JOURNAL OF

Low temperature alloying of Cu and Ni nanoparticles formed within

thermally evaporated fatty acid films

Chinmay Damle and Murali Sastry*

Materials Chemistry Division, National Chemical Laboratory, Pune 411 008, India.
E-mail: sastry@ems.ncl.res.in;, Tel: +91 20 5893044, Fax: +91 20 5893952/5893044

Received 28th January 2002, Accepted 2nd April 2002

|3|9!191?V\||

CHEMISTRY

First published as an Advance Article on the web 26th April 2002

The low temperature alloying of copper and nickel nanoparticles synthesized in a fatty acid film by a novel
ion-entrapment process is described. Nanoparticles of copper and nickel were grown in thermally evaporated
stearic acid films by immersion of the film sequentially in solutions containing Cu®" ions and Ni** ions
followed by their in-situ reduction at each stage. Entrapment of Cu®>" and Ni*>" jons in the stearic acid film
occurs by selective electrostatic binding with carboxylate ions in the fatty acid matrix. Thermal treatment of the
stearic acid—(Cu + Ni) nanocomposite film at 100 °C resulted in the formation of a Cu—Ni alloy. The process
of Cu?" and Ni** ion incorporation in the stearic acid matrix and synthesis of the Cu-Ni alloy were followed
by quartz crystal microgravimetry (QCM), Fourier transform infrared (FTIR) spectroscopy, transmission

electron microscopy (TEM) and X-ray diffraction (XRD).

Introduction

During the last decade, the area of nanotechnology has
witnessed increased scientific interest due to the fact that the
catalytic, mechanical, electronic, optical, and other properties
of a material are significantly altered at nanoscale dimensions.
One of the main challenges in the field of nanotechnology
where there is great scope for experimentation is the synthesis
of nanoparticles in different hosts to yield nanocomposite
materials. A number of different templates have been used for
the synthesis of nanoparticles such as polymers,” porous
glasses, zeolites and mesoporous silica,* phospholipid mem-
branes,” inverse microemulsions,® poly(amidoamine) dendri-
mers,” self-assembled monolayers® as well as bio-templates
such as self-assembled bacterial S-layers’ and the tobacco
mosaic virus (TMV).!” One of the more thoroughly studied
methods for the growth of nanoparticles has been based on the
use of Langmuir-Blodgett (LB) films of metal salts of
fatty acids. This ‘insertion chemistry’ approach to the in-situ
generation of nanoparticles of metals,!! semiconductors'? and
oxides'? in LB films has received much attention over the last
decade.

In this laboratory, we have demonstrated the spontaneous
self-organization of thermally evaporated fatty acid films
during immersion in electrolyte solutions such as PbCl, and
CdCl, leading to the formation of c-axis oriented films of
metals salts of fatty acids very similar to the lamellar structures
obtained by the LB technique.'* As a part of our ongoing
studies in the use of thermally evaporated lipid films in the
entrapment of ions,'* surface-modified colloidal particles,'®
proteins/enzymes'® and DNA/PNA (peptide nucleic acids,
DNA mimics),'” we demonstrate herein the incorporation of
Cu?* and Ni*" jons in thermally evaporated stearic acid (StA)
films by a simple beaker-based immersion protocol as well
as the reduction of the metal ions in-situ to form metal nano-
particles, wherein the low-temperature annealing results in the
formation of a nanoscale alloy. We have recently used this
technique in the patterned assembly of gold'® and CdS nano-
particles assemblies.'® At this point, we would like to highlight
an important difference between the use of LB films to obtain
nanoparticle assemblies''™* and our method based on the
use of thermally evaporated lipid films—the use of thermally
evaporated lipid films enables the generation of patterned
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structures for different applications while such patterned struc-
tures are not realizable by the LB technique. This technique
can thus be conveniently used to synthesize a combination/
variety of alloys by patterning a single template, which cannot
be achieved in principle by other conventional techniques
employed to synthesize nanoscale alloys. These nanoalloys can
be affectively used as a surface coating and also for various
optoelectronic and catalytic applications. This is the first
demonstration of hetero-nanoparticle formation within the
same lipid matrix by the ion/biomacromolecule-entrapment
method developed in this laboratory.'*!""'* The procedure
is extremely simple and consists of the steps illustrated in
Scheme 1. In the first step, the thermally evaporated StA film is
immersed in CuSO, solution and Cu®" ions incorporated into
the acid film. The metal ions are then reduced with hydrazine
vapor to yield copper particles in the fatty acid matrix. This
process regenerates free carboxylic acid groups that may be
used to incorporate Ni** ions during immersion in NiSO,
solution. Another cycle of reduction of this film with hydrazine
results in the formation of Ni nanoparticles co-existing with the

