM phase contrast mode top
view image corresponding to Fig. 9c) is shown in
Fig. 9¢) and supports the presence of nanoparti-
cles in the monolayver. Nanoparticles are ~ 50 nm
in diameter as clearly seen from Fig. %c). (d) and
(). Important feature is that nanoparticles are of
pronounced oblate character (about 5 nm height).

The nature of surfactant forming the organic
template where metal nanoparticles are generated
often influence shape and size of the grown
nanoparticles [33]. Fig. 10 demonstrates the effect
of surfactant nature on the morphology of Pd
nanostructures formed by the 2-D  synthesis
method. Instead ol arachidic acid octadecyl amine
was used as a surfactant to form mixed Langmuir
monolayer with Pd,(CH,COO), ODA ratio 1:1.
The other conditions for Pd nanoparticles growth
were the same as in Fig. 9, but the shape of the
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Fig. 7. AFM tapping mode topographic images of Pd nanoparticles synthesized at the gas/sodium borohydride solution interface
without surfactant at = =0 and deposited onto the mica substrate at == 18 mNm ', Spreading solution of Pd,(CH,CO0), in
chloroform (10 * M) was used. T'= 2% K, aqueous sub-phase contained 5 = 10 * M NaBH,. Picture (a); AFM topographic 3-D
image, 12.5 = 12.5 pm® scan arca, the black-to-white color height scale is 0-36 nm. Picture (b): AFM topographic 3-D image,
12,5 = 12.5 pm? scan arca, the black-to-white color height seale is 0-22 nm. Picture (e} enlarged view of the part of the area with
3-D aggregate shown in (a), 280 = 280 nm” scan area, the black-1o-white color height scile is 0 30 nm. Picture (d); enlarged view
of a part of the area shown in (h), 280 = 280 nm” scan area, the black-to-white color height scale is 0- 13 nm. Curve (e): height
cross-section profile of the aggregate shown in the image (¢}, Curve ([} typical height cross-section profile of image (d) paralicl to

the x-axis,
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Fig. 8. AFM wapping mode topographic top view images of Pd nanoparticles synthesized al the gas/sodium borohydride solution
interface without surfactant at x> 1 mNm ' and deposited onte the mica subsitate at z=18 mN m ', Spreading solution of
Pd(CH,COO), in chloroform (10 * M) was used, T = 234 K, agueous sub-phase contained 5« 10 ' M NaBH,. Picture (a): AFM
topopraphic image. 14.5 « |45 pm® scun area, the black-to-white color height scale is 0 760 nm. Piclure (br: AFM topographic
imuge, 14.5 = 14.5 um” scan area, the black-to-white color height scale is 0=3K nm. Picture {ch: enlurged view of one pan of the
ares shown in Fig Tiah 2.8 = 28 pm” scan area, the hlack-to-white color height scale is 0-60 nm. Picture {d): enlarged view ol the
part of the area shown in (). 2.8 x« 2% pm? scan arca, the black-to-white color height scale is 0-63 nm. Curve (e} typical height
eross-section profile of the image (d) along the v-axis, Picture (£): enlarged view of the part of the arca shown in (d) 1.25 = 1.25 pm?
scan arca, the black-to-white color height scale is 0 46 nm.
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Fig. 9. AFM tapping mode lopographic images of Pd nanoparticles synthesized in Langmuir monaolayer st the pas/sodium
borohydride solution interface at w=0 and deposited onto the mica substrate at w=25 mNm ' Spreading solution of
Pdy{CH.COO)/AA with 1:1 ratio in chloroform (10—% M AA) was used, 7= 294 K, aqueous sub-phase contained 5= 10 * M
NaBH,. Picture {a); lop view image, 2.8 = 2.8 pm® scan area, the black-to-white coler height scale is 0-12 nm, Picture (b): top view
image, 2.8 » 2.8 pm? scan arca, the black-to-white color height scale is 0-14 nm. Picture (c); enlarged view of a parl ol the area
shown in (a), 290 = 290 nm? scan area, the black-to-white color height scale is 0-10.5 nm. Picture (d): enlarged view of a part of
the area of the sample shown in (b, 680 = 680 nm* scan arca. the black-to-white color height scale is 0-16 nm. Picture (e): AFM
phase contrast mode top view image corresponding to the image (c), Curve (1) Lypical height cross-section profile of the image (c)

