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bstract

The block copolymer poly(N-isopropylacrylamide)-b-poly(4-vinyl pyridine) (PNIPAM-b-P4VP) self-assembled into core-corona micelles with
he P4VP block as core and the thermoresponsive PNIPAM block as corona in water. The diameter of the micelles was about 40 nm and the
ower critical solution temperature (LCST) was about 32 ◦C. Gold nanoparticles of size ranging from 2 to 4 nm were loaded in the micelles to
orm a responsive catalyst, the activity of which could be modulated due to the thermoresponsive PNIPAM. Below LCST, the PNIPAM chains
ere hydrophilic and the reactants could easily diffuse through the PNIPAM corona to reach the surface of the gold nanoparticles. Within this

emperature range, the catalytic activity of the micelle-supported gold nanoparticles increased with the increase in temperature. Above LCST,

he PNIPAM chains collapsed to form a hydrophobic barrier on the gold nanoparticles, which decelerated diffusion of the reactants. Within this
emperature range, the activity of the micelle-supported gold nanoparticles decreased with the increase in temperature until to a minimum constant
t about 38 ◦C.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Highly selective and robust catalyst has been one of the most
mportant topics in scientific literatures [1–5]. This strongly
timulates the development of new catalysts. Among such ones,
olymer-supported catalysts where metal particles are located in
olymeric matrix are expected to be promising [6]. To prepare
ighly dispersed polymer-supported catalysts, stabilizing agents
uch as functionalized polymers [7–11], dendrimers [12,13],
nd micelles [14–16] are usually used. Of all the polymers,
oly(N-isopropylacrylamide) (PNIPAM) and their derivatives

xhibit inverse temperature solubility and have a lower critical
olution temperature (LCST) in water [17]. That is also to say,
he PNIPAM chains are hydrophilic and soluble in water below
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rmoresponsive

CST and become hydrophobic in water above LCST. The ther-
oresponsive polymers have been used to prepare responsive

atalysts, the activity of which reversibly turns first off and
hen on as temperature is first raised and then lowered due
o changes in the polymer-support’s solubility [18–21]. Com-
ared with common catalysts, the responsive catalyst has two
dvantages. Firstly, the catalysis can be easily modulated just
y changing temperature. Secondly, the thermoresponsive cat-
lyst can be easily recovered by heating the aqueous solution
18–20]. Facile synthesis of responsive catalysts is a challenge
nd interest to both industrial and academic chemists.

Up to present, micelles of coordination block copolymer such
s polystyrene-b-poly(4-vinylpyridine) have been used to sta-
ilize colloidal metal nanoparticles [22]. In such micelles, the
onpolar block forms the corona, which provides stabilization,
hile the polar block forms the core, which is able to dissolve

etal compounds due to coordination [16]. Such micelles can be

onsidered as nanoreactors or templates [23], where nucleation
nd growth of metal nanoparticles are restricted to the mesoscale
evel. Some colloids of monometallic catalysts and bimetal-

mailto:wqzhang@nankai.edu.cn
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Scheme 1. Synthesis and responsive catalysis of the thermoresponsive micelle-
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thesized by ATRP in 2-propanol using PNIPAM126-Cl as
macroinitiator and CuCl/Me6TREN as catalyst. To a flask 0.12 g
of Me6TREN, 0.037 g of CuCl and 6 mL of 2-propanol was
added and then was added 3.0 g of PNIPAM126-Cl. The mixture
upported gold nanoparticles, where the reduction of p-nitrophenol by NaBH4

as chosen as a model reaction. The purple dots represent p-nitrophenol and the
lack dots p-aminophenol.

ic catalysts have already been synthesized by this method
22,23].