- - =@
o StA _ IMMERSION IN b@ STA @@_)
Ll
‘Substrate COPPER SULFATE ‘Substrata
PR SOLUTION Substrate
1REDUCTION
IMMERSION IN
NiSO, SOLUTION
—
AND REDUCTION
B — Cu?* ions
@ — cu nanoparticles
rormation |© Py = °
L@ StAn () — Ni nanoparticles
AT 100° C WILLTN
Substrate @ — CuNi,,

solid solution
Scheme 1 Diagram illustrating the various steps involved in the

preparation of the StA—(Cu + Ni) nanoparticle film and the in-situ
nanoscale alloying.
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previously formed copper particles. Thermal treatment of the
StA—(Cu+Ni) nanocomposite film indicated the formation of a
Cu-Ni alloy at 100 °C. It is well known that Cu and Ni
are soluble in the liquid as well as the solid state,? the alloy
formation taking place essentially above 1000 °C in the bulk
state.”’’ Nanocrystalline Cu-Ni alloy has been synthesized
earlier using mechanical alloying®' and by laser ablating targets
prepared by cold-pressing powder mixtures of Cu and Ni,? the
temperature of alloying being very high in these cases as well.
In this study, alloy formation from Cu and Ni nanoparticles
occurs at the comparatively low temperature of 100 °C and is a
salient result of this investigation. The kinetics (and extent) of
metal ion incorporation has been followed by quartz crystal
microgravimetry (QCM) while the formation of the metal salt
of StA was studied using Fourier transform infrared (FTIR)
spectroscopy. The formation of Cu and Ni nanoparticles and
their low-temperature alloying were studied by X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM)
measurements. Presented below are details of the investigation.

Experimental details

Thin films of stearic acid (500 A thickness) were thermally
vacuum deposited in an Edwards E306 vacuum coating unit
operated at a pressure of 1 x 1077 Torr onto carbon-coated
TEM grids, gold-coated AT-cut quartz crystals for QCM
measurements and Si (111) substrates for FTIR and XRD
measurements. The film thickness and deposition rate were
monitored in-situ using an Edwards QCM. The kinetics of
incorporation of Cu®" jons into the stearic acid films was
followed by measurement of the change in resonance frequency
of the stearic acid covered QCM crystal during immersion in
107% M aqueous CuSO, solution. The pH of the electrolyte
was adjusted to 6 so that complete ionization of the carboxylic
acid groups would occur thereby leading to maximum loading
of the fatty lipid films with the copper ions. The frequency
measurements were made ex-situ on an Edwards FTMS5
frequency counter (stability and resolution of 1 Hz) after
thorough washing of the crystals with deionized water and
drying in flowing N,. For the 6 MHz crystal used in this study,
the mass resolution was 12.1 ng cm 2 and the frequency
changes were converted to mass loading using the Sauerbrey
equation.?

The optimum immersion time determined from the QCM
kinetics measurements was used to load the stearic acid films on
Si (111) substrates with Cu®>" ions by similar immersion in
10~* M CuSO, solution. After formation of copper stearate
films, the films on Si (111) substrates were subjected to FTIR
and XRD analysis. FTIR measurements were carried out in
the diffuse reflectance mode at a resolution of 4 cm™! on a
Shimadzu FTIR-8201 PC instrument while XRD studies were
carried out in the transmission mode on a Philips PW 1830
instrument operating at 40 kV voltage and a current of 30 mA
with Cu K, radiation. Thereafter, the copper stearate coated
QCM crystal and Si substrates were kept in an atmosphere
of hydrazine to reduce the copper ions in the lipid film. After
hydrazine treatment (which required typically 2 hours), it was
observed that there was a small increase in the mass of the
copper stearate film on the QCM crystal that was attributed
to trapped hydrazine in the film. Gentle heating at ca. 50 °C
for 15 min resulted in removal of the trapped hydrazine and
restoration of the film mass to the value measured at the start
of the hydrazine treatment. This heat treatment was given
before each successive cycle of ion-exchange and reduction.
The reduced films on Si substrates were analyzed by FTIR,
XRD and TEM. TEM measurements were carried out on a
JEOL Model 1200EX instrument operated at an accelerating
voltage of 120 kV. The nanoparticle films for TEM analysis
were prepared by immersing the TEM grids in chloroform for

