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a b s t r a c t

Synthesis of size-controlled Au nanoparticles for aerobic alcohol oxidation within a porous,
chelating and intelligent hydrogel of poly(N-isopropylacrylamide)-co-poly[2-methacrylic acid 3-
(bis-carboxymethylamino)-2-hydroxypropyl ester] (PNIPAM-co-PMACHE) is studied. The PNIPAM-co-
PMACHE hydrogel is demonstrated to be a suitable scaffold, within which Au nanoparticles with size
ranging from 2.6 to 6.3 nm are synthesized by reducing the Au precursor of HAuCl4 with different reducing
agents. The synthesized composite of the hydrogel and the encapsulated Au nanoparticles is thermore-
sponsive, which can reversibly deswell/swell at the volume-phase-transition temperature (VPTT) at 27 ◦C.
The encapsulated Au nanoparticles keep stable during the reversible deswelling/swelling of the thermore-
sponsive hydrogel/Au composite. The catalysis of the thermoresponsive composite is tested employing
aerobic alcohol oxidation as model reaction and it is found that the catalytic activity of the thermore-
oly(N-isopropylacrylamide) sponsive composite is strongly dependent on the size of the encapsulated Au nanoparticles. Besides, it is
found that the thermoresponsive composite is catalytically efficient for aerobic alcohol oxidation partly
since the reactant of alcohol is highly concentrated within the hydrogel matrix through the reversible
deswelling and partly since the reactant of alcohol can be activated through the strong hydrogen bond-
ing between the alcohol molecules and the poly(N-isopropylacrylamide) segment. And furthermore,
the reversible deswelling/swelling of the thermoresponsive composite provides great convenience for

catalyst recycling.

. Introduction

Alcohol oxidation to aldehyde or ketone is one of the pivotal
unctional group transformations in organic chemistry [1]. Gen-
rally, oxidation is performed using stoichiometric amount of
ransition metal oxidants or sulfoxides and this stoichiometric oxi-
ation produces a large amount of undesirable products [1], which
ecomes intolerable in today’s environmentally conscious world.
hus, development of environmentally friendly catalytic oxidation
f alcohol with molecular oxygen at atmospheric pressure in green
olvent is an important and urgent work [2–4]. Recently, aerobic
lcohol oxidation employing heterogeneous noble metal nanocat-
lyst has stimulated great interest since it avoids using toxic and
arge amount of oxidizing reagent and no by-product other than
ater is produced. Of all the noble metal nanocatalysts such as
u [4–8], Pd [9–11], Pt [12,13] and Rh [14,15], Au nanocatalyst is
eemed to have promising potential partly since it is not prone
o leaching as a result of overoxidation and partly due to its high

∗ Corresponding author. Tel.: +86 22 23509794; fax: +86 22 23503510.
E-mail address: wqzhang@nankai.edu.cn (W. Zhang).
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© 2009 Elsevier B.V. All rights reserved.

efficiency. Up to now, various heterogeneous Au nanocatalysts
immobilized on inorganic metal oxides such as CeO2 [7], TiO2
[16], or MnO2 [17] or stabilized with functional polymers such
as poly(N-vinyl-2-pyrrolidone) [2], poly[2-(2-ethoxy)ethoxyethyl
vinyl ether] [4] and poly[N,N-dimethylacrylamide-co-2-
(methylthio)ethylmethacrylate-co-N,N′-methylenebisacrylamide]
[18] have been proposed. It is generally concluded that the catalyst
preparation method, the size of Au nanoparticles and the nature
of catalyst support are important to determine the efficiency of
Au catalyst. For example, Tsukuda and co-workers found that the
turnover frequency (TOF) value of Au nanocatalyst decreases with
the increase in the size of Au nanoparticles in the range from 3
to 10 nm [19]. Louis and co-workers found that the catalyst of Au
nanoparticles immobilized on reductive metal oxides such as CeO2
or TiO2 is more efficient than those on Al2O3 [20].