parallel 1o the x-axis.
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nanoparticles obtained was substantially different.
One can see that nanostructures (possibly aggre-
gates of very fine nanoparticles) in Fig. 10 are
substantially more fatien with mean height ~ 1.3
nm {and diameter up to 100 nm). The homoge-
neous flatten morphology of these nanostructures
is clearly illustrated in Fig. 10(c) where height
histogram of image (a) is presented with two
broad peaks corresponding to most frequently
present structure heights with main height differ-
ence about 1.3 nm demonstrating the terrace
structure of the particulate monolayer with main
height step about 1.3 nm. Important point is that
Pd nanoparticles with characteristic thumbtack-
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like shape were present in this sample. Iron-con-
taining nanoparticles with analogous shape were
demonstrated in Figs. 2(a) and 4.

Results of TEM investigations of the Pd partic-
ulate films transferred to the copper grid with
Formwar coating are shown in Fig. 11. The TEM
micrographs obtained from nanoparticulate sam-
ples formed without surfactant (images (a) and
(b)) under conditions as in Fig. 8 are in good
agreement with AFM data presented in Figs. 8
and 1l{c)ie) illustrate the effect of initial
Pdy(CH,COO),/AA ratio in the mixed monolayer
on the morphelogy of resulted Pd nanoparticles.
High Pd,(CH,COO),/AA ratio 51 (Fig. 11(ch
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Fig. 10. AFM tapping mode lopographic images of Pd nanoparticles synthesized in Langmuir monolayer at the gas/sodium
borohydride solution interface at x=0 and deposited onto the mica substrate at 7=25 mNm~'. Spreading solution of
Pd,(CH,CO0),/ODA with 1:1 ratio in chloroform (10 -4 M ODA) was used, T= 294 K, aqueous sub-phase contained 5 = 10 7
M NaBH,. Picture (a): top view image, 580 = 580 nm? scan area, the bluck-1o-white color height scale is 0-4.6 nm. Picture (b): AFM
topographic 3-D image corresponding 1o the image 10(a), Curve (c): height histogram of the image (a). Curve (d): typical height

cross-section profile of the image 10(a) parallel 1o the x-axis,
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Fig. 11. Transmission electron micrographs showing Pd naneparticles grown in Langmuir monolayer and deposited onto the copper
grid with Formwar coating. Conditions for nanoparticle synthesis for images (a) and (b) were the same as in Fig. B, conditions for
nanoparticle synthesis for the image (¢) were: Pdy{CH,COO),/AA atio = 5:1, aqueous sub-phase contained 5= 10~ M NaBH,.
Conditions lor nanoparticle synthesis for images (c) and {f) were the same as in Figs. 9 and 10, correspondingly, Image (d}: selected
area electron diffraction pattern obtuined for nanoparticles shown indicating polyerystalline Pd.

leads to the formation of nanoparticle aggregates
with structure resembling those observed for the
bulk phase solution reduction of palladium
salts [51]. The TEM micrographs Fig. 11(¢) and
(N obtained with samples prepared under the
same conditions as in Figs. 9 and 10, correspond-
ingly, are not characteristic for nanoparticles

grown by the bulk-phase techniques and
reveal the particular morphological features of
nanostructures formed by the 2-D synthesis
method. Characteristic selected area ¢lectron dif-
fraction pattern obtained for Pd nanoparticles is
shown in Fig. 11(d) indicating polyerystalline
metallic Pd.
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The results of TEM analysis of gold nanoparti-
cles synthesized in Langmuir monolayer using
2-D synthesis approach are presented in Fig. 12.
Fig. 12{a) shows the control sample with Au
nanoparticles synthesized at the gas/sodium boro-
hydride aqueous solution interface without surfac-
tant at low surface density of Au(P(C,H.),)Cl
molecules at = =0 and deposited onto the TEM
substrate at 7=18 mNm '. Fig. 12(b) shows
characteristic TEM image of Au nanoparticles
synthesized in a mixed Langmuir monolayer (ini-
tial Au(P(C.H.):)CI-ODA ratio was 1:5) onto the
aqueous sodium borohydride solution sub-phase
at m = 0. The effect of 2-D self-organization of Au
nanoparticles with formation of complex an-
isotropic nanostructure under incubation of a par-
ticulate ODA monolayer is illustrated by Fig.
12{c). Characteristic selected area electron diffrac-
tion pattern presented in Fig. 12(d) indicates poly-
crystalline metallic Au in the samples studied.
Pictures 12{e) and () show size distribution his-
tograms of Au nanoparticles corresponding to the
images 12(a) and (b), respectively. It follows from
the pictures that Au nanoparticles synthesized in a
mixed surfactant monolayer are characterized by
smaller size (main diameter ~ 1.5 nm) and nar-
rower size distribution in comparison with Au
nanoparticles formed without surfactant,