15 minutes in order to dissolve the lipid matrix and has
previously been shown to lead to close-packing of the
nanoparticles.?*

On completion of the first cycle of Cu?* incorporation
and reduction, QCM measurements of the kinetics of Ni2*
incorporation in the StA—Cu nano film were performed by
immersion of this film in 10™* M NiSO, solution and moni-
toring ex-situ the frequency changes of the quartz crystal.
On completion of the Ni** ion exchange cycle, the ions were
reduced with hydrazine in a manner similar to that adopted for
the copper stearate film and the films analyzed by FTIR and
XRD measurements. It was observed that the extent of Ni**
incorporation in the films was much smaller than that of Cu®*
ions and therefore, two additional cycles of Ni** exchange and
reduction were required before a measurable signal from the
Ni nanoparticles (the (111) Bragg reflection from Ni at a 26
value of 44° was used an indicator) could be observed. The size
of the copper and nickel particles in the film were estimated
from the line-width broadening of the (111) Bragg reflections
using the Debye—Scherrer formula.?

The thermal stability of the StA—(Cu + Ni) nanoparticle film
and the formation of a Cu—Ni alloy were studied by heating
the film to different temperatures and following changes in
the XRD patterns. The films were heated at 50 °C and 75 °C for
one hour and finally at 100 °C for 1 hour.

Results and discussion

The kinetics of incorporation of Cu®>* and Ni** ions into a
500 A thick StA film was followed by QCM and the data
obtained are shown in Fig. 1. The individual cycles of mass
exchange are clearly indicated in the figure next to the respec-
tive curves. The first cycle of Cu®" incorporation into the film
on immersion in 10™* M CuSOy, solution (pH = 6) resulted in
a mass uptake of ca. 41000 ng cm~ 2 From the mass of StA
deposited onto the quartz crystal (ca. 2220 ng cm ™ 2) it can be
easily shown that the Cu®* ion: StA ratio works out to nearly
80: 1. This result indicates a high degree of overcompensation
of the charge in the StA film by the Cu®>" ions. It may be
mentioned that such charge overcompensation is known to
occur during complexation of macroions such as phospho-
tungstate anions with fatty amine Langmuir monolayers at the
air-water interface?® and is also the mechanism by which layer-
by-layer electrostatic assembly occurs on planar surfaces.?’
However the degree of charge overcompensation in this study is
very large and not understood at this time. This result was
reproducible and it was found that the mass uptake curves in
separate runs agreed to within 5%.

After reduction of the copper stearate film by a 2 hour
hydrazine treatment, the QCM crystal was further immersed in
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Fig. 1 QCM mass uptake recorded ex-situ during Cu®>* and Ni** ion
incorporation in a 500 A thick thermally evaporated StA film (see text
for details). The different cycles of ion exchange are indicated next to
the respective curves.
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NiSO, solution (107* M, pH = 6) and the Ni>" QCM mass
uptake recorded during this first cycle of immersion is shown in
Fig. 1. The final mass uptake during this cycle of ion exchange
yielded a value of ca. 29000 ng cm ™2 and results in a ca. 1.3:1
Cu? :Ni*" mass ratio. Similarly, one more cycle of reduction
and Ni** incorporation in the StA films was carried out and the
QCM mass uptake data for this cycle are also shown in Fig. 1.
In the second cycle of Ni** ion uptake, the final mass loading
was 21600 ng cm 2. This value corresponds to a Cu®* : Ni?*
mass ratio of 1.8:1 (for the second cycle alone). Thus, the
overall Cu®" : Ni** molar ratio at the end of one cycle of Cu**
incorporation and two cycles of Ni** incorporation may be
easily shown to be ca. 1:1.3. As mentioned earlier, reduction of
the metal ions leads to regeneration of free carboxylic acid
groups in the lipid matrix thus facilitating further ion exchange.

