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A Novel Method to Synthesize Polystyrene Nanospheres Immobilized with
Silver Nanoparticles by Using Compressed CO,
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Abstract: In this work, a novel route to
synthesize polymer/metal composite
nanospheres has been proposed. This
method combines the advantages that
the polymer chains collapse and entan-
gle in the presence of compressed CO,,
which acts as antisolvent, and the
metal nanoparticles and polymers can
be precipitated simultaneously from
micellar solutions by the easy control
of CO, pressure. Ag/polystyrene (PS)

prepared using this method. The trans-
mission electronic micrographs (TEM)
of the obtained nanocomposites show
that the smaller Ag nanoparticles are
immobilized by PS nanospheres of
about 50 nm; the phase structure was
characterized by X-ray diffraction
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(XRD). The Ag/PS nanocomposites
show absorption properties at a wave-
length of ~417 nm. The results of X-
ray photoelectron spectra (XPS) and
FT-IR spectra indicate that there is no
chemical linkage or strong interaction
between PS and Ag nanoparticles in
the resultant products. This method has
many potential advantages for applica-
tions and may easily be applied to the
preparation of a range of inorganic/

nanocomposites have been successfully

Introduction

In recent years, polymer/inorganic nanocomposites have at-
tracted wide interest in view of their novel properties such
as enhanced conductivity,"! mechanical toughness,” and op-
tical® and catalytic activity.! Different approaches have
been used to prepare polymer/metal nanocomposites. The
in-situ synthesis of metal nanoparticles in polymer matrices
has been widely used.”’ This method is based on the reduc-
tion of metal ions that are dispersed in polymer matrices, or
the polymerization of the monomer dispersed with the
metal nanoparticles. Another route to synthesize the poly-
mer/inorganic nanocomposites is the simultaneous polymeri-
zation-reduction approach. The polymerization of the or-
ganic monomers was conducted in parallel with the forma-
tion of nanocrystalline metal particles by means of y-irradia-
tion,” ultraviolet irradiation,[”! or by radicals directly gener-
ated from initiators.® Recently, efforts have also been
devoted to the synthesis of polymer/inorganic nanocompo-
sites from reverse micelles, during which the polymerizable

[a] Dr. J. Zhang, Dr. Z. Liu, Prof. B. Han, Dr. D. Liu, Dr. J. Chen,
Dr. J. He, Dr. T. Jiang
Center for Molecular Sciences, Institute of Chemistry
Chinese Academy of Sciences, Beijing 100080 (P.R. China)
Fax: (+86)10-62559373

Chem. Eur. J. 2004, 10, 3531-3536 DOI: 10.1002/chem.200305445

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

polymer composite nanoparticles.

surfactants were used.”’ Through an in situ polymerization
of the surfactants, the inorganic nanoparticles within the mi-
celles could be incorporated into the polymerized matrix.

Currently, there is a great deal of interest on the applica-
tions of supercritical (SC) CO, in material science.'” One
useful technique is the gas antisolvent process."!! This tech-
nique has been used in different processes, such as extrac-
tion and fractionation,'” recrystallization of chemicals,'*
micronization," and production of polymeric particles.!'”]
These methods have some potential advantages. For exam-
ple, it is easy to remove the solvent and antisolvent com-
pletely from the products. Moreover, fine particles can be
obtained, because high supersaturation can be achieved in
the solution, and the morphology of the products can be
tuned by the pressure of CO,.

In previous work, we investigated the thermodynamic
nature of polymers in CO,-expanded solvents.'” It was re-
vealed that with the addition of CO, to solvents, the poly-
mer chains collapse, overlap, and entangle due to prevailing
intersegmental attraction in the presence of CO,. Reverse
micelles can be used to synthesize inorganic nanoparticles of
different kinds."”! Recently, we developed a new method to
recover the nanoparticles synthesized in reverse micelles by
using compressed CO, as antisolvent,'¥! and ZnS and Ag
nanoparticles synthesized in sodium bis(2-ethylhexyl) sulfo-
succinate (AOT) reverse micelles were recovered. It was
found that, by controlling the pressure of CO,, the ZnS or
Ag nanoparticles synthesized in the reverse micelles could
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be directly precipitated, while the surfactant AOT remains
in the solution.

