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a b s t r a c t

Gold nanoparticles (Au NPs) were directly deposited on commercially available poly(methyl methacry-
late) (PMMA) beads by the deposition reduction method by adding dropwise of NaBH4 into the aqueous
solution of Au(en)2Cl3. The average diameter of Au NPs was 6.9 nm and, in contrast to the case of rapid
addition, there were no aggregated particles larger than 20 nm. Catalytic activity of Au/PMMA was tested
for the reduction of 4-nitrophenol to 4-aminophenol with an excess amount of NaBH4. Gold NPs on PMMA
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showed the highest catalytic activity among polymer supported Au NPs previously reported. The reaction
rate is the pseudo-first-order with respect to 4-nitrophenol. The pseudo-first-order rate constant and the
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. Introduction

Gold catalysts have been a rapidly growing research area owing
o the intriguing catalytic properties of Au nanoparticles (NPs)
eposited on base metal oxides in CO oxidation at a temperature
s low as 200 K and propylene epoxidation with H2–O2 mixture
1–3]. In recent years, Au NPs supported on activated carbons
4] and polymers [5] have also been investigated for applications
o liquid phase reactions such as the aerobic oxidation of alco-
ols.

Concerning polymer supported Au catalysts, the structures
nd surface functional groups of polymers are expected to play
mportant roles to deposit small Au NPs preventing them from
ggregation and to exhibit significant catalytic activity. Because
f the weak interaction between polymer supports and Au NPs,
irect deposition of Au NPs onto polymers such as polystyrene
rom Au(III) complex compounds was considered to be difficult to
chieve. Accordingly, it has been thought that well-designed poly-
er structures are necessary to obtain small Au NPs and several
inds of polymer structures have already been prepared [6–20].
cheme 1 classifies polymer supports into six kinds of structures;
icelles [6,7], gels [8–10], brushes [11,12] or star polymers in which

u NPs are inside the cores [13], hollow capsules [14,15], macro-
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ed to be 7.2–7.9 × 10 s at 295 K and 38 kJ mol , respectively.
© 2008 Elsevier B.V. All rights reserved.

orous particles such as ion-exchange resins [16–18] and beads
19,20].

The reduction of 4-NP to 4-aminophenol (4-AP) with an excess
mount of NaBH4 has often been used as a model reaction to
xamine the catalytic performance of metal NPs. For example,
he size-dependence of the catalytic activity of Au NPs (8–55 nm)
upported on ion-exchange resins has been studied by Pal and co-
orkers and the rate constant for Au NPs of 20 nm was estimated

o be 1.6 × 10−4 s−1 at 298 K [18]. The rate constant increased with a
ecrease in the size of Au and was proportional to the total surface
rea of Au NPs. Polymer brush stabilized Au clusters with a mean
iameter of about 1 nm successively improved the catalytic activ-

ty and the pseudo-first-order rate constant was estimated to be
.1 × 10−1 s−1 m−2 L per total external surface area of Au NPs nor-
alized to the unit volume which was slightly lower than that of

t NPs (5.6 × 10−1 s−1 m2 L) and Pd NPs (1.1 s−1 m2 L) [12].
Liu et al. reported that surface functional groups influenced

atalytic behavior [19,20]. The strong interaction between Au and
unctional groups such as thiol and pyridyl groups prevented Au
Ps from aggregation and provided smaller Au NPs, which was

n contrast to the weak interactions between Au and carboxylic
roups. However, such strong electronic interactions weakened the
atalytic activity of Au NPs. These previously published reports indi-
ate that the catalytic performance of Au NPs on polymers would

e appreciably affected by both the size of Au NPs and the kinds of
olymer structures.