Hydrogel is three-dimensional network of cross-linked poly-
mer, which can swell in aqueous medium. The three-dimensional
network of hydrogel is deemed to be a suitable scaffold for in situ

synthesis of noble metal nanoparticles since the swollen hydro-
gel provides free space for nucleation and growth of noble metal
nanoparticles [21–24]. Up to now, the poly(N-isopropylacrylamide)
(PNIPAM) based hydrogel, which can reversibly deswell/swell
at the volume-phase-transition temperature (VPTT) [25–28], has

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:wqzhang@nankai.edu.cn
dx.doi.org/10.1016/j.molcata.2009.10.026
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een used to synthesize Au [21], Ag [22], and Pd [23] nanoparti-
les. When the catalyst of noble metal nanoparticles is immobilized
ithin the PNIPAM-based hydrogel matrix, it is expected to have
special advantage of easy separation and reuse through the

eversible deswelling/swelling of the thermoresponsive hydrogel.
p to now, generation of catalytically active metal nanoparti-
les within swollen polymer network including thermoresponsive
icrogel is reported [29–31]. However, size-controlled synthesis of
etal nanoparticles within a bulk thermoresponsive hydrogel and

heir application in catalysis is rarely reported [23,32].
In a recent manuscript [33], we have demonstrated that

he Pd-catalyzed C–C cross-coupling reaction within a porous,
helating and intelligent hydrogel of poly(N-isopropylacrylamide)-
o-poly[2-(bis-carboxymethylamino)-2-hydroxypropyl methacry-
ate] (PNIPAM-co-PMACHE) is very efficient. The reason is partly
scribed to the Pd catalyst and reactants being highly con-
entrated within the hydrogel matrix through its reversible
eswelling/swelling. We believe that the method to concentrate
eactants and catalyst within thermoresponsive hydrogel matrix
ill broad a new way to accelerate reaction. In the present study,

ynthesis of Au nanocatalyst encapsulated within the PNIPAM-
o-PMACHE hydrogel matrix for aerobic alcohol oxidation is
tudied and three main conclusions are made. First, synthesis of
ize-controlled Au nanoparticles within the PNIPAM-co-PMACHE
ydrogel is easily achieved just by adjusting reducing agents, and
he encapsulated Au nanoparticles keep stable during the reversible
eswelling/swelling of the thermoresponsive hydrogel/Au com-
osite. Second, the catalyst of encapsulated Au nanoparticles is
ighly efficient for aerobic alcohol oxidation. The reason is partly
scribed to the highly concentrated reactants and Au nanocatalyst
ithin the hydrogel and partly ascribed to the activated alcohol

hrough strong hydrogen bonding between alcohol and the PNI-
AM segment [34–36]. Third, the hydrogel/Au composite can be
asily recovered and reused because it can reversibly deswell/swell.
erein, it should be pointed out that the catalyst of Au nanopar-

icles instead of Pd nanoparticles is employed since it is found
hat the encapsulated Au nanocatalyst is more efficient for aero-
ic alcohol oxidation than the encapsulated Pd nanocatalyst [33]
Figs. S1–2, seeing in Supporting Information).

. Experimental

.1. Materials

The PNIPAM-co-PMACHE hydrogel, which contains
chelating ligand of iminodiacetic acid (IDA) in the

MACHE segment and a thermoresponsive segment of
oly(N-isopropylacrylamide) (PNIPAM), was synthesized by
opolymerization of N-isopropylacrylamide (NIPAM) and 2-(bis-
arboxymethylamino)-2-hydroxypropyl methacrylate (MACHE)
mploying N,N′-methylenebisacrylamide (BIS) as cross-linker,
2S2O8 as initiator, and N,N,N′,N′-tetramethylethylenediamine

TEMED) as accelerator in the water/THF mixture at ∼28 ◦C for 4 h.
he detailed synthesis of the PNIPAM-co-PMACHE hydrogel can be
ound as discussed elsewhere [33]. HAuCl4·3H2O (>99.9%), sodium
itrate (>99%), NaBH4 (>98.9%), and 1-phenylethanol (>99%) were
sed as received. Double-distilled water was used in the present
xperiment.