The formation of the metal salts of stearic acid and reduction
of the electrostatically entrapped Cu®>" and Ni** ions in the
StA matrix is conveniently followed by FTIR measurements.
Fig. 2 shows the FTIR spectra recorded in the range 1400—
1900 cm ™! for a 500 A thick StA film deposited on a Si (111)
wafer after various cycles of ion exchange and reduction. Curve
1 in the figure represents the spectrum recorded from the as-
deposited StA film on Si. A number of prominent features are
seen, the most germane to this study being the resonances at
1700 cm ™! and 1460 cm ™! which are assigned to the carbonyl
stretch'*?® and methylene scissoring'***=° motions respec-
tively. We would like to point out that a single peak is seen at
1460 cm ™! and this indicates that the hydrocarbon chains in
the StA matrix are in a rather disordered state.!*?*° The
FTIR spectrum recorded from the StA film after one cycle of
Cu?* incorporation is shown as curve 2 in Fig. 2. It is observed
that on formation of the copper salt of stearic acid, the
carbonyl stretch frequency shifts from 1700 cm™' to ca.
1580 cm ™! clearly indicating the binding of the Cu*" ions with
the carboxylate ions of StA. The shift in the carbonyl stretch
frequency to lower wavenumbers followed by the disap-
pearance of the 1700 cm ™! resonance is known to be a clear
indicator of salt formation in such fatty acid films'**® and
indicates in this case complete copper stearate salt formation.

Reduction of the Cu®>" ions in the copper stearate film
followed by incorporation of Ni** ions resulted in the FTIR
spectrum shown as curve 3 in Fig. 2. It is observed that the
methylene scissoring band is considerably reduced in inten-
sity and the carbonyl stretch band now appears as a broad
resonance centered at ca. 1670 cm~'. The former result indi-
cates that the hydrocarbon chains in the StA molecules are
considerably disordered on formation of the copper nanopar-
ticles and is likely to be due to surface coordination of the
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Fig. 2 FTIR spectra recorded from a 500 A thick StA film deposited on
a Si (111) substrate (curve 1); the StA film shown as curve 1 after
incorporation of Cu®>" ions (curve 2); the StA film shown as curve 2
after reduction of the copper ions (curve 3); the StA film shown as curve
3 after two cycles of Ni?* exchange (curve 4); the StA film shown as
curve 4 after reduction of the nickel ions (curve 5).
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stearic acid molecules with the copper nanoparticles generated
in-situ. It is known that fatty acid molecules bind to the surface
of colloidal silver®! and we believe that in the case of copper
particles generated within the fatty acid matrix, significant
distortion to the lamellar, bilayer structure would occur via
binding of the nanoparticles with the fatty acid molecules. As
will be seen below, this inference is also in agreement with XRD
data of the StA-Cu nano film. The presence of a broad band
at 1670 cm ™! and not complete reappearance of the 1700 cm ™!
band upon reduction of the Cu ions indicates weak binding of
the stearate ions with the Cu nanoparticle surface. Curve 4 in
Fig. 2 represents the FTIR spectrum recorded from the film
shown as curve 3 after two cycles of Ni** ion exchange. The
shift in the carbonyl stretch resonance to 1530 cm™ ! indicates
the binding of the Ni** ions with the carboxylate ions in the
StA matrix and thus, formation of the nickel stearate salt.
Curve 5 in Fig. 2 represents the FTIR spectrum recorded after
reduction of the Ni*" ions in the film shown in curve 4. The
curve is essentially featureless indicative of complete formation
of Cu and Ni nanoparticles within the acid film. The absence of
any band at 1700 cm ™! suggests the binding of free carboxylic
acid groups with the metal nanoparticles.

The transmission electron micrograph recorded from a 500 A
thick StA film after one cycle of Cu®>* and Ni** ion exchange
and subsequent reduction with hydrazine is shown in Fig. 3A.
The StA matrix was removed from this composite film by
soaking the film in chloroform for 15 minutes and carefully
removing the TEM grid from the organic phase. A number of
well-dispersed particles can clearly be seen in the TEM picture
with a fairly even size distribution. The particle size histogram
for this micrograph is plotted in Fig. 3B. While the individual
copper and nickel nanoparticles cannot be distinguished from
the TEM picture, an average size of 350 A was estimated for the
ensemble of nanoparticles in the TEM picture.