Recently, we have developed a direct deposition method of
u NPs onto commercially available polymer beads such as
olystyrene (PS) and poly(methyl methacrylate) (PMMA) by the

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ishida-tamao@center.tmu.ac.jp
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Scheme 1.

ropwise addition of NaBH4 and by the choice of an appropriate
u precursor based on the zeta potentials of the polymer beads

21]. These Au/polymer beads showed notable catalytic activity in
he decomposition of hydrogen peroxide (H2O2) and the oxidation
f glucose with H2O2. In particular, Au NPs highly dispersed on
MMA showed higher catalytic activity despite of larger size of Au
han those of Au NPs supported on nitrogen-containing polymers
uch as polyaniline and melamine-formaldehyde resin.

In this work, we have investigated the catalytic activity of
u/PMMA in the reduction of 4-NP with NaBH4 to produce 4-AP.
he catalytic performance in terms of the rate constant and the
nduction period was discussed through the comparison with the
u/polymer catalysts reported so far. Our catalysts appear to exhibit
he best performance.

. Experimental

.1. Materials

Reagent grade ethylenediamine, HAuCl4·4H2O, NaBH4, diethyl
ther, EtOH, 4-nitrophenol, 4-aminophenol were purchased and
sed without further purification. Poly(methyl methacrylate) beads
mean diameter of 2.6 �m, EPOSTAR-MA-1002) were supplied by
ippon Shokubai Co., Ltd.
.2. Bis(ethylenediamine)gold(III) trichloride [Au(en)2Cl3]

To a solution of HAuCl4·4H2O (1.0 g, 2.4 mmol) dissolved in
iethyl ether (10 mL), a solution of ethylenediamine (1.0 mL,
5 mmol) in diethyl ether (5.0 mL) was slowly added. The reaction

3

N
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roceeded to form yellow precipitate, which was decanted. Water
1.0 mL) was added and then the precipitate was recrystallized from
tOH (10 mL). The resulting pale yellow solid was filtered, washed
ith EtOH, and dried under vacuum. The product was identified by

H NMR (D2O) on a JEOL JNM-EX270 instrument at 270 MHz.

.3. Preparation of Au/PMMA

To a suspension of polymer particles (1.0 g) dispersed in distilled
ater (200 mL), a solution of Au(en)2Cl3 (11 mg, 26 �mol, Au load-

ng 0.5 wt%) in H2O (54 mL) was added. The mixture was stirred at
◦C for 30 min, and then 0.01 M NaBH4 (3.8 mL, 38 �mol, 1.5 equiv.)
as slowly added in 4 min. After additional stirring at 0 ◦C for 1 min,

he mixture was filtered, washed, and dried under vacuum to yield
u/PMMA.

.4. Characterization of catalytic materials

Transmission electron microscopy (TEM) observation was per-
ormed by using a JEOL JEM-1025 operating at 100 kV with a SIS

ega View III CCD digital camera. Samples for TEM were prepared
y the solvent casting method on a Cu grid with a carbon support
embrane. In order to measure the rate of reaction, UV–vis absorp-

ion spectra were recorded on a Shimadzu UV-3100PC scanning
pectrophotometer by using 1-cm quartz cell at room temperature.

.5. Catalytic tests

To a suspension of 0.5 wt% Au/PMMA (3.5 mg, Au
.8 × 10−2 �mol) dispersed in H2O (8.0 mL), 4-NP (9.0 × 10−2 mM,
5 mL) aqueous solution was added and the mixture was adjusted
o a given temperature in the range of 276–300 K. Then, freshly
repared aqueous solution of NaBH4 (0.65 M, 3.3 mL) was added.
he initial molar ratio of Au/4-NP/NaBH4 was 1/15/22,500. The
eaction mixture (3.0 mL) was sampled at a fixed interval, and was
ltered through a 0.45 �m membrane filter. The absorption spectra
f the filtrate were measured in the range of 250–500 nm. The
ate constants of the reduction process were determined through
easuring the change in absorbance at 400 nm as a function of

ime. The product was identified by 1H NMR (D2O) by comparison
ith an authentic sample.

