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SYNOPSIS

Ultrafine metal particles immobilized on fine copolymer particles were produced by reduction
of copolymer particles-metal ion complexes. Submicrometer-size copolymer particles con-
taining nitrogen, prepared by emulsifier-free emulsion polymerization, were applied.
Transmission electron microscopy (TEM) observation and X-ray diffraction analysis in-
dicated that ultrafine noble metal particles with diameter below 10 nm were formed and
uniformly immobilized on the surface of copolymer particles. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Ultrafine metal particles immobilized on various
materials have attracted considerable interest since
these composites exhibit wide application as active
catalysts in various chemical reactions such as hy-
drogenation and hydrogenolysis. Ultrafine metal
particles supported on inorganic materials are gen-
erally prepared by impregnation and ion-exchange
methods.' In these methods, formation of ultrafine
metal particles occurs by reduction of inorganic salts.
We chose here fine polymer particles possessing high
surface area and fluidity as supporting materials
since these should exhibit anomalous reactivity.
However, there have been few investigations on the
preparation of ultrafine metal particles supported
on polymer particles, although Warshawsky et al.*
reported the production of metal-covered polymer
particles by chemical metal deposition.

On the other hand, there have been a large num-
ber of reports on the formation of ultrafine metal
particles by reducing metal ion in solution. Rampino
et al.>® reported the formation of palladium particles
with an average diameter of 70 nm, by reducing
aqueous Pd(II) hydroxide in an aqueous solution of
poly(vinyl alcohol). Hirai et al.”® reported the pro-
duction of noble metal particles with particle size of
10-50 A by reducing the corresponding metal salts
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with primary or secondary alcohols or ether in an
aqueous solution of poly(IN-vinyl-2-pyrrolidone).
They found that palladium particles, prepared by
reduction of Pd(II) chloride with methanol in the
presence of poly(N-vinyl-2-pyrrolidone) catalyze
partial hydrogenation of cyclopentadiene and methyl
esters of unsaturated fatty acid to the corresponding
monoenes.’

Regarding the preparation of fine polymer par-
ticles, emulsifier-free emulsion polymerization is
well known to produce submicrometer-size fine
polymer particles. One of the characteristics of this
method lies in the formation of polymer particles
which are monodispersed in size and highly spher-
ical. Therefore we have used this type of polymer
particle as supporting material for ultrafine metal
particles.

Scheme I illustrates the outline of the present
synthesis of ultrafine metal particles by reduction
of metal ion on the surface of fine polymer particles.

EXPERIMENTAL

Materials

Styrene (St), acrylonitrile (AN), and divinylbenzene
(DVB) from Wako Pure Chemical are purified by
distillation under reduced pressure. N-vinylimidaz-
ole (Vlz) from Aldrich was distilled under a reduced
Ar atmosphere. Acrylamide (AAm) from Wako was
recrystallized from benzene. Metal chlorides, viz.,
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Co(II) chloride, Rh(III) chloride, Cu(II) chloride,
and Ni(II) chloride from Wako were used without
further purification. Silver nitrate, hexachloropla-
tinic acid (H,PtClg) and sodium palladium chloride
(Na,PdCl,) were also used without further purifi-
cation. Other chemicals were all analytical grade.

Styrene/acrylonitrile copolymer [poly(St-co-AN)],
styrene/acrylamide copolymer [poly(St-co-AAm)],
styrene/vinylimidazole copolymer [poly(St-co-Vlz)],
and styrene/vinylimidazole/divinylbenzene copoly-
mer [poly(St-co-Vlz-co-DVB)] fine particles were
prepared by copolymerizing styrene with functional
monomers such as AN, AAm, VIz, and DVB by
emulsifier-free emulsion polymerization using potas-
sium persulfate(KPS) or 2,2-azobis-amidinopropane
hydrochloride (AAP) as initiators. The preparation
conditions are shown in Table 1. The sizes of particles
obtained ranges of 300-350 nm in diameter, essen-
tially monodisperse in size. The resulting copolymer
particles were purified by repeating serum replace-
ment of the dispersions.

