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The effect of composition on the dispersion of Au,Cu; _ , bimetallic nanoparticles into a nylon 11 matrix has
been investigated. TEM, UV-VIS, EDX, and XPS depth profiling were used for characterizing the changes in
the composition of the bimetallic particles and the depth distribution of the particles in the nylon 11 layer
caused by annealing in an N, atmosphere. TEM observation and EDX analysis revealed that island-like
bimetallic particles were formed on the nylon 11 surface before annealing, the composition of which was
systematically controlled. Upon annealing in an N, atmosphere, the Au,Cu; _ , bimetallic particles with

x < 0.55 were not dispersed into the nylon 11 layer while those with x > 0.70 were homogeneously dispersed
in the films, indicating the existence of a critical composition for penetration of the bimetallic particles. By
comparing the composition and structure of the bimetallic particles, the cause of these finding is discussed in terms
of the surface free energy of the particles, which can be varied with their composition by the effect of alloying.

Introduction

Metal and semiconductor nanoparticles dispersed in polymeric
matrices have recently been the subject of intense study in
various application fields, because such materials exhibit
unusual physical and chemical properties based on size-
quantization effects of the nanoparticles. Bimetallic particles
have also been of considerable interest and are attractive owing
to their surface chemistry and catalytic properties, because the
physical and chemical properties of the metal particles can be
improved by adding the other component to the monometallic
particles.!> The properties of such composite films are known
to depend on the microstructure of the films and the interaction
between the metal and the polymer.>™ A wide variety of
fabrication methods for polymer films containing small metal
particles have been developed, including physical and chemical
processes, e.g., plasma polymerization of organic monomers
with simultaneous or alternating metal evaporation or sput-
tering,6 ' reduction of metal ions in organometallic com-
pounds, and spinning of polymer solutions including metal
complexes or metal colloids.!*1°

We have previously studied the formation and structure of
polymer thin films containing metal nanoparticles, which were
prepared by successive vacuum vapor deposition of a polymer
and a metal followed by thermal annealing.'”'® The dispersion
of the deposited metals can be achieved when the films are
annealed at a temperature above the glass transition tempera-
ture (7,) of the polymer. The structural relaxation of the
polymer matrix caused by the heat treatment has proven to be
responsible for the dispersion of the metal nanoparticles.’® In
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previous work, it has been shown that Au particles can
penetrate into nylon 11 films upon annealing in an inert
atmosphere whereas Cu particles cannot.® In this paper, in
order to investigate the cause of these finding, we have studied
the effect of the composition and atmosphere on the dispersion
of Au/Cu bimetallic nanoparticles, as well as their mono-
metallic particles, induced by annealing in an N, atmosphere.
Films with different compositions of particles were character-
ized by means of X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), selected area elec-
tron diffraction (SAED) and energy dispersive X-ray (EDX)
analysis. We show that there is a critical composition for the
penetration of the bimetallic particles into the bulk phase of the
nylon 11 film, and discuss the dispersion mechanism in terms of
the surface free energy of the particles.

Experimental procedure

Au,Cu,; _ , composite films were prepared by a vacuum vapor
deposition technique. A glass vacuum chamber was first
evacuated down to 1.0 x 107> Torr, and a nylon 11 pellet
(Aldrich) was then vapor deposited from a resistance-heated
molybdenum boat. The deposition of the nylon 11 was
performed at a pressure below 5.0 x 107* Torr at room
temperature. The deposition rate was 2.0 nm s~ !, and the
thickness of the nylon 11 film was 100 nm. The Au/Cu
bimetallic particles were prepared by a co-evaporation
technique. Gold and copper (both 99.99%) were simulta-
neously vapor deposited onto the nylon 11 film from two
separate alumina-coated tungsten filaments under the control
of two quartz crystal microbalances. The deposition rate of
both components was controlled independently by the
temperature of the evaporation source. Thus the molar ratio
of the constituent metals could be varied while maintaining the
total amount of metal deposition (23.6 x 10'° atoms cm?).
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The substrates used were an Si wafer for XPS measurement,
and thin carbon films supported on copper mesh grids for TEM
observation. After the deposition, the films were annealed at
100 °C for 10 min in an N, atmosphere.