It is interesting and challenging to prepare polymer/metal
nanocomposites in which the smaller nanosized metal parti-
cles are dispersed in polymer nanospheres, although many
approaches have been performed as discussed above. In
present work, we have developed a novel route to synthe-
size polymer/metal nanocomposites, which can be called as
reverse-micelle/gas-antisolvent method. The nanospheres of
polystyrene (PS) dispersed with the smaller silver nanoparti-
cles have been prepared by using this method. This method
combines the four advantages: 1) the size of Ag nanoparti-
cles formed in the AOT/water/cyclohexane reverse micelles
is very small;™ 2) compressed CO, can force the Ag nano-
particles to come out of the reverse micelles, while the sur-
factant AOT remains in the solution;™® 3) the precipitation
of polymers from the solution and the particle morphology
and size can be controlled by pressure of CO,; and 4) the
CO,-expanded solution has low viscosity and high diffusivi-
ty, which is favorable for the uniformly dispersion of the
silver nanoparticles in the polymer nanospheres. Moreover,
the technique is simple, versatile, and timesaving, and the
solutions can be recycled. We believe that this method can
be used to fabricate a number of nanosized composites con-
sisting of inorganic nanoparticles and polymers with unique
advantages.

The principle of this method is shown in Figure 1. The in-
organic nanoparticles are first synthesized in the AOT/
water/cyclohexane reverse micelles, and the polymer is then
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Figure 1. Scheme for the synthesis of silver/polystyrene nanocomposites
from the micellar solutions.

dissolved in the solution (Figure 1a). CO, is added and the
solution is stirred. The metal nanoparticles come out from
the reverse micelles at suitable pressure of CO,."¥! At the
same time, CO, causes the polymer chains to collapse, over-
lap, and entangle, because CO, acts as an antisolvent.['"]
During this process, the inorganic nanoparticles are absor-
bed, trapped, or wrapped to form the nanocomposite (Fig-
ure 1b). Then the stirrer is stopped and the composites pre-
cipitate (Figure 1c). After releasing solution, the precipitates
are collected.

Experimental Section

Material: CO, (>99.995% purity) was provided by Beijing Analysis In-
strument Factory. The monodisperse polystyrene was synthesized by
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Nanjing Chemical Engineering University, of which the molecular weight
was M, =22400 (M,/M,=1.05, D=1.04 gcm ™). The surfactant AOT was
purchased from Sigma with purity of 99 %. The solvent cyclohexane was
purchased from Beijing Chemical Factory (>99.5%) and used as re-
ceived. KBH,, AgNO;, and ethanol, supplied by Beijing Chemical Plant,
were all A.R. grade. Double-distilled water was used.

Volume expansion of CO,-micellar solution system: The apparatus for
determining the expansion curves of the AOT/cyclohexane solution
([AOT]=50 mmol L ')in CO, was the same as that reported previous-
Iy.'® In a typical experiment, AOT/cyclohexane solution (10 mL) was
charged into the view cell. CO, was then charged into the view cell to a
suitable pressure after thermal equilibrium had been reached. A magnet-
ic stirrer was used to enhance the mixing of CO, and the solution. The
volume of the liquid phase did not change with time after equilibrium
was reached. The pressure and the volume at equilibrium condition were
recorded. More CO, was added and the volume of the liquid phase at an-
other pressure was determined. The volume expansion coefficients were
calculated on the basis of the liquid volumes before and after dissolution
of CO,. Some surfactant could be precipitated when the pressure of CO,
was high enough. The pressure at which the surfactant begins to precipi-
tate is called as cloud point pressure. The cloud point pressure of the sol-
ution was also determined.

Synthesis of Ag nanoparticles in micellar solutions containing PS: The
procedures to synthesize Ag nanoparticles in reverse micelles were simi-
lar to that reported by other authors.” The solution of AOT in cyclohex-
ane was first prepared ([AOT] =50 mmol L™"). Then reverse micellar sol-
utions containing aqueous solutions of AgNO; and KBH, were prepared
by adding corresponding aqueous salt solution ([AgNO;]=2[KBH,]=0.4
mol L") to the surfactant solution; the molar ratio of water to AOT (w)
was 5. The two micellar solutions containing AgNO; and KBH,, respec-
tively, were mixed and silver nanoparticles were formed in the reverse
micelles due to the water pools can exchange their contents by a collision
process.”!! Then the suitable amount of PS was dissolved in the micellar
solution ([PS],=1.88 mgmL™).

High-pressure UV-visible spectra: The key of this method is to precipi-
tate the Ag particles in the reverse micelles and the PS in the solution si-
multaneously by the use of compressed CO,, while the AOT remains in
the solution. Therefore, we first tested this by UV-visible spectroscopy.
The apparatus and procedures for the UV-visible experiments were simi-
lar to those described previously.™®! In a typical experiment, the desired
amount of the reverse micellar solutions containing the Ag nanoparticles
and PS was added into the temperature-controlled high-pressure UV
cell. After the thermal equilibrium had been reached, CO, was charged
into the cell by high-pressure pump until the cell was full. The UV spec-
trum of the solution was recorded every 10 minutes until it was un-
changed, which was an indication of equilibrium condition.