Immobilization of Metal lons
Immobilization of metal ions was conducted by stir-

ring fine copolymer particles in aqueous or ethanol

Table I Preparation of Fine Polymer Particles®
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Reduction

@=Metal particle

Preparation of ultrafine metal particles immobilized on fine polymer particles.

solution of metal compounds. Typical procedures
are as follows.

The aqueous dispersion of poly(St-co-AN) par-
ticles (0.55 g/5 mL) was added to the aqueous
Na,PdCl, solution (0.24 g/55 mL) and the mixture
was stirred for 1 h at 60°C. Pd ion immobilized on
poly(St-co-AN) particles were separated by centri-
fugation and redispersed in water. After repeating
the centrifugation-redispersion procedure, the par-
ticles were dried under reduced pressure.

Poly(St-co-AAm) fine particles dispersed in wa-
ter-ethanol (volume ratio = 1 : 5) (0.24 g/30 mL)
were added to the ethanol solution of RhCl; (0.15
g/20 mL). The mixture was stirred for 1 h at room
temperature. Further purification of Rh ion immo-
bilized on poly(St-co-AAm) particles was conducted
in essentially the same manner as described for
Pdion.

Poly(St-co-Vlz) (1 g) or poly(St-co-Vlz-co-DVB)
(1 g) fine particles was stirred in 50 mL of metal ion
aqueous solutions of 2 X 1072M in the case of CuCl,,
CoCl,, and NiCl, and of 4 X 1072M in the case of
H.PtCls, Na,PdCl,, and RhClI; for 3 h at room tem-
perature. The purification was carried out in a sim-
ilar manner as described for Pd ion immobilized on
poly(St-co-AN) particles.

Poly(St-co-AN)

Poly(St-co-AAm)

Poly(St-co-VIz) Poly(St-co-VIz-co-DVB)

Styrene, mol/L 0.82 0.86 1.0 1.0
Acrylonitrile, mol/L 0.82 — — —
Acrylamide, mol/L — 0.35 — —
N-vinylimidazole, mol/L — — 0.30 0.30
Divinylbenzene, mol/L — — —
KPS, mol/L 2.0 X 1073 2.0 X 1073 — 0.067
AAP, mol/L — — 5.0 X 1072 5.0 X 1073
Particle diameter, nm 330 287 354 331

2 Polym. temp., 70°C; polym. time, 6 h; KPS: potassium persulfate; AAP: 2,2-azobis-(2-amidinopropane) dihydrochloride.
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Table II Amount of Metal Ions Immobilized on PS and

Poly(St-co-VIz) Fine Particles®

Metal Conc. Immobilized Amounts
Polymer Particle Metal Compounds (mol/L) (mg/g Particle)
PS FeCl, 0.1 0.07
0.2 0.09
0.4 0.13
0.8 0.58
CoCl, 0.02 0.13
NiCl, 0.02 0.17
CuCl, 0.06 0.08
AgNO, 0.06 0.56
H,PtClg 0.002 0.08
Poly(St/VIz) FeCl, 0.02 3.1
0.1 4.1
0.2 6.0
0.4 8.1
0.8 21.1
CoCl, 0.02 0.21
0.4 0.54
NiCl, 0.02 0.40
0.4 3.3
CuCl, 0.02 3.9
0.06 4.0
0.2 4.5
0.4 5.5
AgNO, 0.06 5.8
Na,PdCl, 0.016 5.9
H,PtClg 0.002 8.7
0.004 16.8
0.006 29.0

® Particle concentration: 20 g/L.

Reduction of Copolymer Particles—-Metal
lon Complexes

Fine copolymer particles treated with metal com-
pounds were reduced using NaBH, or NH,NH,. For
example, 0.4 g of metal ion immobilized on particles
were suspended in ethanol solution (50 mlL) of

Table III Amount of Metal Ions Immobilized on
Poly(St-co-VIz-co-DVB) Fine Particles

Particle Metal Immobilized
Metal Conc. Conc. Amounts
Compounds (g/L) (mol/L) (mg/g Particle)
CoCl, 20 0.2 1.05
NiCl, 20 0.2 2.95
CuCl, 20 0.2 5.87
H,PtCl, 20 0.004 35.7
Na,PdCl, 20 0.004 31.3
RhCl, 20 0.004 9.7

NaBH, (0.2 mol/L) or ethanol solution (50 mL) of
NH,NH, (0.28 mol/L). The mixture was refluxed
for 3 h, and then fine copolymer particles were sep-
arated by centrifugation.