Optical absorption spectra were measured with a UVDEC660
spectrophotometer (Japan Spectroscopic Co. Ltd.) over the
wavelength range 350-800 nm. The depth distribution of Au
and Cu in the films was measured by a X-ray photoelectron
spectrometer, ESCA 850 (Shimadzu), using a Mg-Ko X-ray
source. Depth profiles were obtained by argon ion sputtering at
a constant acceleration voltage of 2 kV, a 10-15 mA ion beam
current and a 30° incidence angle. The mean size and
composition of the particles were observed by using a JEM-
2010 (JEOL) transmission electron microscope operating at
200 kV, equipped with an EDX analyzer (NORAN Instru-
ment, Inc.). The samples for cross-sectional TEM observation
were deposited on a cured epoxy resin, according to previous
work.! Thin cross-sections with a thickness of ca. 60 nm were
obtained with a Leica Ultracut UCT ultramicrotome using a
diamond knife. These thin sections floating onto a water-bath
were mounted on the carbon coated TEM copper grids. Before
TEM observation, all the samples were again coated with a thin
carbon layer in order to prevent electron charging effects
during TEM observation.

Results and discussion
Deposition of bimetallic nanoparticles

Fig. 1 depicts the TEM image of a nylon 11 sample after
simultaneous deposition of Au and Cu (Aug 70Cug 30) at room
temperature. Small metal particles of ca. 4 nm in diameter are
seen on the TEM image. EDX elemental analysis of the
individual particles with an electron beam spot 10 A in
diameter revealed that these particles are indeed bimetallic
(monometallic particles were not observed), and some selected
particles with slightly different sizes have nearly the same
composition. We performed the TEM observation for all the
samples with different compositions, and the characteristics of
these particles are given in Table 1. Fairly good agreement for
the compositions of AuCu bimetallic particles is observed
between those calculated by the initial amount of metal
deposition and those measured by EDX analysis. The mean
size of the monometallic Au particles is larger than that of
monometallic Cu particles. For the bimetallic particles, the
mean size increases as the Au/Cu ratio increases, i.e., the
incorporation of Au into Cu results in an increase in particle
size. Although the formation of small particles on the nylon 11
surface (island formation) at room temperature indicates a
significant surface mobility of Au (and Cu) atoms or small
clusters on nylon 11 surface during vapor deposition,?' the
observed changes in particle size with composition can be
caused by the different surface diffusion coefficients of the Au
and Cu atoms on the nylon 11 surface, depending on the
interaction between the deposited metal atoms and the nylon
11 molecules. Similar results for size-composition dependence

Fig. 1 TEM image and SAED pattern of as-deposited Aug 70Cug 30
nanoparticles deposited on the nylon 11 surface.
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Fig. 2 Optical absorption spectra of the composite films: a, before; and
b, after annealing at 100 °C for 10 min in an N, atmosphere. (a) Cu, (b)
Aug.10Cug 90, (€) Atig.43Cug 57, (d) Aug 55Cug 45, (€) Aug70Cuo .30, () Au.

have been obtained for Au/Pd bimetallic particles deposited on
nylon 11 films.?*> Upon annealing at 100 °C for 10 min in an N,
atmosphere, no distinct change in the particle size is observed.

Changes in optical absorption spectra and depth distribution of
the particles

Fig. 2 shows the optical absorption spectra for the samples with
different compositions of particles after deposition at room
temperature (Fig. 2a) and after subsequent annealing at 100 °C
for 10 min in N, (Fig. 2b). For the as-deposited films all the
spectra show broad absorption peaks around 600 nm, which
correspond to the surface plasmon resonance (SPR) mode
in metallic nanoparticles. As the Au content increases, these
peaks are found to shift towards shorter wavelength, accom-
panied by an increase in the intensity. Since the SPR absorption
energy of Au particles is higher than that of Cu particles, this
observation could originate from the effect of alloying.?
Subsequent annealing at 100 °C gives rise to composition
dependent changes in the absorption spectra (Fig. 2b); the
spectra for the sample with x < 0.55 remains unchanged
whereas those with x = 0.70 and 1.0 show shifts of the SPR
peaks to shorter wavelength and sharpening as compared with
the as-deposited samples.