.2. Synthesis of size-controlled Au nanoparticles within the

NIPAM-co-PMACHE hydrogel

Au nanoparticles encapsulated within the PNIPAM-co-PMACHE
ydrogel were synthesized firstly by coordination between the Au
recursor of HAuCl4 with the chelating PMACHE segment and fol-
ysis A: Chemical 317 (2010) 81–88

lowed by reduction with a suitable reducing agent. In the present
study, four kinds of Au nanoparticles with different sizes were
synthesized by reducing HAuCl4 with NaBH4, sodium citrate and
H2, respectively. For synthesis of 2.6 nm Au nanoparticles, to a
glass beaker 15 g of PNIPAM-co-PMACHE hydrogel and 6.0 mL of
1.0 mmol/L HAuCl4 aqueous solution were added, where the molar
ratio of the chelating ligand of IDA to Au was set at 8/1. The mixture
was kept at room temperature for ∼15 min with stirring. Subse-
quently, 4.0 mL of 7.5 mmol/L NaBH4 aqueous solution was added.
Lastly, the mixture was kept at room temperature for about 3 h
with stirring. The synthesis of 4.0 nm Au nanoparticles is as sim-
ilar as those of the 2.6 nm Au nanoparticles except that 4.0 mL of
3.0 mmol/L NaBH4 aqueous solution was used as reducing agent.
For synthesis of 5.7 nm Au nanoparticles, to a glass beaker equipped
with a reflux condenser 15 g of PNIPAM-co-PMACHE hydrogel and
6.0 mL of 1.0 mmol/L HAuCl4 aqueous solution were added. The
mixture was firstly kept at room temperature for ∼15 min with stir-
ring and then heated to 100 ◦C. Subsequently, 4.0 mL of 7.5 mmol/L
sodium citrate aqueous solution was added and the mixture was
firstly kept at 100 ◦C for 1 h with stirring and then kept at room tem-
perature for the next use. For synthesis of 6.3 nm Au nanoparticles,
to a glass beaker 15 g of PNIPAM-co-PMACHE hydrogel and 6.0 mL
of 1.0 mmol/L HAuCl4 aqueous solution were added. The mixture
was firstly heated to 50 ◦C, and then H2 was bubbled for 1 h at rate of
10 cm3/min, and finally kept at room temperature for the next use.

2.3. Aerobic alcohol oxidation catalyzed by the encapsulated Au
nanoparticles within the PNIPAM-co-PMACHE hydrogel

Into a glass vessel equipped with a reflux condenser, the swollen
hydrogel/Au composite (15 g, containing 6.0 × 10−4 mmol of Au
nanocatalyst), 1-phenylethanol (3.0 mmol) and KOH (9.0 mmol)
were added. The mixture was stirred at 80 ◦C for ∼5 min and then
oxidation was carried out by bubbling O2 (ca. 0.05 L/min) at atmo-
spheric pressure. At a given time, 1 g of the reaction mixture was
firstly taken out from the glass vessel, and then be immersed in
about 20 mL of acetonitrile (CH3CN) at room temperature, and sub-
sequently analyzed with high performance liquid chromatography
(HPLC).

To test the reusability of the hydrogel/Au composite, after the
oxidation was completed, the reaction mixture was firstly cooled
to room temperature instantly. Subsequently, diethyl ether (3×
20 mL) was added and the product was extracted. The organic
phase was decanted, and the collected organic phase was concen-
trated and analyzed with HPLC and atomic absorption spectrum
(AAS). After the deswelled hydrogel/Au composite being kept at
room temperature for ∼2 h, it reversibly swelled. Then the same
amount of 1-phenylethanol (3.0 mmol) was added, and the next
run of oxidation was performed under condition as same as the
fresh cycle.