Catalytic Activity

Catalytic activities of ultrafine metal particles im-
mobilized on poly(St-co-Vliz-co-DVB) particles were
tested for the hydrogenation reaction of 1-hexene.
Noble metal particles immobilized on poly(St-co-
Vlz-co-DVB) particles were dried under reduced
pressure for 1 h at room temperature and aged in
hydrogen atmosphere for 1 h. After the addition of
an n-heptane solution of 1-hexene to these metal
particles immobilized on copolymer particles, a part
of the reactant was taken out to examine the com-
positional analysis of the reactant by gas chroma-
tography.
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Table IV Amount of Noble Metals Immobilized on Poly(St-co-VIz-co-DVB)

Fine Particles after Reduction

Immobilized Amount

Copolymer Particle Metal Ion Reducing Agent (mg/g)
Poly(St-co-VIz-co-DVB) Pt —_ 35.7
NaBH, 24.3
NH,NH, 30.8
Poly(St-co-VIz-co-DVB) Pd — 31.3
NaBH, 18.0
NH,NH, 185
Poly(St-co-VIz-co-DVB) Rh — 9.7
NaBH, 6.1
NH,NH, 5.2

Characterization

The size and morphology of ultrafine metal particles
immobilized on copolymer particles were investi-
gated by transmission electron microscopy (TEM)
and X-ray diffraction (XRD) analysis. TEM obser-
vation was conducted using an Akashi ABT 002B
(Akashi Electron Beam Technology) and XRD pat-
terns were measured by an X-ray diffractometer
(Rigaku RDA IB).

The amounts of immobilized metal ions and metal
particles were measured by particle-induced X-ray
emission (PIXE) analysis. PIXE analysis was per-
formed using a van de Graaff accelerator system.

Electron spectroscopy chemical analysis (ESCA)
spectra were obtained using the ULVAC-PHI ESCA
5000 with a MgK, X-ray source radiation generated

at 15 keV and 30 mA. Gas chromatographic analysis
was performed on a Hitachi 163 gas chromatograph
equipped with a flame ionization detector.

RESULTS AND DISCUSSION

Amount of Metal Immobilized

Immobilization of metal ions is greatly dependent
on the capability of chemical and physical ad-
sorption on the surface of particles. Affinity of
metal ions on the polymer surface due to physical
adsorption is generally weak, and most metal ions
deposited on the surface of polystyrene (PS) par-
ticles are readily removed by repeated serum re-
placement. Thus, the amounts of metal ions im-

Figure 1 TEM images of fine copolymer particles-metal ion complexes reduced by
NaBH,: (a) poly(St-co-AN)-Pd(II) ion complex; (b) poly(St-co-AAm)-Rh(III) ion complex;

(¢c) poly(St-co-Vlz)-Pd(II) ion complex.
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Figure 2 XRD patterns of fine copolymer particles-metal ion complexes reduced by
NaBH,: (a) poly(St-co-AN)-Pd(II) ion complex; (b) poly(St-co-AAm)-Rh(III) ion complex.

mobilized on PS particles are very low, as shown
in Table II. On the other hand, the poly(St-co-
Vl1z) particles exhibit much higher adsorption than
those on PS particles. Especially, noble metal ions
such as Pd(II) and Pt(IV) ions are rapidly fixed
on the surface of poly(St-co-Vlz) particles, and the
immobilized amounts increase with increasing
concentration of metal ions. As shown in Table
I11, the amounts of Pd(II), Pt(IV), and Rh(III) ions
immobilized on poly(St-co-VIz-co-DVB) particles
are slightly higher than those on poly(St-co-Vlz)
particles.