The remarkable composition dependence was also observed
in the particle distribution over the depth of the polymer matrix
for the annealed samples. Fig. 3 shows the effect of particle
composition on depth distribution of Au and Cu, obtained by
XPS depth profiling measurement. The photoelectron intensity
of the Au 4f;,, and Cu 2ps, core levels in the annealed samples
is plotted as a function of film depth. For all the particles
containing Cu, no indication of oxidation state for Cu was
observed in the Cu LMM Auger electron spectrum (not shown).
For the Cu monometallic particles the Cu 2p photoelectron
intensity is localized at the surface, indicating that the Cu
particles cannot penetrate into the nylon 11 layer on annealing
in an N, atmosphere, as observed in a previous study.”® A
photoelectron signal for Cu and Au in the Au,Cu; _ .
bimetallic particles with x = 0.11, 0.43 and 0.55 is also detected
only at the surface region. On the other hand, both Au and Cu
are dispersed homogeneously in the nylon 11 matrix for the
sample with x = 0.70, quite similar in profile to those of Au
monometallic particles (x = 1.0). From the XPS spectra
obtained, we quantitatively calculated the composition of the
bimetallic particles using the integrated area of the Au 4f;,, and
Cu 2ps» peaks in the spectra. The inset in Fig. 3 shows the
calculated Au contents in the bimetallic particles as a function
of film depth. We can see that the composition of the particles is
nearly constant over the depth of the matrix, and the average
particle composition is consistent with those obtained by EDX
analysis (Table 1).
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Fig. 3 Depth distribution of Au and Cu in the nylon 11 film annealed at
100 °C for 10 min in an N, atmosphere. Inset: Au contents in AuCu
bimetallic nanoparticles as a function of depth into the nylon 11 matrix.

Cross-sectional TEM images for the samples with x = 0.55
and 0.70 after annealing in an N, atmosphere are shown in
Fig. 4. The Auy 55Cuy 45 particles are observed to be localized at
the nylon 11 surface, which preserves the initial layered
structure consisting of bimetallic islands deposited on the nylon
11 surface (as-deposited sample). On the other hand, a
homogeneous distribution of the Aug70Cug 3 particles in the
nylon 11 phase is clearly observed. These results are also
consistent with the depth distribution obtained by the XPS
measurements (Fig. 3).

As shown in Fig. 2, the SPR peak shifts towards shorter
wavelength upon annealing only for the samples for which the
particles disperse into the nylon 11 layer, i.e., Aug70Cug 30 and
Au monometallic particles. It is well known that the SPR
absorption of a composite system consisting of metal particles
and a dielectric matrix can be characterized by the effective
relative permittivity of the composites, which depends on the
size and shape of the particles, the volume fraction of the metal
phase, and the relative permittivity (refractive index) of the
matrix.>>> Among these parameters, we suggest that the

Table 1 Characteristic parameters of Au,Cu; _ . particles deposited
on the nylon 11 surface before and after annealing at 100 °C for 10 min
in an N, atmosphere

Deposition amount Mean particle size Au : Cu ratio
(Au/Cu)/10° atoms cm ™! (after annealing)/nm by EDX
23.6/0.00 (x = 1.0) 4.4 (4.3) 100 : 0
16.5/7.10 (x = 0.70) 3232 70.8 : 28.2
13.0/10.6 (x = 0.55) 2.7 (2.9) 55.0 : 45.0
10.1/13.5 (x = 0.43) 2.5(2.5) 432 : 56.8
2.60/21.0 (x = 0.11) 2.5(2.6) 11.5 : 88.5
0.00/23.6 (x = 0.0) 2.4 (2.6) 0 : 100
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Fig. 4 Cross-sectional TEM images of: (a) AugssCuggs and (b)
Auyg.70Cug 30 nanoparticles.

change in the volume fraction of the metal particles due to the
dispersion of the particles is the most important for the
observed shift of the SPR peaks, because the mean size of the
particles presently studied is mostly unchanged after annealing,
and the refractive index of the nylon 11 matrix did not
significantly change upon annealing.?® For the as-deposited
samples, the higher local volume fraction of the particles in
the surface region due to island formation leads to dipole
interaction between neighboring islands, which results in a red
shift of the SPR peak.?” Upon penetration of the particles into
the nylon 11 layer, as observed for Aug;0Cug 30 and the Au
particles, the particle concentration per unit volume (local
volume fraction of the particles) decreases, because of the
simultaneous increase in the interparticle distance. The decrease
in the local volume fraction of particles results in a blue shift of
the SPR peak due to a reduction of the dipole interaction effect
between neighboring particles, which is related to the effective
relative permittivity of the composite film. Therefore, the
observed blue shift of the SPR peak upon annealing, shown in
Fig. 2, can be qualitatively explained by the changes in the
effective relative permittivity of the composite film, which is
caused by a decrease in the average local volume fraction of the
particles due to the dispersion of the particles. The present
dispersion-induced change in the SPR absorption has also been
observed for Au?® and Ag®® nanoparticles during annealing.