2.4. General characterization

Scanning electron microscopy (SEM, Philips XL30) was used
to study the surface morphology of the PNIPAM-co-PMACHE
hydrogel. To observe the real surface morphology of the PNIPAM-
co-PMACHE hydrogel, the swollen hydrogel was quickly frozen in
liquid nitrogen and then freeze-dried in an ALPHA 1-2LD freeze
drier for 3 days to remove water completely. The freeze-dried gel
was sputtering-coated with a thin gold film and then observed
by SEM. Transmission electron microscope (TEM) observation was

conducted by using a Philips T20ST electron microscope at an accel-
eration voltage of 200 kV, whereby a thin piece of the hydrogel/Au
composite was deposited onto a piece of copper grid, and then
dried at atmospheric pressure. The UV–vis absorption spectra of the
hydrogel/Au composite were recorded on a TU-8110 UV-vis spec-
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Fig. 1. The SEM image of the PNIPAM-co-PMACHE hydrogel.

rophotometer in a standard quartz cell with a path length of 1 cm at
given temperature. The X-ray photoelectron spectroscopy (XPS)

nalyses were performed with a Kratos Axis Ultra DLD spectrome-
er employing a monochromated Al Ka X-ray source (1486.6 eV)
nd a delay line detector (DLD). The Fourier transform infrared
pectrometry (FTIR) spectra were recorded on a Bio-Rad FTS-6000
R spectrometer. HPLC analysis was performed on a LabAlliance
C2001 system equipped with a C18 column and a UV-vis detector
sing the mixture of CH3CN and water (6:4 by volume) as eluent.
he swelling ratio of the PNIPAM-co-PMACHE hydrogel was mea-
ured gravimetrically. The hydrogel sample was prepared firstly by
mmersing a given amount of the fully dried gel in excess amount
f water at room temperature for at least 24 h. Then, the swollen
ydrogel was put in neutral water at a given temperature for a given
ime. Subsequently, the hydrogel was weighted after carefully blot-
ing surface water with moistened filter paper. The average value
f three measurements was taken for each sample. The swelling
atio was defined as the average value of the hydrogel to that of
he fully dried gel. The swelling ratio of the hydrogel/Au composite
as measured as similar as that of the hydrogel.

. Results and discussion

.1. Synthesis and characterization of the PNIPAM-co-PMACHE
ydrogel

The PNIPAM-co-PMACHE hydrogel was synthesized as dis-
ussed elsewhere [33]. The copolymerization of NIPAM and MACHE
ffords almost quantitative yield of gel at 28 ◦C for 4 h. The resul-
ant material is a bulk hydrogel and the hydrogel is apt to be
mashed into little fragments by gently stirring (Fig. S3A, see-
ng in Supporting Information). The chemical composition of the
NIPAM-co-PMACHE hydrogel can be found in Ref. [33]. Fig. 1
hows the SEM image of the PNIPAM-co-PMACHE hydrogel. Clearly,
he hydrogel has a porous structure, which is useful to increase
ccessibility of the encapsulated Au nanocatalyst. The PMACHE
egment affords the chelating ligand of IDA to coordinate with
he Au precursor and therefore to immobilize Au nanoparticles
ithin the hydrogel matrix. As to the PNIPAM segment, it possesses
hree virtues. First, there exists strong hydrogen bonding between
he reactant of alcohol and the PNIPAM segment, and therefore
o encapsulate alcohol within the PNIPAM-co-PMACHE hydrogel

atrix. Second, the thermoresponsive hydrogel can deswell/swell
eversibly to concentrate alcohol and the encapsulated Au nanocat-
Fig. 2. Temperature dependence of the swelling ratio of the PNIPAM-co-PMACHE
hydrogel (A) and the composite of the hydrogel and the encapsulated 2.6 nm Au
nanoparticles (B) in neutral water.

alyst within the hydrogel matrix and therefore to accelerate the
oxidation of alcohol. Third, the reversible deswelling/swelling pro-
vides convenient reuse of the hydrogel/Au composite.

As similar as the general PNIPAM-based hydrogels [25–28],
the present PNIPAM-co-PMACHE hydrogel is thermorespon-
sive and has a volume-phase-transition temperature (VPTT)
at 32 ◦C as shown in Fig. 2A. That is to say, the hydro-
gel deswells at temperature above 32 ◦C and reversibly swells
in water when temperature decreases below 32 ◦C. Besides,
the present hydrogel is also pH-responsive due to the zwit-
terionic pH-responsive segment of PMACHE. The PNIPAM-
co-PMACHE hydrogel swells at the pH range of 4–10 and
deswells out of this pH range [33], which is a little different
from the typical thermoresponsive and pH-responsive hydrogel
of poly(N-isopropylacrylamide-co-methacrylic acid) (PNIPAM-
co-PMAA) [37] or poly(N-isopropylacrylamide-co-acrylic acid)
(PNIPAM-co-PAA) [38].