The comparisons of the amounts of metal ions
immobilized on poly(St-co-V1z) and poly(St-co-
Vlz-co-DVB) particles with those on PS particles
indicate that the metal ions on poly(St-co-Vlz) and
poly(St-co-Vlz-co-DVB) particles immobilize by
complex formation of metal ions with nitrogen at-
oms of imidazole groups present on the surface of
particles. With respect to complex formation with
poly(V1z), Lippert et al.° reported that the stoi-
chiometry of the complex formed in a solution
containing excess Ni?" was [imidazole]/[Ni**] = 6
: 1 in aqueous solution and 4 : 1 in aqueous 1M
KNO; when a poly(Vlz) solution was added to a
Ni** solution. Geraty and Vos!! found that, from
spectroscopic and electrochemical studies, differ-
ent types of ruthenium-poly(Vlz) complex form
depending upon the reaction condition. Addition-
ally, Chen and Challa'? described a Cu®* complex
of poly(St-co-Vlz) that existed in a monomeric
structure of [imidazole]/[Cu®*] = 4 : 1 in solution
at high ligand-copper ratio, as revealed by the
electron paramagnetic resonance spectra of the
complexes. These results indicate that the im-
mobilization of metal ions occurs by complex for-
mation on the surface of copolymer particles where

nitrogen-containing polymer such as poly(Vlz),
poly(AN), and poly(AAm) are present.

Table IV shows the amounts of noble metals
immobilized on the surface of poly(St-co-Vlz-co-
DVB) fine particles after reduction with NaBH,
and NH,NH,. The amounts of metal immobilized
lowered slightly as compared with those before re-
duction. This fact suggests that only a small part
of the metal ions are removed from the surface of
fine copolymer particles through the reducing pro-
cess.

TEM Observation

Figure 1 shows typical TEM photographs of
poly(St-co-AN) and poly(St-co-Vlz) particles-Pd
ion complexes and poly(St-co-AAm) particles—-Rh
ion complex after reduction by NaBH,. In the case
of poly(St-co-AN)-Pd and poly(St-co-AAm)-Rh
particles, the formation of ultrafine metal particles
with diameter below 10 nm is observed, and these
ultrafine metal particles are uniformly immobilized
on the surface of fine copolymer particles. Poly(St-
co-Vlz) particles-Pd ion complex produced rela-
tively large metal particles. Figure 2 shows the XRD
profiles of the reduction products from poly(St-co-
AN) particles—Pd ion complex and poly(St-co-
AAm) particles—-Rh ion complex, respectively. In
both cases, weak and broad diffractions at 26
= about 40° exist in the diffraction pattern. This
is ascribable to the formation of highly ultrafine
particles. These diffractions corresponding to Pd
(26 of main diffraction = 40.1°)'® and Rh (20 of
main diffraction = 41.1°)*® indicate that ultrafine
Pd or Rh particles are formed on the surface of fine
copolymer particles by reduction of fine copolymer
particles—-metal ion complexes. The resulting
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Figure 3 ESCA spectra of poly(St-co-Vlz-co-DVB) particles-Pd(II) ion complex: (a)
before reduction; (b) after reduction by NH,NH,.

amounts of immobilized metal are shown in Table
IV and indicate that a large portion of ultrafine
metal particles are fixed stably on the surface of
fine copolymer particles. In previous work'*'® on
the characteristics of fine copolymer particles pre-
pared by emulsifier-free emulsion polymerization,
we reported that copolymerization of hydrophilic
monomers such as acrylamide and 2-hydroxyethyl
methacrylate resulted in a water-soluble polymer
layer on the surface of particles. From this result,
we can imagine the presence of flexible polymer
chains protruding from the surface of these copol-
ymer particles.

On the other hand, the generation of ultrafine

metal particles was not observed in the case of the
poly(St-co-Vlz) particles—Co(II), —-Ni(II), or —~Cu(II)
ion complexes after reduction by NaBH,. As shown
in Table II, the amounts of these metal ions im-
mobilized on poly(St-co-Vlz) fine particles are low.
Therefore, it is supposed that there is no formation
of ultrafine metal particles or the particles are too
small to be observed by TEM analysis. The results
on metal immobilization on polystyrene particles
(shown in Table II) suggest that the low immobili-
zation of metal ions such as Co(II), Ni(II), and Cu(II)
should be attributed to poor complex formation be-
tween these metal ions and poly(Vlz). However,
complex formation between imidazole units on the
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Figure 4 ESCA spectra of poly(St-co-Vlz-co-DBV) particles-Pt(IV) ion complex: (a)
before reduction; (b) after reduction by NH,NH,.

surface of poly(St-co-Vlz) particles and metal ions
is not clear.