Synthesis of Ag/PS composite particles: The Ag/PS nanocomposites were
synthesized as follows. Reverse micellar solutions (30 mL) containing the
Ag nanoparticles and PS synthesized as above was loaded into a cylin-
der-shaped autoclave of 120 mL. The autoclave was put in a thermostat,
and CO, was charged by a high-pressure pump until the desired pressure
was reached. The solution was stirred (400 r.p.m.) for 1 h, then the stirrer
was stopped and the nanocomposites were precipitated. After releasing
solution, the precipitates were collected and washed by water and etha-
nol several times. The products were dried under vacuum at 303.2 K for
4h.

Characterization: The morphologies of the obtained particles were deter-
mined by TEM with a TECNAI 20 PHILIPS electron microscope. Parti-
cles were dispersed in ethanol and then directly deposited on the copper
grid. X-ray diffraction analysis of the samples was carried out using an
X-ray diffractometer (XRD, Model D/MAX2500, Rigaka) with Cuy, ra-
diation. For UV-visible absorption investigation, a certain amount of the
obtained Ag/PS powders were dispersed in ethanol and determined by a
TU-1201 model spectrophotometer. X-ray photoelectron spectra (XPS)
were collected by means of an ESCALab220i-XL spectrometer at a pres-
sure of about 3x10~° mbar with Algo as the exciting source (hv=
1486.6 V) and operating at 15 kV and 20 mA. The IR spectrum was re-
corded using an IR spectrometer (TENSOR 27), and each sample was re-

corded with 32 scans at an effective resolution of 2 cm™.

www.chemeurj.org Chem. Eur. J. 2004, 10, 3531 -3536


www.chemeurj.org

Polystyrene Nanospheres

3531-3536

Results and Discussion

Volume expansion of CO,—micellar solution system: The mi-
cellar solution expands after dissolution of CO,. The volume
expansion coefficient AV (AV=(V—-V,)V,, in which V and
V, are the volumes of the CO,-expanded and CO,-free solu-
tion, respectively) of the solution at different CO, pressures
is a very important parameter for the UV experiments and
the co-precipitation process. We determined the AV of the
AOT/cyclohexane solution (JAOT]=50 mmolL™") in CO, at
two temperatures, namely 301.2 and 307.2 K (Figure 2). Evi-
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Figure 2. Expansion curves of AOT/cyclohexane solution ([AOT]=
50 mmol L") at different temperatures and pressures.

dently, AV increases with increasing pressure, and it is more
sensitive to pressure in the high-pressure range. The AV at
the lower temperature is larger provided pressure is the
same. The cloud-point pressure of the AOT/cyclohexane so-
lutions ([AOT]=50 mmolL™") was calculated as 5.58 and
6.32 MPa at 301.2 and 307.2 K, respectively. All the experi-
ments were conducted at pressures lower than the cloud
point pressure for the UV spectrum determination and re-
covery process, so the precipitation of the surfactant did not
occur.

UYV studies on the coprecipitation of Ag and PS: Colloidal
dispersions of silver exhibit absorption bands in the UV-visi-
ble range that are due to the resonant excitation of surface
plasmons. Thereby the silver nanoparticles stabilized in the
reverse micelles can be analyzed in situ by UV-visible spec-
tra.”! The characteristic absorption spectrum for silver
nanoparticles has a peak at about 400 nm. The Ag nanopar-
ticles solubilized in the reverse micelles and the PS dissolved
in the solution do not precipitate in the absence of CO,. The
possibility to precipitate the Ag nanoparticles in the reverse
micelles and the polymer in the solutions simultaneously by
using CO, was investigated by UV-visible spectroscopy. The
results show that this can be achieved at suitable conditions.
As an example, Figure 3 illustrates the UV spectra of re-
verse micellar solution containing the Ag nanoparticles and
PS at 307.2 K and at some typical pressures. For all the ex-
periments, the concentrations of Ag and PS in the reverse
micellar solutions after expansion should be 0.025 and
1.88 mgmL ™', respectively, if they are not precipitated. Evi-
dently, the intensity of the absorption bands for Ag and PS
(at about 260 nm) decreases gradually with increasing pres-
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Figure 3. UV spectra of a micellar solution containing Ag and PS at
307.2 K and different CO, pressures.