In the previous manuscript [33], it is demonstrated that whether
hydrophobic or hydrophilic aryl halides can be encapsulated
within the PNIPAM-co-PMACHE hydrogel. In the present study, the
encapsulation of hydrophobic alcohols such as 1-phenylethanol
and benzyl alcohol within the PNIPAM-co-PMACHE hydrogel can
be optically observed. For example, after benzyl alcohol being
added in the hydrogel, the transparent hydrogel becomes opaque
at once and the organic phase gradually disappears indicating
encapsulation of alcohol within the hydrogel matrix (Fig. S3, see-
ing in Supporting Information). Up to now, various evidences on
hydrogen bonding between alcohol molecules and PNIPAM have
been proposed [34–36]. Herein, the hydrogen bonding between
the alcohol hydroxyl group (–OH) and the nitrogen atom (N) in the
PNIPAM segment is also confirmed by FTIR analysis (Fig. S4, see-
ing in Supporting Information), since the N–H stretching vibration
at 1542 cm−1 is greatly decreased. Concerning on the hydroxyl
group (–OH) and the hydrophobic nature of 1-phenylethanol
and benzyl alcohol, therefore we deem that the encapsulation
of alcohol within the porous PNIPAM-co-PMACHE hydrogel is
partly due to the hydrogen bonding and is partly ascribed to the
hydrophobic–hydrophobic interaction between alcohol and the
hydrogel network.
3.2. Synthesis and characterization of size-controlled Au
nanoparticles within the PNIPAM-co-PMACHE hydrogel

IDA is a strong ligand which can coordinate with various tran-
sitional metal ions [39], and we have also used IDA-contained
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cheme 1. Synthesis of Au nanoparticles encapsulated within the PNIPAM-co-PMAC
omposite.

olymeric materials as scaffold to immobilize Pd [40,41] and Au
31] catalyst. As discussed above, the PNIPAM-co-PMACHE hydro-
el, which has a porous structure and contains a chelating ligand
f IDA, provides the potential of nucleation and growth of metal
anoparticles within the swollen hydrogel network. Thus, Au
anoparticles are synthesized firstly by coordination of the Au pre-
ursor with the ligand of IDA and followed by reduction with a
uitable reducing agent such as NaBH4, sodium citrate or H2 as
hown in Scheme 1.

It is well documented that UV–vis spectroscopy can be used to
iagnose the aggregation state of Au nanoparticles [42]. For exam-
le, highly dispersed 5–20 nm gold particles exhibit an absorbance
eak at ∼520 nm. As the gold particle size decreases, a hyp-
ochromic shift of the characteristic absorbance occurs. When the
ize of gold nanoparticles further decreases to less than 3 nm,

o sharp absorbance peak is observed within the UV–vis range.
ig. 3A and B shows the UV–vis absorption spectra of the hydro-
el and the composite of the hydrogel and the encapsulated 2.6 nm
u nanoparticles, respectively. Compared with Fig. 3A, a distinct

ig. 3. The UV–vis spectra of the PNIPAM-co-PMACHE hydrogel (A) and the 2.6 nm
B), 4.0 nm (C), 5.7 nm (D) and 6.3 nm (E) Au nanoparticles encapsulated within the
NIPAM-co-PMACHE hydrogel.
drogel and the reversible deswelling/swelling of the thermoresponsive hydrogel/Au

absorption peak around 520 nm is observed in Fig. 3B, indicat-
ing formation of Au nanoparticles [42]. From the TEM image and
the inset histogram of the size distribution of the Au nanoparti-
cles shown in Fig. 4A, it is confirmed that 2.6 nm Au nanoparticles
are synthesized within the hydrogel matrix. Herein, it should be
pointed out that the TEM images are obtained only for the encap-
sulate Au nanoparticles under the present experiment.