4. Discussion

The experimental data presented in Figs. 1-12
illustrate the possibilitics of 2-D synthesis ap-
proach to obtain anisotropic nanoparticles and
nanostructures with metals of substantially differ-
enl nature and with controllably variable unique
morphologies. In fact, such approach could open
new possibilities for insight into .the fine mecha-
nisms ol nanoscale processes. Effects of nucle-
ation,  growth, interparticle  interactions,
self-organization and structure formation can be
examined experimentally from the new point in
this approach, giving stimulus for theoretical
modeling. It seems hardly at the moment to give
detail explanation of all 2-D reactions and effects
resulted in the observed characteristic morpholo-
gies of grown nanoparticles and nanostructures,

future investigations will elucidate it. However, 1t
seems appropriately to discuss some major points.

The principal feature of the 2-D synthesis ap-
proach which distinguishes it from the other
methods of nanoparticle synthesis is the forma-
tion of dypmamic 2-D reaction system—a true
monolayer at the gas/liquid interface formed by
metal-organic  precursors  and  surfactant
molecules, which is reaction area of exactly 2-D
character. Decompeosition of an insoluble metal
organic precursor compound in a mixed surfac-
tant monolayer at the gas/liquid interface and
resulting growth of nanoparticles are examples of
2-D processes where true 2-D diffusion of precur-
sor molecules, active intermediates, metal atoms
and its complexes, nucleus and nanoparticles, sur-
factants and additives occurs only in the mono-
layer at the gas/liquid interface allowing them to
move and interact only in the plain of monolayer.
It is known that the phase and structural state of
Langmuir monolayers (in particular, fatty acid
monolayers) can be changed under compression
from 2-D gas to 2-D condensed phases via phase
transitions [39], and potentially 2-D synthesis of
nanoparticles can be carried out in a monolayer
under different compression states. In compressed
monolayers structural heterogeneities can exist as
domains of coexisting phases or of different com-
pounds present in the monolayer. Structurally
homogeneous state of a mixed monolayer gener-
ally can be gascous and liquid phases where
molecules are free to diffuse in the plane of a
monolayer, and high degree of mixing can be
achieved. Besides, surface concentrations of
monolayer compounds can be widely regulated in
these phases. Such approach allows to form ra-
refied 2-D  gas-like systems of precursor
molecules, Figs. | and 2 demonstrate effects of
variations in the monolayer compression extent
on the morphology of the grown nanoparticles.
Thus, the compression of a mixed monolayer can
be an instrument for the control of nanoparticles
formation in the 2-D synthesis method.

The general feature of nanoparticles synthesized
in a monolaver at the gas/liquid interface is its
substantially flatten shape (down to a few atoms
thickness}) when the growth process was carried
out in a mixed surfactant Langmuir monolayer
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Fig. 12. Transmission electron micrographs showing Au nanoparticles grown in Langmuir monolayer and deposited onto the copper
grid with Formwar coating. Image (a): control sample with Au nanoparticles synthesized at the gas/sodium borohydride aqueous
solution interface without surfactant at low surface density of Au(P{C H.),)C1 molecules at @ =1{ and deposited onto the TEM
substrate al =18 mNm . Spreading solution of AuwP(C,H.,)Cl in chloreform (10=* M) was used, 7=2% K, aquecus
sub-phase contamed 5= 10 7 M NaBH,, Images (b) and (c): Au nanoparticles synthestzed in a mixed Langmuir monolayer (initial
AulP{CHICHODA ratio 1:5) onto the agueous sodium borohydride solulion (5= 10°° M NaBHy) at == 0, monclayer
corresponding to the image (¢) was additionally incubated for 20 min. Image (d): characteristic selected area electron diffraction
pattern obscrved for the particulated samples presented in Fig. 12, Images (¢} and (f) size distribution hislograms of Au
nanoparticles corresponding to the images (2) and {b), respectively.