sure, indicating the precipitation of Ag and PS. Our experi-
ments showed that the absorbance of silver and PS is a
linear function of Ag and PS concentration as their concen-
trations are lower than 0.03 mgmL™" and 2.0 mgmL™, re-
spectively. Thus the precipitation percentage of Ag and PS
can be calculated from the absorbance. Figure 4 shows the
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Figure 4. Precipitation percentage of Ag (P,, %) and PS (Pps %) from mi-
cellar solutions at 307.2 K and different pressures.

dependence of precipitation percentage of Ag and PS (the
mass of the precipitated Ag or PS divided by the total mass
of Ag or PS, respectively) on CO, pressure. Ag particles
precipitate gradually with increasing pressure, while PS
begins to precipitate at about 4.99 MPa. As the pressure
reaches 6.18 MPa, which is lower than the pressure
(6.32 MPa) at which the surfactant AOT begins to precipi-
tate at this temperature, the precipitation percentage of Ag
reaches 100 % and that of PS is about 80 %. This illustrates
that all Ag and most of the PS can be precipitated under
these conditions, while the surfactant remains in the solu-
tion. In other words, the co-precipitation of Ag and PS from
the micellar solutions can be accomplished by controlling
the pressure of CO,, and it is expected that the composition
of the obtained Ag/PS nanocomposites can be tuned by con-
trolling pressure. On the basis of the results above, we syn-
thesized the Ag/PS nanocomposites under different condi-
tions.

Morphologies of Ag/PS nanocomposites: The transmission
electronic micrographs (TEM) of pure Ag nanoparticles re-
covered from the reverse micelles, PS obtained from cyclo-
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hexane, and the Ag/PS nanocomposites fabricated at differ-
ent conditions are shown in Figure 5a-e. As we can see,
spherical Ag particles of about 3+1 nm in diameter (shown
in Figure 5Sa) and PS nanospheres with diameter of about

gy

30nm) |

Figure 5. TEM photographs of a) pure silver recovered from the AOT re-
verse micelles and b) PS recovered from cyclohexane obtained at
5.50 MPa and 307.2 K; c)-e) show the TEM photographs of the Ag/PS
nanocomposites obtained at: 5.50 MPa and 301.2K (c); 5.50 MPa,
307.2 K (d); 6.28 MPa and 307.2 K (e).

50 nm (shown in Figure 5b) are obtained at 5.50 MPa and
307.2 K, respectively. For the Ag/PS nanocomposites shown
in Figure 5c—e, it is evident that the Ag nanoparticles are im-
mobilized by the polymer nanospheres. And by increasing
the temperature and pressure, the particles size is decreased
from about 65 nm (shown in Figure 5c), to 55 nm (shown in
Figure 5d) to 40 nm (shown in Figure Se). The physical coa-
lescence of nanoparticles may be responsible for this phe-
nomenon. As the pressure and temperature is increased, the
solution is less viscous and diffusivity is larger; this enhances
the degree of molecular mobility and reduces the contact
time of the particles as they collide. This may reduce the
physical coalescence of nanoparticles. Therefore, smaller
particles are obtained at higher pressure and temperature.
Moreover, it can be seen from Figure 5 that with the in-
crease of CO, pressure, the number of the silver nanoparti-
cles immobilized by per PS sphere is decreased. The content
of silver in the composites can be estimated by analyzing
the XPS results. For example, the atom ratios of silver to
carbon are 0.0078/1 and 0.0059/1 for silver/PS composites
prepared at 5.50 and 6.28 MPa (307.2 K), respectively. The
reason is that the Ag particles can be precipitated complete-
ly at the experimental pressures, while the precipitation per-
centage of the PS increases with increasing pressure, as dis-
cussed above. Thus through the easy control of experimental
conditions, the composition and size of the composite nano-
spheres can be tuned.

We also estimated roughly the atom ratio of Ag on the
surface of a PS sphere to C in the sphere from the TEM mi-
crograms; for this we used the diameter of Ag particles on
the surface of PS sphere, the diameter of the PS sphere, and
the densities of Ag (10.5 gcm™) and PS (1.04 gcm™). The
Ag/C ratios estimated from TEM micrographs of the com-
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posites prepared at 5.50 MPa and 6.18 MPa at 307.2 K (Fig-
ure 5d and e) are 0.0004/1 and 0.0002/1, respectively, which
are much smaller than those obtained from XPS measure-
ments, indicating that most Ag particles exist inside PS
spheres.