. Results and discussion

.1. Preparation of Au/PMMA

We have already reported that, Au NPs could be directly
eposited onto commercially available polymer beads such as
MMA and polystyrene (PS) by choosing an appropriate Au pre-
ursor, either HAuCl4 or Au(en)2Cl3, based on zeta potentials of the
olymer supports without stabilizers [21]. In the case of PMMA
nd PS, the polymer surfaces were negatively charged in a wide pH
ange, and accordingly Au(en)2Cl3 was used as a precursor. Unex-
ectedly, the dropwise addition of a reducing agent into an Au(III)
queous solution was effective to obtain small Au NPs and to pre-
ent them from aggregation [21]. Gold NPs supported on PMMA
as prepared by the dropwise reduction and Au NPs obtained had

n average diameter of 6.9 nm with a standard derivation of 5.5 nm
Fig. 1). No aggregated Au particles larger than 20 nm were observed
ith a TEM.
.2. Reduction of 4-nitrophenol to 4-aminophenol

The catalytic performance of Au/PMMA for the reduction of 4-
P to 4-AP was tested as a model reaction with an excess amount
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of 20 nm (entry 7) [18]. In the case of Au NPs with diameters of
8–20 nm, the catalytic activity increased with a decrease in the size
of Au NPs, however, the reported rate constants were very low even
though small Au NPs (8 nm) were used. In Table 1, the rate con-
ig. 1. TEM images of 0.5 wt% Au/PMMA (a), (b), and the size distribution of Au NPs
c).

f NaBH4. Accordingly, the reduction rates can be regarded as
eing independent of the concentration of NaBH4. After adding
aBH4 into the aqueous solution of 4-NP, the color of the solution
hanged from light yellow to dark yellow due to the formation of
-nitrophenolate ion. Then, the color of the 4-nitrophenolate ions
aded with time after the addition of Au/PMMA. The progress of the
eaction could be monitored by UV–vis spectroscopy. The charac-
eristic peak of 4-NP at 400 nm decreased, while at 290 nm a new
eak appeared which were assigned to 4-AP (Fig. 2a). The reaction
as finished within 600 s at 295 K. The reaction did not proceed

n this period in the absence of Au/PMMA catalyst or with PMMA
eads alone. Fig. 2b shows a linear correlation between ln(At/A0)
At: absorbance at the fixed intervals, A0: absorbance at the initial
tage) and the reaction time at 295 K, indicating that the reaction
s a pseudo-first-order. The pseudo-first-order rate constant (k) at
95 K was calculated from the slope to be 7.9 × 10−3 s−1 which was
he highest value among the polymer supported Au catalysts. The
eproducibility of the catalyst preparation and activity was inves-
igated by using another batch of Au/PMMA prepared and the rate
onstant, k, was 7.2 s−1. This value was even comparable to the
ighest one (7.4 × 10−3 s−1) reported so far for poly(alginic acid-
o-4-vinylpyridine) supported Au NPs [15].

Fig. 3 shows the Arrhenius plots of the reaction rate constants

btained in the range of 276–300 K. From the slope, the appar-
nt activation energy (Ea) was calculated to be 38 kJ mol−1. This
alue was relatively small but not unusual for reactions over gold
atalysts. It was comparable to the values reported for CO oxi-

F
c

ig. 2. UV–vis absorption spectra for the reduction of 4-NP over Au/PMMA with
n excess amount of NaBH4 in aqueous media at 295 K (a). Plot of ln(At/A0)
ersus time for the reduction of 4-NP (b). Reaction conditions: 4-NP = 1.3 �mol,
aBH4 = 1.9 mmol, Au = 8.8 × 10−2 �mol, T = 295 K.

ation [1,2], the reduction of 4-NP over Au/ion-exchange resin
31 kJ mol−1) [18], and Au/polyelectrolyte brushes (43 kJ mol−1)
12].

The previous studies on the reduction of 4-NP with Au/polymers
re summarized together with our work in Table 1. Pal and his co-
orkers studied the dependency of the catalytic activity on the size

f Au NPs dispersed on ion-exchange resin in the range of 8–55 nm
nd reported that the rate constant was 1.6 × 10−4 s−1 for Au NPs
ig. 3. Arrhenius plots of the rate constants of the reduction of 4-NP over Au/PMMA
atalyst.
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Table 1
Recent studies on the reduction of 4-NP over Au/polymer catalysts.