.8, Khomor [ Colloids and Surfaces A; Physicochem, Eng, Aspecss 202 (2002) 243267 263

independently on the synthesis routine and metal
nature. However, without surfactant rather 3-D
nanoparticles were formed (Figs. 7 and 8). Two-
dimensional synthesis method allows also to form
suprananoparticulate structures—ordered aggre-
gates shown in Figs. 6(c), {e), T(a), (c), 8(b), (d)
and 12(c). These observations give evidence for
the important role of surfactant in the 2-D syn-
thesis method to direct the nanoparticle growth
into an anisotropic planar way. Possibly, long
hydrocarbon chains in molecules of surfactants
being localized in a plane of uncompressed mono-
layer with its polar groups interacting with metal-
lic nucleus and nanoparticles can fix effectively its
orientation and hinder its rotation relatively to
the axis deviated from the normal to the mono-
layer. In this connection the noticeable difference
in the shape of Pd nanoparticles synthesized with
octadecyl amine and arachidic acid (in the last
case nanoparticles were more bulky) can be due to
the differences in the affinity of these surfactants
to Pd.

The detailed mechanism of nanoparticle growth
in a monolayer at the gas/liquid interface is still
not known at this stage; however, evidences sug-
gest that the role of anisotropic geometric factors,
surfactant interactions with intermediates, nuclei
and nanoparticles, and monolayer structure may
be important for 2-D space distribution and diffu-
sion control of all components, and also for re-
striction of rotation and aggregation of
nanoparticles. The effects of temperature on these
processes can result in shape modifications of
two-dimensionally grown nanoparticles. Also, ki-
netics of 2-D growth is dependent on the surface
concentration and the rate of decomposition of
precursors. It is known that the crystal structure
ol metal particulates is dependent on the reduc-
tion rate, and particulates formed under condi-
tions of fast reduction are usually smaller in size
[52]. Two-dimensional synthesis approach allows
to control effectively the nanoparticle growth rate
via the distribution of precursor molecules in the
plane of a monolayer and its mixing with surfac-
tants and additives along with the varying of the
rate of precursor decomposition and generation of
active intermediates and metal atoms. Thus, the
variation in UV illumination conditions {and, in

particular, flash regime) allows changing the mor-
phology of nanoparticles grown photochemically
via iron pentacarbonyl decomposition due to ki-
netic factors and yields amorphous and crystalline
nanoparticles and nanostructures (Figs. 5 and 6).

The formation of oblaie metallic nanoparticles
in layered organic matrix was reported in litera-
ture, Thus, relatively thick metallic gold nanopar-
ticles were photochemically generated in
multilaver LB films of positively charged am-
phiphiles deposited from the agueous HAuCI,
sub-phase (diameter of nanoparticles ranged from
20 to 800 nm and height was 15-20 nm, lamellar
structure of LB films was disrupted after the
particles formation) [33]. Tt was concluded that
the oblate shape of grown nanoparticles was es-
sentially connected with quasi-2-D character of
the growth processes and diffusion of intermedi-
ates parallel to the planes of surfactant layers in
LE film.

Metallic particles usually aggregate under con-
tact (it is clearly seen from Figs., 7 and 8) and it is
necessary to stabilize nanophase materials. Sur-
face active compounds are usually used for this
purpose. In the 2-D synthesis approach surfac-
tants play a double role—to passivate and stabi-
lize growing nanoparticles and to form monolayer
at the gas/liquid interface. It is clear from com-
parison of Pd nanoparticles in Figs. 9 and 10 that
the morphology of resulting nanoparticles is de-
pendent on the nature of surfactant used. The
effect of surfactant type on the morphology of
gold nanoparticles grown in multilayer LB films
was also observed in Ref, [33]. Thus, the type of
surfactant and/or additive present in a mixed
monolayer (or a number of different surfactants
present simultaneously) can be the other instru-
ment for the shape control of nanoparticles in the
2-D synthesis method. Special effects of am-
phiphilic polymers and oligomers on the morphol-
ogy of two-dimensionally grown nanostructures
can be expected along with effects of liquid phase
compounds interacting with monolayer,