It is deemed that faster nucleation favors formation of smaller
nanoparticles during reduction of metal precursors [43–45].
Herein, it is found that when a diluting aqueous solution of
3.0 mmol/L NaBH4 is used as reducing agent, 4.0 nm Au nanopar-
ticles are synthesized (Fig. 4B). When the other two reducing
reagents such as sodium citrate and H2 are used to reduce the
Au precursor, 5.7 and 6.3 nm Au nanoparticles are synthesized
(Fig. 4), respectively. Clearly, as shown in Fig. 3 all these com-
posites of hydrogel and the encapsulated Au nanoparticles show
distinct absorption peaks ranging from 520 to 530 nm. Besides, blue
shift of the characteristic absorption peaks of the composites is
also observed when the size of the encapsulated Au nanoparticles
increases from 2.6 to 6.3 nm.

As similar as Au nanoparticles stabilized with general PNIPAM-
based hydrogel [21], the present Au nanoparticles encapsulated
within the PNIPAM-co-PMACHE hydrogel are also thermorespon-
sive. As shown in Fig. 2B, the VPTT of the composite of hydrogel/Au
is 27 ◦C, which is a little lower than those of the hydrogel itself. The
little lower VPTT of the composite is possibly due to the relatively
strong interaction between the encapsulated Au nanoparticles and
the hydrogel, which is as similar as those reported by Ding and co-
workers [46]. Besides, since the PMACHE segment is partly ionized
by the basic reducing agent of NaBH4 aqueous during synthesis
of the Au nanoparticles, this ionization may also contribute to
the lower VPTT of the composite. To explore the thermal stabil-
ity of the encapsulated Au nanoparticles, the typical composite of
the hydrogel and the encapsulated 6.3 nm Au nanoparticles is first
heated at temperature of 80 ◦C and kept at that temperature for 2 h
and then the composite is cooled at room temperature overnight.
During this process, the deswelling/swelling of the composite is
observed and the UV–vis absorption spectra of the composite are

recorded. When the composite of hydrogel/Au is heated at 80 ◦C,
part water is expelled from the composite and the newly emerging
water phase lies in the upper of glass vessel, and the composite
deswells and the purple deswelled composite lies in the lower
layer. When temperature decreases to room temperature, water
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ig. 4. TEM images of the 2.6 nm (A), 4.0 nm (B), 5.7 nm (C) and 6.3 nm (D) Au nanop
ize distribution and size standard error ı of the encapsulated Au nanoparticles, in

s reversibly adsorbed into the hydrogel and the deswelled com-
osite recovers as shown in the inset in Fig. 5. It is found that the
omposite keeps purple after 10 heating/cooling cycles. Besides,

t is also found that even when the composite is freeze-dried, it
eeps purple (Fig. S6, seeing in Supporting Information). The UV–vis
pectra of the composite shown in Fig. 5 indicate that the distinct
bsorption peak almost keeps at a constant of ∼530 nm during the

ig. 5. The UV–vis spectra of the composite of hydrogel and encapsulated 6.3 nm Au
anoparticles. Samples: fresh sample at room temperature (A), the sample from A by
eating at 80 ◦C (B), and the recovered sample from B by cooling at room temperature
C). Insets: optical images of the composite of the hydrogel and the encapsulated
.3 nm Au nanoparticles.
es encapsulated within the PNIPAM-co-PMACHE hydrogel. Insets: the histogram of
above 200 nanoparticles are statistically calculated.

deswelling/swelling processes. TEM observation also indicates that
the average size of the encapsulated Au nanoparticles in the recov-
ered composite is almost as same as those in the fresh one. These
results suggest that no conglomeration of Au nanoparticles occurs
during the reversible deswelling/swelling of the thermoresponsive
composite. We think the thermal stability of the encapsulated Au
nanoparticles is mainly ascribed to the crossed-linked hydrogel
network as shown in Scheme 1, which prevents conglomeration
of the encapsulated Au nanoparticles. Clearly, the thermal stabil-
ity of the encapsulated Au nanoparticles provides great benefit to
separate and reuse of the hydrogel/Au composite.