XRD patterns recorded from a 500 A thick StA film under
different stages of ion exchange and reduction are shown in
Fig. 4. Fig. 4A shows the XRD patterns recorded from the StA
film after the first cycle of Cu®" ion incorporation (curve 1)
and after in-situ reduction of the copper ions to form copper
nanoparticles (curve 2). It is seen that the copper stearate film
shows a c-axis oriented lamellar structure and a number of (00/)
Bragg reflections are indexed in Fig. 4A. From the 26 values of
the 5 Bragg reflections observed for this film, a d-spacing of
48.9 A is calculated. This value is in good agreement with the
expected d-spacing based on the length of the StA molecule and
the size of the Cu®" ion? and clearly shows the presence of an
ordered, lamellar phase with the hydrocarbon chains of the StA
molecules in the all-frans packing configuration. Please also
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Fig. 3 A) TEM picture recorded from a 500 A thick StA film after one
cycle of Cu** and Ni" ion incorporation and reduction. The lipid
matrix was removed by soaking the StA—(Cu + Ni) nanocomposite film
in chloroform for 15 min. B) Particle size distribution histogram of the
Cu and Ni nanoparticles shown in Fig. 3A.
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Fig. 4 A) XRD pattern recorded from a 500 A thick StA film after
incorporation of Cu®>* ions (curve 1) and the copper stearate film after
reduction of the copper ions by hydrazine treatment to form copper
nanoparticles (curve 2). The (00/) Bragg reflections are indexed in the
figure. B) XRD patterns in the range of the (111) Bragg reflections
from Cu (features a and b), Ni (feature c) and the Cu—Ni alloy (features
d and e) recorded from a 500 A thick StA film after immersion in Cu?"
ion solution (curve 1); film shown as curve 1 after reduction of the
copper ions (curve 2); film shown as curve 2 after two cycles of NiZ*
incorporation and reduction of the nickel ions (curve 3); film shown as
curve 3 after heating at 100 °C for 1 h (curve 4).

note the characteristic odd—even intensity oscillations in the
(00/) Bragg reflections from the copper stearate film (curve 1,
Fig. 4A). This intensity oscillation has been shown to be a
consequence of lamellar ordering of films of fatty acid salts*
and is, in some sense, an indicator of the packing of the hydro-
carbon chains in the film. On reduction of the copper ions to
form copper nanoparticles, the lamellar ordering in the film
vanishes as evidenced by the disappearance of the (00/) Bragg
reflections (curve 2, Fig. 4A) The fact that incorporation of
Ni*" ions after the reduction of Cu ions does not lead to
restoration of lamellar order in the films (curve 2, Fig. 4A)
indicates that the distortion to the bilayer structure on forma-
tion of the copper nanoparticles is quite large and suggests a
significant density of large copper particles in the film.

Fig. 4B shows XRD patterns recorded from a 500 A thick
StA film after the first cycle of Cu®>" incorporation (curve 1);
the film shown as curve 1 after reduction of the copper ions
(curve 2); the film shown as curve 2 after two cycles of Ni**
incorporation and reduction (curve 3) and the film shown as
curve 3 after heating at 100 °C for 1 h (curve 4). A number of
features labeled a—e have been identified in the figure and are
located at 20 values of 43.2°, 49.7°, 44.4°, 43.9° and 50.2°
respectively. While the copper stearate film is essentially fea-
tureless in the 260 range 40-55° (Fig. 4B, curve 1), reduction of
the copper ions by hydrazine treatment leads to the growth
of the (111) and (200) Bragg reflections at 20 values of 43.2° and
49.7° respectively from the copper nanoparticles generated
in-situ (Fig. 4B, curve 2, features a and b). The size of the
copper nanoparticles in this film was calculated from the
broadening of the (111) reflection using the Debye—Scherrer
formula to be ca. 160 A. We recollect that a very large mass
uptake was observed for both Cu®?* and Ni*" jons in the StA
film and may be responsible for the large particles observed in
this study. It should be possible, in principle, to limit the degree
of salt formation and, consequently, the size of the nanopar-
ticles grown in thermally evaporated lipid films and this is an
aspect we are currently exploring.