Additional characterization: The phase structure of the ob-
tained product was characterized by X-ray diffraction
(XRD). As examples, Figure 6 shows the pattern of the
composite prepared at 5.50 MPa and 301.2 K and that of PS.
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Figure 6. X-ray diffraction patterns of a)pure PS and b) Ag/PS nano-
compsites obtained at 5.50 MPa and 301.2 K. The vertical lines at the
bottom indicate the standard positions and relative intensities of fcc
silver.

Besides the diffraction of PS phase (curve a), the Ag/PS
composites exhibit four peaks (curve b) corresponding to
the face center cubic (fcc) Ag phase (111, 200, 220, 311)
with cell parameter a=0.4099 nm, which is close to the re-
ported data (JCPDS File No. 4-0783). The broadening of
the peaks suggests the presence of very small Ag particles.

UV-visible spectra were used to characterize the absorp-
tion properties for the Ag/PS composites, and the results are
shown in Figure 7. Pure PS has no absorption at the wave-
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Figure 7. UV-visible spectra of a) pure Ag obtained at 5.50 MPa, 301.2 K,
and of Ag/PS composite obtained at b)S5.50 MPa, 301.2K and
c) 6.28 MPa, 307.2 K.

length around 400 nm. As shown in the figure, the Ag/PS
nanocomposite in ethanol displays a strong absorption band
at about 417 nm, which is attributed to the surface plasmon
excitation of the silver particles.™ In contrast to the absorb-

www.chemeurj.org Chem. Eur. J. 2004, 10, 3531 -3536


www.chemeurj.org

Polystyrene Nanospheres

3531-3536

ance of pure silver (4,,,=409 nm), the absorption is red-
shifted upon incorporation of Ag nanoparticles into PS. This
may be due to the agglomeration of the Ag nanoparticles
and/or change of the dielectric properties of the surrounding
environment.

To obtain the information about the interfacial interaction
between Ag nanoparticles and the polymer matrices, X-ray
photoelectron spectra (XPS) measurements of the compo-
sites were conducted and the results are illustrated in
Figure 8. Neat PS shows an intense C 1s peak at 284.6 eV
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Figure 8. C 1s (top) and Ag 3d (bottom) XPS spectra of PS and Ag/PS
nanocomposite obtained at 5.50 MPa and 301.2 K.

and the characteristic m—n* shakeup satellite peak of the
phenyl rings is observed between 290 and 292 eV.® Figure 8
(top) indicates that the C 1s peak of Ag/PS composites is
almost unchanged, which might suggest that there is no
strong interaction between Ag and PS matrix. The Ag 3d
core level XPS spectrum of Ag/PS is shown at the bottom of
Figure 8. The Ag 3d doublet at 368.9 and 374.9 ¢V is as-
signed to Ag 3ds, and Ag 3d;,, respectively. The binding
energy (BE) maximum of Ag 3ds,, is 0.6 eV higher than that
of Ag in the literature (368.3 eV).?*! However, the intensity
ratio of the Ag 3d doublet is near 1.5 and the difference in
the BE maximum, that is, spin-orbit splitting, is about 6.0;
these values agree well with those in the literature.” The
shift of Ag 3ds, peak to higher binding energies may be at-
tributed to the oxidation of surface silver atoms.”!!

FTIR spectra of nanocomposites also give information on
the interfacial interaction between silver and the polymer
matrices. Figure 9 displays the IR spectrum of pure PS and
the Ag-nanoparticle-filled PS dispersed in KBr matrices. As
shown in the figure, the vibrational bands typical for PS,
such as C—H aromatic and aliphatic stretching at 3100-
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Figure 9. IR spectra of a) pure PS samples and b) Ag/PS nanocomposite
obtained at 5.50 MPa and 301.2 K.

2800 cm™! and C=C vibrations at 1492 cm™! and 1452 cm™!,
are clearly observed. The two spectra are identical. This im-
plies that there is no chemical linkage or strong interaction
between PS and silver nanoparticles in the resultant prod-
ucts; this is consistent with the results of XPS measure-
ments.

Conclusion

In summary, this work describes a route to synthesize the
silver/polystyrene nanocomposites by the antisolvent techni-
que combined with the reverse micelle method. The nano-
spheres of polystyrene dispersed with the smaller silver
nanoparticles are obtained. The size and composition of the
composite nanospheres can be controlled by the experimen-
tal conditions, such as the CO, pressure and temperature.
Moreover, this method has some potential advantages for
applications as it is simple, timesaving, and the solutions can
be recycled. This process may easily be applied to a range of
inorganic/polymer composite nanoparticles with different
size and compositions.
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