Herein, thermoresponsive micelle-supported gold nanopar-
icles and their responsive catalysis were studied. The
hermoresponsive colloidal dispersion of micelle-supported
old nanoparticles was firstly prepared by loading gold
anoparticles in the thermoresponsive micelles of poly(N-
sopropylacrylamide)-b-poly(4-vinyl pyridine) (PNIPAM-b-
4VP) due to coordination between AuCl4− and the micelles
16]. Then, the thermoresponsive colloidal dispersion was
sed as responsive catalyst in reduction of p-nitrophenol with
aBH4 to p-aminophenol. Below LCST, the PNIPAM chains

n the polymer-supported catalyst were hydrophilic and the
ydrophilic reactants such as p-nitrophenol and NaBH4 could
asily reach on the catalyst surface of the gold nanoparticles to
rouse reaction. On the other hand above LCST, the PNIPAM
hains collapsed on the gold nanoparticles surface to form a
ydrophobic barrier to prevent or decelerate reaction. Scheme 1
hows the reaction catalyzed with the thermoresponsive micelle-
upported gold nanoparticles.

. Experimental

.1. Materials

Methyl 2-chloropropanoate (CH3CHClCOOCH3 >96%) was
urchased from Tokyo Kasei Kogyo Co. Ltd and used as
eceived. The monomer 4-vinyl pyridine (4VP >95%) and
he catalyst CuCl (>99%) were purchased from Aldrich
nd purified according to reference described elsewhere

24]. The monomer N-isopropylacrylamide (NIPAM, >99%,
cros Organics) was purified by recrystallization from a
enzene/n-hexane mixture and dried carefully in a vacuum.
ris[2-(dimethylamino)ethyl]amine (Me6TREN) was synthe-
sis A: Chemical 266 (2007) 233–238

ized according to Ref. [24]. HAuCl4·3H2O (>99.9%), NaBH4
>98.9%) were purchased from Tianjin Chemical Company and
sed as received. Double-distilled water was used in this study.
ther analytical reagents were used as received.

.2. Synthesis of the block copolymer PNIPAM-b-P4VP by
TRP

The block copolymer PNIPAM126-b-P4VP34, where the sub-
cripts represented the polymerization degree of the correspond-
ng monomers, was synthesized by sequential atom transfer
adical polymerization (ATRP) of N-isopropylacrylamide and
-vinylpyridine.

The macroinitiator of chlorine-tailed poly(N-isopropylacryl-
mide) (PNIPAM126-Cl) was firstly synthesized in toluene
y ATRP using CH3CHClCOOCH3 as initiator and CuCl/
e6TREN as catalyst. To a flask 0.12 g of CH3CHClCOOCH3,

.46 g of Me6TREN and 0.14 g of CuCl were added and then
as added 12 mL of toluene. The mixture was first stirred and

hen degassed under nitrogen purge. Subsequently, 15.0 g of
IPAM was added into the flask and degassed under nitrogen
urge again. Polymerization was performed at 40 ◦C for 4 h. The
onomer conversion in 4 h was over 90%. The resultant poly-
er of PNIPAM126-Cl was purified by first being dissolved in
H2Cl2 and then passed through an Al2O3 column to remove the
opper catalyst and then deposited in a mixture of n-hexane and
H2Cl2 (8:2, v/v). The product was then dried under vacuum
t 30 ◦C. The molecular weight MW and polydispersity index
DI of PNIPAM126-Cl measured by gel permeation chromatog-
aphy (GPC) were 1.54 × 104 g/mol and 1.08, respectively. GPC
easurement was performed on a Waters 600E gel perme-

tion chromatography (GPC) analysis system, where DMF was
sed as eluent and narrow-polydispersity polystyrene was used
s calibration standard. The GPC traces of the macroinitiator
NIPAM126-Cl are shown in Fig. 1.

The block copolymer PNIPAM126-b-P4VP34 was syn-
Fig. 1. The GPC traces of PNIPAM126 and PNIPAM126-b-P4VP34.
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Fig. 2. The H NMR spectra of PNIPAM126-b-P4VP34 in CDCl3.

as first stirred and then degassed under nitrogen purge. Subse-
uently, 1.2 g of 4-vinylpyridine was added into the flask and the
ixture was degassed under nitrogen purge again. Polymeriza-

ion was performed at 40 ◦C for 6 h. The monomer conversion
as over 80%. The resultant block copolymer PNIPAM126-b-
4VP34 was purified by first being dissolved in CH2Cl2 and

hen passed through an Al2O3 column to remove the copper
atalyst and then deposited in cold ether. The product was then
ried under vacuum at 30 ◦C. The PDI of PNIPAM126-b-P4VP34
easured by GPC was 1.20 and the GPC traces are also shown in
ig. 1. The composition of the block copolymer PNIPAM126-b-
4VP34 was determined by 1H NMR spectra as shown in Fig. 2,
herein the 1H NMR spectra of the copolymers in CDCl3 were

ecorded using a VARIAN UNITY PLUS-400 spectrometer.