The XRD pattern recorded from the reduced copper stearate
film after two cycles of Ni** ion incorporation and reduction
is represented as curve 3, Fig. 4B. An additional peak at a 20
value of 44.4° is clearly seen in this diffraction pattern (feature
c) and arises due to the (111) Bragg reflection from the Ni
particles grown in the StA matrix. The size of the nickel
particles was calculated from the broadening of the (111) Bragg
reflection (feature c) to be ca. 180 A and, like the copper
particles, the Ni nanoparticles are large. The underestimation

of the size of Cu and Ni nanoparticles by XRD analysis in
comparison with the TEM estimate (Fig. 3) may be due to
uncertainties in the fitting procedure/experimental errors in the
XRD line-broadening analysis. Even though the Cu and Ni
particles are well within nanoscale dimensions, we term the
particles ‘large’ since their dimensions are much in excess of
the thickness of the StA bilayers (ca. 50 A) in which they are
embedded. There was no significant change in the size of the
copper particles after formation of Ni nanoparticles indicating
that the nickel particles nucleate and grow separately.

The StA—(Cu + Ni)-nano film was heated at 100 °C for 1 h
and the XRD pattern obtained after this thermal treatment is
represented by curve 4, Fig. 4B. Two new Bragg reflections at
26 values of 43.9° and 50.2° are observed from this film and are
assigned to the (111) and (200) Bragg reflections respectively
from the Cu,Ni;_, alloy phase with an fcc structure and a
lattice parameter in between those of Cu and Ni. These peaks
agree well with those reported in the literature for laser-ablated
films of Cu-Ni powder pressed targets.?? Considering the
Vegard’s law behavior for the Cu—Ni system,?* the composition
of the solid solution can be calculated from the position of the
(111) Bragg reflection of the alloy phase (20 = 43.7°) to be
Cug.sNigps. This result is in good agreement with the Cu:Ni
ratio of ca. 1:1.3 in the StA films calculated from the QCM
data (Fig. 1). Prior to the thermal treatment at 100 °C, we had
measured the XRD spectra from StA—(Cu + Ni)-nano films
heated at 50 °C and 75 °C for 1 h and did not notice any
changes associated with the formation of an alloy phase. Thus,
aggregation of the copper and nickel particles occurs at 100 °C
leading to the formation of a Cu,Ni;_, alloy phase (curve 4,
Fig. 4B). To the best of our knowledge, lowering of tempera-
ture to such an extent to form a nanoscale Cu,Ni;_, alloy
phase has hitherto never been observed. This may be a
consequence of the fact that StA melts at close to 80 °C and
heating to 100 °C thus provides sufficient mobility to the Cu
and Ni particles to diffuse within the StA matrix and form the
Cu-Ni alloy phase. This result suggests that the high surface
free energy of the metal in nanoparticle form is, to a large
extent, responsible for this considerable lowering of the
annealing temperature. It may also be possible that the StA
matrix plays a role in the lowering of the alloy formation
temperature and is another aspect that requires further
investigation.

In conclusion, the formation of copper and nickel nano-
particles in thermally evaporated stearic acid films by a process
of ion exchange and reduction has been demonstrated. The
copper and nickel particles could be grown simultaneously in
the fatty acid matrix and a low temperature heat treatment of
the nanoparticle film at 100 °C resulted in the formation of a
Cu-Ni alloy phase. This is a salient result of the investigation,
such alloy formation is normally reported to occur at much
higher temperatures. Efforts are underway to control the size of
the nanoparticles grown by this route and to investigate other
binary alloy combinations. The main advantage of the use
of thermally evaporated lipid films in the formation of fatty
acid metal salts as precursors to nanoalloy formation over the
conventional LB method is that patterned structures may
be readily obtained by suitable masking thereby adding an
additional degree of freedom. In addition to the nanoscale
alloying demonstrated herein, we have used such patterned
thermally evaporated lipid films in DNA detection'’ and in
the generation of multi-enzyme films.'®? The low tempera-
ture alloying of the nanoparticles demonstrated in this paper
coupled with the patterning of the template to synthesize
various binary nanoscale alloys on a single surface gives this
technique an added advantage over other conventional
methods. Our future course of action would be to study the
simultaneous incorporation of two or more metal ions in the
lipid films and their in-situ reduction. Since the assembly of
metal ions in this case occurs at a molecular level, we believe
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this could result in room temperature alloying, which is
currently not achievable by any other technique.
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