There is characteristic thumbtack-like shape of
the nanoparticles obtained observed for iron-con-
taining photochemically generated particles and
Pd particles grown via chemical reduction (Figs.
2. 4 and 10). Such metal nature and synthetic
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route independent shape can be a result of specific
2-D kinetic elfects when the rate of nanoparticle
growth at first stage is higher (possibly, duc Lo
high initial local surface concentration of precur-
sor) than at later stages what leads 1o last quasi-3-
D growth at the first stage and rather slow 2-DD
growth in subsequent stages. There are data in
literature on the formation of flatten semiconduc-
tor CdS nanoclusters in LB films that the slowing
down of 2-D nanoparticle growth rate results in
the formation of more flatten nanoparticles
[35.53].

Figs. 3 and 5(f) demonstrate the effect ol exter-
nal applied field on the shape of grown iron-con-
taining nanoparticles. These AFM and TEM
results are in good agreement with STM data
earlier obtained in our group on the effects of
applied fields on the morphology of magnetic
nanoparticles [34] and with literature data [55].
Magnetic properties of particulate multilayer LB
films with iron-containing nanoparticles formed
by the 2-D synthesis method were studied using
glectron paramagnetic resonance technique [54].
The ferromagnetic resonance and superparamag-
netic signals were observed in the material, indi-
cating magnetic moments of the grown particles
[34]. STM analysis of the deposited nanoparticu-
late monolayers showed that morphology of mag-
netic nanoparticles formed at the gas/water
interface via decompeosition ol iron pentacarbonyl
was changed substantially when external magnetic
field was applied during the synthesis. It was
found that the size and shape of nanoparticles
were strongly dependent on the applied field ori-
entation relatively to the monolayer surface. It is
well-known that metallic and metal-containing
nanoparticles can posses magnetic dipolar mo-
ment and also an electric dipolar moment due to
the conducting particle polarization under exter-
nal electric field. Anisotropic interparticle dipole
dipole interactions in colloid systems under
applicd fields are used in electrorheological fluids
[56] and ferrofluids [40]. Effects of synergistically
applied electric and magnetic fields to enhance the
interactions of colloid magnetic conducting parti-
cles were exploited in magnetoelectrorheological
liquids [57,58). It was concluded that anisotropic
interparticle dipole—dipole interactions and ki-

netic factors can play important role in the dipo-
lar nanoparticle growth reactions under applied
external fields [54,59]. As a result, applied external
fields could be an instrument [or controlling the
growth processes and morphology of nanoparti-
cles and nanostructures in the 2-I) synthesis
method.

Interesting type of nanostructure shape
nanoring was specifically observed for magnetic
iron-containing nanoparticles (Figs. 1 and 3(e))
and not for Pd or Au nanoparticles. Such struc-
tures were obtained only without applied mag-
netic field and under conditions of permanent UV
illumination. Ring shape can be a result of the
2-D self-organization of growing nanoparticles in
the plane of a monolaver due to the magnetic
dipolar interactions and formation ol coalesced
ring aggregates. Such scenario correlates with the-
oretical results of Refl. [60] where formation of
circular aggregates of magnetic colloids and 1ts
transformations under applied magnetic field was
considered.