Entry Polymer supports Structurea Size of Aub (nm) T (K) NaBH4/4-NP/Au (mol/mol/mol) Induction period k (s−1) Ref.

1 PNIPAM-b-P4VPc a 3.3 298 167/5/1 No 1.5 × 10−3 7
2 Poly(VCL-co-AAEM)d b –e 293 190000/19000/1 Yes 4.0 × 10−3 10
3 PDMAEMA-PSf c 4.2 298 28/0.14/1 No 3.2 × 10−3 11
4 PAEM-PSg c 1.25 293 1000/1/–e –e 5.1 × 10−1h 12
5 PAMAMi d 2.3 –e 1200/1/1 No 2.0 × 10−3 14
6 Poly(AG-co-VP)j d –e 288 51500/515/1 Yes 7.4 × 10−3 15
7 Anion-exchange resin e 20 298 –e/0.27/1 No 1.6 × 10−4 18
8 Poly(DVB-co-AA)k f 10 298 11000/296/1 No 6.0 × 10−3l 19
9 PMMAm f 6.9 295 22500/15/1 No 7.2–7.9 × 10−3 This work

a Polymer structures were classified by Scheme 1.
b Observed by TEM.
c Poly(N-isopropylacrylamide)-b-poly(4-vinylpyridine).
d Poly(N-vinylcaprolactam-co-acetoacetoxyethyl methacrylate).
e No data.
f Poly(2-(dimethylamino)ethyl methacrylate) grafted on to solid polystyrene core.
g Poly(2-aminoethyl methacrylate) are densely grafted onto a solid polystyrene core.
h The rate constant (s−1 m−2 L) normalized by the surface area of Au NPs and by the unit volume.
i Poly(amidoamine) based hollow capsules.
j Poly(alginic acid-co-4-vinylpyridine).
k

ef. [19
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Poly(divynylbenzene-co-acrylic acid).
l The rate constant was calculated from the UV–vis absorption spectra given in R

m Poly(methyl methacrylate).

tants of entry 1, 3 and 5 were lower than that of Au/PMMA in
pite of the smaller size of Au NPs. Moreover, the rate constant for
he polyelectrolyte-brush stabilized Au clusters (1.25 nm) was cal-
ulated to be 5.1 × 10−1 s−1 m2 L per total external surface area of
u NPs normalized by the unit volume at 293 K (entry 4). Our rate
onstant per total Au, k (7.2–7.9 × 10−3 s−1), was re-calculated to be
.8–5.3 × 10−1 s−1 m2 L per Au surface area and was comparable to
hat reported by Ballauff and co-workers (5.1 × 10−1 s−1 m2 L) [12].

Polymer micelles (entry 1, structure a in Scheme 1), hydrogel
entry 2, structure b in Scheme 1), polyelectrolyte brushes (entries

and 4, structure c in Scheme 1), and polymer capsules (entries
and 6, structure d in Scheme 1) have been regarded as suitable

upports to disperse small metal NPs, since the formation of metal
Ps takes place mostly inside the cores, polymer networks, and
rush layers but rarely on outside. They appear to have advantages
ver spherical polymer beads in forming small metal NPs to prevent
hem from aggregation. However, the above carrier systems might
uffer from the diffusion limitation of substrates to the active sites
f Au NPs. For instance, Au NPs (ca. 3 nm) deposited in the shell
f polyalginate capsules showed similar catalytic activity to that of
u/PMMA (6.9 nm) (entry 6). However, the induction period was
bserved for Au/polyalginate capsules at the initial 300 s which
as ascribed to polymer entanglements [15]. In addition, Au NPs
eposited on microgel type poly(VCL-co-AAEM) also had induc-
ion periods (entry 2). The induction periods might be due to the
overage of the catalytic sites of Au NPs with polymer chains.