.3. Preparation of the micelles and micelle-supported gold
anoparticles

The core-corona micelles of PNIPAM126-b-P4VP34 were
repared by directly dispersing the block copolymer in water at
H 6.5 at room temperature, where the copolymer concentration
as 0.50 mg/mL. The colloidal dispersion of micelle-supported
old nanoparticles was prepared as follows: 12.0 mL of
.0 mmol/L HAuCl4 aqueous solution at pH 6.5 was added into
0.0 mL of the micellar solution, where the molar ratio of the
itrogen atom in the P4VP block to AuCl4− was about 6:1. The
ixed solution was kept for about 1 h to allow for the coordi-

ation between AuCl4− and the micelles and then 8.0 mL of
0.0 mmol/L NaBH4 aqueous solution was added with vigor-
usly stirring. The concentration of block copolymer and the
old nanoparticles in the colloidal dispersion was 0.33 mg/mL
nd 0.20 mmol/L, respectively.

.4. Determination of cloud-point temperature
The cloud-point temperature or LCST of the PNIPAM126-
-P4VP34 micelles and the colloidal dispersion of micelle-
upported gold nanoparticles were determined by measuring the

b
a
4
f

sis A: Chemical 266 (2007) 233–238 235

bsorbance or transmittance at 500 nm on a TU-8110 UV-vis
pectrophotometer. The samples were heated by being directly
mmersed in preheated water at a given temperature and then
he absorbance or transmittance was measured. The cloud-point
emperature or LCST was defined as the temperature at the initial
reak point in the resulting transmittance versus the temperature
urve.

.5. Transmission electron microscopy (TEM) measurement

TEM measurement was conducted by using a Philips T20ST
lectron microscope at an acceleration voltage of 200 kV,
hereby a small drop of the colloidal dispersion of micelle-

upported gold nanocomposite was deposited onto a piece of
opper EM grid, and dried at atmospheric pressure.

.6. Catalytic reduction of p-nitrophenol

The catalytic reduction was conducted in a standard quartz
ell with a path length of 1 cm. The initial molar ratio of
u/p-nitrophenol/NaBH4 was 1/5/167. 1.0 mL of 10.0 mmol/L
aBH4 aqueous solution was firstly mixed together with
.5 mL of 0.20 mmol/L 4-nitrophenol aqueous solution (pH
.5 adjusted by 1 mol/L NaOH aqueous solution) and then
he mixture was heated to a given temperature. Immediately
fter addition of 0.30 mL of the preheated colloidal dispersion
f micelle-supported gold nanoparticles with gold nanoparti-
le concentration at 0.20 mmol/L, the absorption spectra were
ecorded by a TU-8110 UV-vis spectrophotometer.

.7. Recovery and reuse of the catalyst

The catalyst of colloidal dispersion of micelle-supported gold
anoparticles was recovered by firstly keeping the temperature
t 4 ◦C and then dialyzing the colloidal dispersion against water
t room temperature to remove all the reactants. The recovered
atalyst was reused in another run with the molar ratio of Au/p-
itrophenol/NaBH4 kept constant at 1/5/167.