ESCA Analysis

The reduction products from poly(St-co-Vlz-co-
DVB) particles—metal ion complexes were investi-
gated by ESCA analysis. The results on poly(St-co-
Vliz-co-DVB) particles-Pd(II), -Pt(IV), and -Rh(I11I)
ion complexes are shown in Figures 3-5, respectively.
As shown in Figure 3, the electron binding energy
of Pdy, of poly(St-co-Vlz-co-DVB) particles-Pd ion
complex before reduction is 341.1 eV. This binding
energy is close to that of PACl,(Pdy; = 337.8 eV).'®
The electron binding energy of Pds, after reduction

with NH,NH; is 338.2 eV. This binding energy is
comparable to that of PdO,(Pds,; = 337.9 V)" rather
than that of Pd(Pd,,; = 335.2 eV).!® Similarly, the
binding energy of Pty = 75.3 eV of poly(St-co-Vlz-
co-DVB) particles—Pt(IV) ion complex before re-
duction resembles that of K,PtClg(Pt,; = 75.4 eV),"®
whereas the binding energy of Pty = 74.3 eV after
reduction is almost consistent with that of PtO(Pty
= 74.2 eV).?" These results suggest that Pd(II) or
Pt(IV) ions existing on the surface of poly(St-co-
Vlz-co-DVB) particles are reduced to Pd(0) and
Pt(0) by reduction treatments, and ultrafine metal
particles are formed. Then, spontaneous oxidation
of the resulting ultrafine metal particles in air pro-
duced PdO, and PtO,. On the other hand, the elec-
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Figure 3 ESCA spectra of poly(St-co-Vlz-co-DBV) particles-Rh(III) ion complex: (a)
before reduction; (b) after reduction by NaBH,.

tron binding energy of Rhy; = 312.2 eV of poly(St-
c0-Vlz-co-DVB) particles—-Rh(III) ion complex be-
fore reduction is close to that of RhCl3(Rhsy = 310.1
eV).2! In the case of poly(St-co-Vlz-co-DVB) par-
ticles—-Rh(III) ion complexes after reduction by
NaBH,, an electron binding energy of 307.3 eV is
newly observed in addition to the binding energies
of 311.9 and 316.6 eV. The binding energy of 307.3
eV is almost consistent with that of Rhy; = 307.2
eV of Rh.??2 This result indicates that, under the
conditions tested in this work, ultrafine Rh particles
are formed together with imidazole-Rh(III) complex

on the surface of poly(St-co-Vlz-co-DVB) particles—
Rh(III) ion complexes even after reduction.

Catalytic Activity

Figure 6 shows the results on the hydrogenation
of 1-hexene using the reduction products from
poly(St-co-Vlz-co-DVB) particles—noble metal ion
complexes. A comparison of the relative rates of
hydrogenation indicates that ultrafine Rh particles
produced by reduction with NaBH, exhibited the
highest activity, whereas other poly(S-co-/Vlz-co-



CHARACTERISTICS OF ULTRAFINE METAL PARTICLES 449

100
80 O Rh (NaBH,)
T ® Rh (NHoNH,)
= 60 A Pt (NHoNHp)
3 0 Pd (NaBH,)
g 40 & Pd (NHoNHy)
(]
o 20
—A
0 —r——f§
0 10 20 30 40 50 60

time (min)

Figure 6 Hydrogenation of 1-hexene catalyzed by re-
duced poly(St-co-Vlz-co-DVB) particles—metal ion com-
plexes at mole ratio of 1-hexene/metal = 5 X 10? and metal
concentration = 3.2 X 10™* mol/L.

DVB) particles—-metal (Pt, Pd) complexes gave
lower activity presumably due to autooxidation
with air.
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