Esumi et al. demonstrated that polymer structures affected cat-
lytic activity in the reduction of 4-NP by using Au NPs stabilized
y poly(propyleneimine) (PPI) and poly(amidoammine) (PAMAM)
endrimers in quasi-homogeneous systems [22,23]. They proposed
hat there were two steps of 4-NP reduction; (i) diffusion and
dsorption of 4-NP to the Au surfaces and (ii) electron transfer
ediated by Au surfaces from BH4

− to 4-NP. Poly(propyreneimine)
ad smaller hydrodynamic diameters than PAMAM, leading to the
asier diffusion of 4-NP to Au surfaces and exhibited higher catalytic

ctivity than that of PAMAM. As a consequence, they concluded that
he first diffusion step determined the rate of reduction.

In heterogeneous systems, induction periods might be inter-
reted as a slow diffusion of substrates to the Au surfaces dispersed
n polymers. On the other hand, Au NPs stabilized by PAMAM

s
o
o
o

].

ollow capsules does not show induction periods in spite of the
overage of Au NPs with polymers (entry 5). With a relatively higher
olar ratio of Au to 4-NP, the diffusion of the substrate would

ot influence reaction rate. When the ratio of Au to the substrate
ecreased (entries 2 and 6), the diffusion rate of the substrate would
e a ruling factor to determine the reaction rate. In contrast, induc-
ion period was not observed for Au/polymer beads with surface

odification by –COOH groups (entry 8). This catalyst exhibited
igher catalytic activity than those of other catalysts even though
u NPs were relatively larger (10 nm) [19]. Gold NPs dispersed on
MMA had no induction period and the reaction started immedi-
tely.

The above results indicate that the structures of polymer sup-
orts play an important role in determining the catalytic activities
f metal NPs and that the polymer beads commercially available
re one of the most suitable supports for metal NPs catalysts. Yang
nd co-workers reported that the catalytic activity of Au/polymers
epended on not only the size of Au but also on the moderate

nteraction between Au NPs and polymer supports [19,20]. When
he interaction between Au and polymer backbones including sul-
ur or nitrogen atoms was strong, the size of Au became smaller
hile the catalytic activity was depressed. In the case of Au/PMMA,

he moderate interaction between Au and oxygen atoms in PMMA
ackbones might efficiently work in the catalytic reaction. These
esults suggest that the catalytic performance of Au NPs depends
n both the structures and the surface functional groups of polymer
upports.

The catalyst could be recycled, however, the catalytic activity
ecreased to almost half after the second cycle and to one third
fter the third cycle due to the aggregation of Au NPs. However,
eaching of Au NPs into the reaction solution did not occur even
fter the third cycle.

. Conclusions
Gold NPs could be directly deposited on PMMA beads without
urface modification from the aqueous solution of Au(en)2Cl3. In
pposite to presumption, the dropwise addition of NaBH4 in aque-
us media led to the formation of Au NPs exclusively on the surface
f PMMA without producing Au NPs in the liquid phase. The mean
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iameter of Au NPs was estimated at 6.9 nm with a standard devia-
ion of 5.5 nm through TEM observation. Unlike to the case of rapid
ddition of NaBH4, no aggregated particles larger than 20 nm were
bserved.

The catalytic activity was examined by the reduction of 4-NP
ith an excess amount of NaBH4. The pseudo-first-order rate con-

tant and the apparent activation energy were calculated to be
.2–7.9 × 10−3 s−1 at 295 K and 38 kJ mol−1, respectively. This value
f the rate constant was as large as the highest one reported for
u/polymers so far.

cknowledgements

We thank Prof. Y. Chujo of Kyoto University for allowing us to
se TEM. This work was financially supported by JST-CREST, the
old Research Opportunities Worldwide (G.R.O.W.) program from

he World Gold Council, and a Grant-in-Aid for Young scientists
start-up) (No. 19850018) from the Japan Society for the Promotion
f Science (JSPS).
eferences

[1] M. Haruta, Chem. Rec. 3 (2003) 75.
[2] G.C. Bond, C. Louis, D.T. Thompson (Eds.), Catalysis by Gold, Imperial College

Press, London, 2006.