. Results and discussions

.1. Synthesis and characterization of the
icelle-supported gold nanoparticles

Since the PNIPAM block was hydrophilic and the P4VP
lock was hydrophobic at room temperature, the block copoly-
er of PNIPAM126-b-P4VP34 self-assembled into core-corona
icelles in water with the P4VP block as core and the PNIPAM

lock as corona. When AuCl4− was added into the micellar
olution, it first coordinated with the P4VP block, and then was
educed to form micelle-supported gold nanoparticles. The typ-
cal TEM images of the micelle-supported gold nanoparticles
re shown in Fig. 3. As shown in Fig. 3A and B, a large num-

er of gold nanoparticles were formed in each micelle [25]. The
verage diameter of the micelles observed by TEM was about
0 nm. The gold nanoparticles loaded in the micelles ranged
rom 2 to 4 nm and the mean size was 3.3 nm (standard deviation,
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Fig. 3. TEM image of the micelle-supported gold nanoparticles (A), magni-
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Fig. 5. Successive UV–vis absorption spectra of the reduction of 4-nitrophenol
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cation of the TEM image of the micelle-supported gold nanoparticles (B),
igh-resolution TEM image of single gold nanoparticle in the micelle-supported
old nanoparticles (C).

.D. = 0.2 nm). Additionally, the multiple lattice fringes with an
nterplanar spacing of 2.33 Å (consistent with the interplanar dis-
ance of (1 1 1) plane) was observed clearly in the high-resolution
EM image as shown in Fig. 3C, which confirmed the formation
f crystalline gold nanoparticles.

Fig. 4 shows the temperature dependence of light trans-
ittance of the aqueous solutions of the thermoresponsive
icelles and the colloidal dispersion of the micelle-supported

old nanoparticles. Both the micelles and the colloidal disper-
ion of micelle-supported gold nanoparticles showed a LCST
r cloud-point temperature at about 32 ◦C. This suggested that
he micelles and colloidal dispersion of micelle-supported gold
anoparticles could stably suspend in water below 32 ◦C; when
emperature further increased to above 38 ◦C, the micelles
nd the micelle-supported gold colloidal dispersion became

ydrophobic and the colloids became unstable. However, depo-
ition only took place when temperature was above 50 ◦C.
urthermore, when the deposit was cooled in a refrigerator
t about 4 ◦C, the deposit disappeared and the micelles or the

ig. 4. Temperature dependence of light transmittance of the aqueous solu-
ions of the core-corona micelles and the micelle-supported gold nanoparticles
olloidal dispersion, where the block copolymer concentration was 0.33 mg/mL.
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atalyzed with the thermoresponsive micelle-supported gold nanoparticles,
here the concentration of 4-nitrophenol, NaBH4 and gold was 0.107, 3.57

nd 0.0214 mmol/L, respectively.

icelle-supported gold colloidal dispersion recovered. This sug-
ested that the micelle-supported gold nanoparticles could act
s a recyclable catalyst.

.2. Reduction of p-nitrophenol catalyzed by
icelle-supported gold nanoparticles

Herein, the reduction of p-nitrophenol by NaBH4 was used
s a model reaction to characterize the responsive catalysis of
he thermoresponsive micelle-supported gold nanoparticles. To
implify the analyses, the concentration of NaBH4 was set to
xceed that of p-nitrophenol by far and the catalyst concentration
f the micelle-supported gold nanoparticles kept a relatively low
onstant in all runs. Fig. 5 displays a typical example of such
n analysis performed at 25 ◦C. Clearly, the characteristic peak
f p-nitrophenol at 400 nm decreased with the increase in time,
nd a new peak at 290 nm appeared due to the formation of
-aminophenol [26,27]. Additional experiments demonstrated
hat no reduction took place without the micelle-supported gold
anoparticles. Therefore, it was evident that the conversion was
ue to the presence of the catalyst of the micelle-supported gold
anoparticles.

In the above-mentioned model reaction, the kinetics of the
eduction can be treated as pseudo-first-order in p-nitrophenol
oncentration. The absorbance At at time t divided by the
bsorbance A0 measured at t = 0 gives the corresponding concen-
ration ratios C/C0 of p-nitrophenol. Thus we get the following
quation:

dCt

dt
= Kappt or ln

C0

Ct

= ln
A0

At

= Kappt (1)

here Ct is the concentration of p-nitrophenol at time t and
app is the apparent rate constant. Fig. 6A shows the linear plot

f ln(C/C0) versus t at different temperatures (some plots were
ot shown to simplify the figure). Based on the linear plots, the
alues of the apparent rate constant Kapp at different temper-
tures were calculated, which are shown in Fig. 6B. Clearly,
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Table 1
Reuse of the micelle-supported gold nanoparticles at temperature below and above LCST