The hydrogel/Au composite is further characterized by XPS. It
is found that the gold atoms in the composite are in the metallic
state since there is only one peak in the Au 4f7/2 and 4f5/2 regions.
Besides, from the two typical XPS spectra of the 2.6 and 6.3 nm Au
nanoparticles encapsulated within the hydrogel shown in Fig. 6, the
Au 4f binding energies (4f7/2, 82.9–83.4 eV and 4f5/2, 86.6–86.8 eV)
are lower than those of the general supported Au nanoparticles
[47], indicating that there exists strong interaction between the Au
nanoparticles and the hydrogel [48,49]. Clearly, the strong interac-
tion between the Au nanoparticles and the hydrogel is also verified
by the lower VPTT of the hydrogel/Au composite as discussed above.

3.3. Aerobic alcohol oxidation catalyzed by the encapsulated Au
nanoparticles
Size-sensitive and size-dependent catalysis of noble metal
nanoparticles stimulates extensive attention since it is useful to
explore the catalytic mechanism [2,7,19,50]. As to Au nanocatalyst,
its size-selective catalysis in CO oxidation [51] and hydrogena-
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ig. 6. The Au 4f XPS spectra of the 2.6 nm (a) and 6.3 nm (b) Au nanoparticles
ncapsulated within the PNIPAM-co-PMACHE hydrogel.

ion [52–54] has been reported. For aerobic oxidation of alcohol
ith molecular oxygen by Au nanocatalyst, it is thought that the

ctivity and selectivity of Au nanocatalyst is determined by various
actors such as the size of Au nanoparticles [2,7,19,50], the interac-
ion between Au nanoparticles and the support material [55], the
ature of the support material [56], and the preparation method
f Au nanocatalyst [7], although a detailed mechanism of alcohol
xidation on Au nanoparticles has not been concluded [57]. Of all
hese factors, it is generally deemed that the size of Au nanoparti-
les is important for aerobic alcohol oxidation. Herein, the catalytic
ctivity of the hydrogel/Au composite with different size of encap-
ulated Au nanoparticles is tested. Besides, to eliminate the effect
f Au nanocatalyst content on catalytic efficiency, the same weight
f the hydrogel/Au composite containing the same amount of Au
anocatalyst (15 g of the composite containing 6.0 × 10−4 mmol of
u nanocatalyst) is employed in all the oxidations performed at
0 ◦C.
Fig. 7A shows the time dependence yield of acetophenone for
erobic oxidation of 1-phenylethanol at 80 ◦C catalyzed by the
ncapsulated 2.6 nm Au nanoparticles. The yield quickly increases
o 65% in 1 h and further gradually increases until a quantita-

ig. 7. The time-yield plots for 1-phenylethanol oxidation employing 0.20 mol% of
he encapsulated 2.6 nm Au nanocatalyst at 80 ◦C (A), and 1.0 mol% of the 2.6 nm Au
anocatalyst at 27 ◦C (A′). Insets: the initial time-yielding plots for 1-phenylethanol
xidation employing 0.20 mol% of the 2.6 nm (A), 4.0 nm (B), 5.7 nm (C) and 6.3 nm
D) Au nanocatalysts at 80 ◦C. Reaction conditions: 3.0 mmol of 1-phenylethanol,
.0 mmol of KOH, 15 g of swollen hydrogel/Au composite containing 0.20 or 1.0 mol%
u nanocatalyst, O2 at bubbling 0.05 L/min, HPLC yield.
Fig. 8. The size dependence of the TOF value of the encapsulated Au nanoparticles
for the aerobic oxidation of 1-phenylethanol. See reaction conditions in Fig. 7.

tive yield is achieved in 6 h. The 2.6 nm Au nanocatalyst affords
a turnover frequency (TOF) value of 9.2 × 102 h−1, which is calcu-
lated by total Au atoms. As similar as the 2.6 nm Au nanocatalyst,
the TOF values of the other three catalysts of 4.0, 5.7 and 6.3 nm
Au nanoparticles for aerobic oxidation of 1-phenylethanol are also
calculated based on the inset in Fig. 7, and the results are shown in
Fig. 8.