Formation of ring structures from particles via
dry hole formation on the wetting layers [ormed
by the evaporation of a drop of particle collowd
solution on the substrate is known [61]. The
movement of particles on the substrate surface
under the forces opening the hole and particle-
substrate interactions are substantial points ol the
proposed mechanism for the ring formation [61].
Formation ol micron and sub-micron size rings
from amorphous BaFe,.O,, superparamagnetic
nanoparticles under the evaporation of a drop of
colloidal solution on a carbon-coated Formwar
copper grid was observed in Ref. [62] using TEM
technigue. In this case the interplay between inter-
particle magnetic Torces and particle—substrate
interactions was proposed Lo explain the struc-
tures observed. In our experiments the dry hole
formation effect was most probably excluded be-
cause compressed (=25 mNm~') quasi-solid
nanoparticulate surfactant monolayer was trans-
ferred to the subsirale using conventional LB
technique. Lateral movement should be stopped
and nanoparticles should be fixed in such con-
densed molecular 2-I structure, therefore, the
observed nano-rings were formed in the foaling
uncompressed Langmuir monolayer before its de-
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position. The last was confirmed by our observa-
tions that the structure of deposited nanoparticu-
late samples was not changed after a few months
of the sample storage under ambient conditions.
Also, as il was shown in the present work, the
shape of nanoparticles grown by the 2-D synthesis
method can be substantially different for the same
substrate and deposition procedure, but was
strongly dependent on the nanoparticle growth
conditions (monolayer composition and state, ap-
plied fields. metal and surfactant nature). On the
other hand, the morphologies of nano-ring struc-
tures grown under the same conditions and inves-
tigated by AFM and TEM techniques were close
(Figs. 1 and 5(e)). It also points out that the
morphology of the nanoparticles obtained is de-
termined by the processes of nanoparticles growth
and sell-organization in the monolayer and is
rather independent of the deposition and sample
preparation techniques. Nano-rings obtained in
the present work via 2-D synthesis method are
substantially smaller than other rings reported
elsewhere. Kinetic factors and interparticle inter-
actions including magnetic dipole—dipole interac-
tions seem Lo be dominating in the mechanism of
ring formation in the uncompressed foating
monolayer in the absence ol the particle—solid
support interactions.

Manoparticulate monolavers formed uwsing 2-D
synthesis method can be deposited using conven-
tional techniques onto different solid substrates to
form mono- and mullilayer nano-composite LB
films. Surfactants can be removed from such films
by heating or using appropriate solvents with
formation of layers of anisotropic nanoparticle
aggregates with controlled thickness. Annealing of
nanoparticulate films also can be used to control
morphology of the product. Using appropriate
solvents grown nanoparticles can be solubilized to
form colloidal suspensions ol highly anmisotropic
nanoparticles, Properties of such suspensions and
colloid behavior of anisotropic nanoparticles can
be interesting due to its shape anisotropy, and
different from that of conventional spherical
nanoparticles (as in electrorheological fluids and
ferrofluids).

Concerning possible embodiments of the 2-D
synthesis method it seems that many different

metal-containing compounds could be used as
precursors to produce anisotropic nanoparticles
and nanostructures via this approach. The prop-
erties of such compounds should be the insolubil-
ity in the liquid phase and possibility to be
included in the Langmuir monolayer, Generally,
reactions ol metal-complexes decomposition are
rather complex and multistage, and the details of
the mechanisms and kinetics governing many of
the synthetic pathways are often not understood,
Two-dimensional synthesis of nanoparticles de-
scribed here may be useful for clucidation of
fundamental mechanisms of such processes. Using
appropriate combinations ol precursors and other
reagents anisotropic alloy, oxide and semiconduc-
tor nanoparticles can be obtained by this method.
Controlling the mixed monolayer content, tem-
perature and compression slate along with the
applied fields effects opens wide possibilities for
regulation of the nanoparticles growth processes
in the 2-D synthesis method to obtain anisotropic
inorganic nanostructures  with  different  and
unique morphologies.

5. Conclusions

A novel approach for the synthesis of an-
isotropic nanoparticles and nanostructures is de-
veloped in which nanoparticles are fabricated via
decomposition of an insoluble metal-organic pre-
cursor compounds in a mixed Langmuir mono-
layer at the gas/liquid interface. It is demonstrated
that 2-D synthesis at the gas/liquid interface al-
lows to produce anisotropic flatten inorganic
nanoparticles with very high surface to velume
ratio, The size and shape of magnetic nanoparti-
cles can be changed from 2-D isotropic plate-like
and ring-like to the field-aligned ellipsoidal when
external magnetic field parallel to the plane of
particulate monolayver was applied during the syn-
thesis process. Controlling the morphology of
nanoparticle-based nanostructures via anisotropic
growth and interparticle interactions at the gas/
liquid interface, intergrowth and coalescence pro-
cesses under applied external fields, and by
regulating the anisotropy and physical state of
reaction media opens wide possibilities for regula-
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tion the nanoparticles growth and self-organiza-
tion processes to obtain anisotropic inorganic
nanostructures with different predetermined and
unique morphologies what could prove to be a
promising  approach for  nanotechnology.
nanephase engineering and creation ol new
nanostructured materials and ultrathin films with
highly anisotropic physical-chemical propertics.
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