Cycles 25 ◦C 40 ◦C

Kapp (×10−3 s−1) TOF (h−1) Kapp (×10−4 s−1) TOF (h−1)

1.48 15.5 5.93 12.0
F .8
S .9
T .8

t
t
c
t
t
c
w
o
w
t
i

F
t
c
R

a
t
d
a
e
P
g

irst reuse 1.44 14
econd reuse 1.45 14
hird reuse 1.44 14

he value of Kapp increased with the increase in temperature in
he range from 25 to 30 ◦C. The possible reason was that the
orona-forming PNIPAM chains were hydrophilic within this
emperature range and the reactants could easily diffuse through
he PNIPAM corona to reach the surface of the gold nanoparti-
les. Based on the Arrhenius equation, the rate usually increases
ith the increase in temperature. Sawant et al. also found the rate

f hydrogenation of p-nitrophenol to p-aminophenol increases
ith the increase in temperature [28]. These suggest the present

hermoresponsive micelle-supported gold nanoparticles are sim-
lar to those of general catalysts when the reduction is performed

ig. 6. Plots of concentration ratios C/C0 of p-nitrophenol vs. times at different
emperatures (A) and plots of the apparent rate constant Kapp of the reduction
atalyzed with the thermoresponsive micelle-supported gold nanoparticles (B).
eaction conditions as described in Fig. 5.

s
g

o
a
a
d
a
t
c
o
o
1
r
a
a
a
r
d
l
i
s
m
4
w

r
g
a
o
a
t
p
s
P

A

C

5.63 11.6
5.76 11.8
5.60 11.3

t temperature below LCST of the micelles. However, when
emperature further increased to above LCST, the value of Kapp
ecreased till to a constant with the increase in temperature at
bout 38 ◦C, which seemed abnormal compared with those gen-
ral catalytic reduction [28]. The possible reason was that the
NIPAM chains collapsed to form a hydrophobic barrier on the
old nanoparticles at this temperature, which decelerated diffu-
ion of the reactants onto the surface of the micelle-supported
old nanoparticles.

Based on the fitting line as shown in Fig. 6, the TOF value
f the responsive catalyst with the conversion of p-nitrophenol
t about 20% at 25 ◦C was estimated at 15.5 h−1. Esumi et
l., Pal et al. and Guibal et al. prepared the catalyst of gold-
endrimer nanocomposite, gold nanoparticles immobilized with
nion exchange resin, chitosan-supported palladium nanopar-
icles and silver nanoparticles, respectively, and studied the
atalytic reduction of p-nitrophenol [29–32]. The TOF values
f the corresponding catalysts were not pointed out. Based on
ur approximate calculation, the TOF values were about 20,
6, 18 and 18 h−1, respectively. This suggested that the present
esponsive catalyst was as efficient as those general catalysts
t room temperature. The micelle-supported gold nanoparticles
lso showed excellent recyclability for the reduction at temper-
ture below or above LCST (Table 1). The catalyst could be
eused at least three times with no indication of the catalyst
eactivation, which confirmed the high stability of these cata-
ysts. The responsive catalyst had two characteristics. Firstly,
ts activity was responsive to temperature due to the thermore-
ponsive PNIPAM chains. Secondly, when the thermoresponsive
icelle-supported gold-nanoparticle dispersion was kept cool at
◦C, the catalyst could be recovered and the recovered catalyst
as almost as efficient as the original one.
Conclusively, we have proposed a method for synthesis of a

esponsive gold catalyst of thermoresponsive micelle-supported
old nanoparticles. The micelle-supported gold nanoparticles
ct as a recyclable responsive catalyst, the catalytic activity
f which accelerated first and then decelerated when temper-
ture increased in the range below and above the LCST of the
hermoresponsive nanocomposite. We anticipate that the pro-
osed method can be used to prepare various responsive catalysts
uch as thermoresponsive micelle-supported Pd nanoparticles,
t nanoparticles, Ag nanoparticles and so on.
cknowledgements
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