[
[
[

[
[

lysis A: Chemical 298 (2009) 7–11 11

[3] A.S.K. Hashimi, G.J. Hutchings, Angew. Chem. Int. Ed. 45 (2006) 7896.
[4] S. Biella, G.L. Castiglioni, C. Fumagalli, L. Prati, M. Rossi, Catal. Today 72 (2002)

43.
[5] T. Ishida, M. Haruta, Angew. Chem. Int. Ed. 46 (2007) 7154.
[6] H. Miyamura, R. Matsubara, Y. Miyazaki, S. Kobayashi, Angew. Chem. Int. Ed. 46

(2007) 4151.
[7] Y. Wang, G. Wei, W. Zhang, X. Jiang, P. Zheng, L. Shi, A. Dong, J. Mol. Catal. A:

Chem. 266 (2007) 233.
[8] C. Burato, P. Centomo, G. Pace, M. Favaro, L. Prati, B. Corain, J. Mol. Catal. A:

Chem. 238 (2005) 26.
[9] A. Biffis, S. Cunial, P. Spontoni, L. Prati, J. Catal. 251 (2007) 1.
10] A. Pich, A. Karak, Y. Lu, A.K. Ghosh, H.-J.P. Adler, J. Nanosci. Nanotechnol. 6 (2006)

3763.
11] M. Zhang, L. Liu, C. Wu, G. Fu, H. Zhao, B. He, Polymer 48 (2007) 1989.
12] M. Schrinner, F. Polzer, Y. Mei, Y. Lu, B. Haupt, M. Ballauff, A. Göldel, M. Drechsler,

J. Preussner, U. Glatzel, Macromol. Chem. Phys. 208 (2007) 1542.
13] S. Kanaoka, N. Yagi, Y. Fukuyama, S. Aoshima, H. Tsunoyama, T. Tsukuda, H.

Sakurai, J. Am. Chem. Soc. 129 (2007) 12060.
14] H. Wu, Z. Liu, X. Wang, B. Zhao, J. Zhang, C. Li, J. Colloid Interface Sci. 302 (2006)

142.
15] Y. Gao, X. Ding, Z. Zheng, X. Cheng, Y. Peng, Chem. Commun. (2007) 3720.
16] F. Shi, Y. Deng, J. Catal. 211 (2002) 548.
17] F. Shi, Q. Zhang, Y. Ma, Y. He, Y. Deng, J. Am. Chem. Soc. 127 (2005) 4182.
18] S. Panigrahi, S. Basu, S. Praharaj, S. Pande, S. Jana, A. Pal, S.K. Ghosh, T. Pal, J.

Phys. Chem. C 111 (2007) 4596.

19] W. Liu, X. Yang, W. Huang, J. Colloid Interface Sci. 304 (2006) 160.
20] W. Liu, X. Yang, L. Xie, J. Colloid Interface Sci. 313 (2007) 494.
21] T. Ishida, K. Kuroda, N. Kinoshita, W. Minagawa, M. Haruta, J. Colloid Interface

Sci. 323 (2008) 105.
22] K. Esumi, K. Miyamoto, T. Yoshimura, J. Colloid Interface Sci. 254 (2002) 402.
23] K. Hayakawa, T. Yoshimura, K. Esumi, Langmuir 19 (2003) 5517.


	Reduction of 4-nitrophenol to 4-aminophenol over Au nanoparticles deposited on PMMA
	Introduction
	Experimental
	Materials
	Bis(ethylenediamine)gold(III) trichloride [Au(en)2Cl3]
	Preparation of Au/PMMA
	Characterization of catalytic materials
	Catalytic tests

	Results and discussion
	Preparation of Au/PMMA
	Reduction of 4-nitrophenol to 4-aminophenol

	Conclusions
	Acknowledgements
	References