Electron diffraction analysis

Fig. 5 shows an intensity distribution curve obtained from the
electron diffraction patterns of the as-deposited samples. The
diffraction patterns are completely assigned to a typical fcc
structure. The gradual shift of the (111) peak can clearly be
seen, indicating the formation of a solid solution in the
bimetallic particles. Using the d-spacing of a single-crystalline
Au thin film for the calibration of the diffraction patterns, we
calculated the lattice constant of the bimetallic particles from
the (111) diffraction peak. The calculation was carried out for
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Fig. 5 Intensity distribution curve taken from the SAED patterns of
the bimetallic nanoparticles deposited on the nylon 11 surface.
Assignment for the diffraction line is indicated.

the samples before and after annealing, and the results obtained
are given in Table 2. For the as-deposited samples, the lattice
constants were found to be smaller than those of the bulk
metals and corresponding alloys,” ie., lattice contraction
occurs for the particles deposited on the surface of the nylon 11
films. Upon annealing in an N, atmosphere, the lattice constant
increases slightly but still less than that of bulk materials.

Dispersion process of the particles

The results of depth profiling and cross-sectional TEM obser-
vation clearly indicate the existence of a critical composition
for penetration of the Au,Cu; _ , bimetallic particles into the
nylon 11 layer. In order for the penetration of the particles into
the nylon 11 film to be energetically favorable, the Gibbs free
energy of a metal particle embedded in the polymer must be
lower than that of the isolated particle at the nylon 11 surface.
If the surface tension of the particle, yparticie, €Xceeds the sum of
the interfacial tension, yparicie nylon, and the surface tension of
the nylon 11, yuyion, there must be a driving force for
penetration of the particles into the nylon 11 matrix,*®3!

Vparticle > Vparlicle—nylon +Vny10n

i.e., the particles can be completely embedded into the nylon 11
matrix. In previous work, we have shown that the inequality
[eqn. (1)] is obeyed for the Au particles/nylon 11 system.'® Since
the monometallic Cu particles were not dispersed upon
annealing, we suggest that the inequality [eqn. (1)] is obeyed
when the surface energy of the bimetallic particles is varied by
doping of Au atoms into Cu particles up to a certain
composition, i.e., x = 0.70.

Table 2 Lattice constans and surface stress coefficients of Au,Cu; _
particles before and after annealing

X in Lattice Surface stress
AuCu; _ constant/A coefficient/N m™!
As-deposited

1.0 4.66326 1.59 + 0.2
0.70 3.94871 1.14 + 0.3
0.55 3.88233 0.84 + 0.2
0.43 3.82583 0.79 + 0.2
0.11 3.67427 0.71 + 0.2
0.0 3.60741 0.64 + 0.2
After annealing

1.0 4.70828 0.98 + 0.2
0.70 4.01731 0.82 + 0.1
0.55 3.87901 0.76 + 0.2
0.43 3.83472 0.73 + 0.2
0.11 3.68132 0.65 + 0.2
0.0 3.61021 0.60 + 0.2
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Fig. 6 Variation of surface stress coefficient of Au,Cu; _ , nanopar-
ticles with Au content in the particles before and after annealing at
100 °C for 10 min in an N, atmosphere.

From these considerations, we calculated the average surface
stress of the particles from the lattice constant obtained by the
electron diffraction patterns. According to Mays et al.,** for
spherical particles with a cubic structure, the surface stress
coefficient, f, can be expressed as follows:

where a is the bulk lattice constant of the corresponding
material, Aa is the change in lattice constant, K is the bulk
compressibility, and D is the mean particle size. We used the
values of the bulk materials for a and K,****** and the mean
particle size for D obtained by TEM observation. For the
bimetallic particles, a linear relationship between the compres-
sibility and the composition was assumed for the calculation of
K. The results obtained for as-deposited and annealed samples
are also given in Table 2 and shown in Fig. 6. The f values for
the Au,Cu; _ , particles with x < 0.55 are mostly unchanged
upon annealing and in the range 0.6-0.8 N m~'. On the other
hand, for the Au particles (x = 1.0) and the Aug70Cug.30
bimetallic particles, thermal annealing causes decreases of f
from 1.6 to 1.0 N m ™' and from 1.15t0 0.8 Nm ™!, respectively.
If the anisotropic effect is neglected, the surface stress is related
to the surface tension as follows:

dy
de

where dy/de gives the dependence of y on the elastic strain e. In
previous work, on Au particles, dy/de was found to be negative
since the surface tension of gold was estimated as 1.9 J m > by
extrapolation of the value for the melting temperature to room
temperature by using Edtvos’s rule,® and the surface stress
coefficient decreased gradually as the particles dispersed in the
matrix. In the case of copper, the extrapolated value for the
surface stress was estimated to be 0.30 J m~2.** This low value
implies that the surface stress of copper is very small as
compared with gold, which is consistent with the present
results. Although it is difficult to calculate the surface tension
of the Au,Cu, _ , alloys because no data is available for surface
tension of the alloys at the melting temperature, dy/de may be
intrinsically negative for crystalline materials as found experi-
mentally for Au and Ag particles dispersed in nylon 11
films.'>?® If this consideration is evident, the stress at the
surface for the particles is one of compression. For the
Aug 70Cug 39 particles, the decrease of surface stress coefficient
is mainly caused by an increase of lattice constant because the
mean particle sizes did not change after annealing. The increase
of lattice constant due to hydrostatic pressure indicates a
decrease of surface tension, as theoretically reported.*® From

f=v+
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these considerations, it seems likely that the difference of the
surface free energy between the particles localized at the nylon
11 surface and those embedded in the nylon 11 matrix is the
driving force for penetration of the particles, i.e., the dispersion
of the Aug;0Cug 3o and Au particles can be attributed to a
reduction of the high surface free energy of the particles by
embedding them into the nylon 11 matrix. Particles with x <
0.55 may already be stable when deposited at the nylon 11
surface because the surface stress coefficient of these particles is
relatively small as compared with those obtained for the
Aug 70Cug 39 and Au particles. We suggest that the surface free
energy of the deposited bimetallic particles, which is different
for their compositions (due to the alloying effect), determines
whether the particles can penetrate into the nylon 11 layer.
Further theoretical study is in progress to verify these
considerations and the results will be published elsewhere. It
is noted that, even if the inequality [eqn. (1)] is obeyed, the
penetration of the particles can only be achieved when the
temperature rises above the T, of the nylon 11 matrix (ca. 40
°C), at which the nylon 11 molecular chains become mobile so
as to provide sufficient mobility toward the particles.

Conclusion

We have studied the changes in the dispersion state of vapor
deposited Au,Cu; _ , bimetallic nanoparticles of various
compositions into nylon 11 thin films caused by thermal
annealing. In the optical absorption spectra, broad SPR peaks
were observed for the as-deposited samples, of which the posi-
tion depends on their compositions, due to alloying. Thermal
annealing in an N, atmosphere caused a blue shift of the SPR
peak only for the particles with x = 0.70 and 1.0, and the
particles were observed to penetrate homogeneously into the
nylon 11 matrix, whereas those with x < 0.55 were still
localized at the surface. The critical composition that
determines whether or not the particles can be embedded
into the nylon 11 layer was found to be around x = 0.55-0.70.
The detailed analysis of the lattice constant of the particles
revealed that, before annealing, the surface stress coefficient of
the particles with x = 0.70 and 1.0 was much higher than that
of the particles with x < 0.55 and decreased upon embedding
in the nylon 11 matrix through annealing. The penetration of
the particles is suggested to be attributed to a reduction of the
high surface free energy of the particles by embedding them
into the nylon 11 matrix, while the particles with x < 0.55 are
stable at the nylon 11 surface due to their relatively low surface
free energy. The present study demonstrates that there is a
strong correlation between the structure and dispersibility of
particles in a polymer matrix, providing insight into the forma-
tion, structure and stability of metal/polymer composite systems.
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