As shown in Fig. 8, the TOF value depends significantly on
the average size of the encapsulated Au nanoparticles. That is to
say, in the size range from 2.6 to 6.3 nm the smaller size of Au
nanoparticles, the higher TOF value and therefore the faster alco-
hol oxidation. For example, TOF value decreases from 9.2 × 102

to 1.8 × 102 h−1 when the average size of the encapsulated Au
nanoparticles increases from 2.6 to 6.3 nm. These results confirm
size-dependent catalysis of the present Au nanocatalyst for aerobic
oxidation of 1-phenylethanol. Herein, it should be pointed out that
Au nanoparticles with size smaller than 2.6 nm are not synthesized,
partly since it has been reported that Au nanoparticles smaller than
3 nm are apt to agglomerate during oxidation and therefore even-
tually influences the catalytic performance of the Au nanocatalyst
[58].

Recently, several elegant Au nanocatalysts are proposed for
aerobic alcohol oxidation on mild conditions such as at room tem-
perature [2,4]. Herein, the aerobic oxidation of 1-phenylethanol
catalyzed by 1.0 mol% of the encapsulated 2.6 nm Au nanoparti-
cles at 27 ◦C is studied. As shown in Fig. 7A′, the aerobic oxidation
of 1-phenylethanol runs smoothly at 27 ◦C and affords a relatively
high TOF value of 55 h−1, and 60% yield is achieved in 2 h.

Bergbreiter et al. has proposed a PNIPAM-based thermomor-
phic system for organic synthesis [59]. This thermomorphic system
employs the phase-selective solubility of PNIPAM in binary or
ternary organic solvent mixture to facilitate catalyst recycling and
product separation. Besides, some other PNIPAM-based thermore-
sponsive polymeric materials such as microgel [29–31] are also
used to immobilize noble metal catalyst. Compared with the gen-
eral PNIPAM-based thermomorphic system, besides the advantage
of easy catalyst recycling which will be discussed subsequently,
the present hydrogel/Au composite has other advantages. First,
synthesis of the present PNIPAM-co-PMACHE hydrogel is easy.
As discussed in the experimental section, the polymerization is
performed on very mild condition, and the two monomers are
almost quantitatively converted, and high yield of bulk hydrogel

is achieved. Second, no organic cosolvent is needed in the present
catalysis since the porous hydrogel network has the ability to
encapsulate the hydrophobic reactant of alcohol. Herein, it should
be pointed out that no other solvent but the hydrogel/Au com-
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osite is added during the aerobic alcohol oxidation. The hydrogel
cts as not only scaffold of the Au nanocatalyst but also the reac-
ion medium. Since the present composite is composed of ∼99 wt%
ater, therefore it can be deemed that the alcohol oxidation is per-

ormed in water. Third, the alcohol oxidation can be accelerated
hrough the reversible deswelling/deswelling of the composite. As
iscussed above, when alcohol is mixed with the hydrogel/Au com-
osite, the alcohol is encapsulated within the hydrogel network.
he encapsulated alcohol is further concentrated within the hydro-
el network when the base of KOH is added or the mixture is heated
bove VPTT of the composite. In fact, at the reaction temperature
f 80 ◦C, the composite deswells and most of water is squeezed out,
nd therefore the encapsulated alcohol is concentrated. It is found
hat the composite containing the encapsulated alcohol deswells
rom 15.4 g (15 g of composite and 0.36 g of 1-phenylethanol) to 1 g
approximately estimated by gravimetrical measurement), indicat-
ng that the encapsulated 1-phenylethanol and the Au nanocatalyst
s 15 times concentrated. As is known that the Au-catalyzed alcohol
xidation follows the Langmuir–Hinselwood reaction mechanism,
hat is, the higher concentration of the reactants in a confined range,
he faster the reaction, therefore we expect that the present alcohol
xidation can be accelerated by the deswelling of the thermore-
ponsive composite. Fourth, there exists strong hydrogen bonding
etween the alcohol molecules and the PNIPAM segment, there-
ore the hydroxy group (–OH) of the alcohol is possibly activated
nd alcohol oxidation is promoted. Besides, we also suppose that
he strong interaction between the Au nanoparticles and the hydro-
el, which is confirmed by the low Au 4f binding energies and low
PTT of the hydrogel/Au composite as discussed above, also con-

ribute high catalytic activity of the Au nanocatalyst, although the
eason needs further exploration.

Lastly, recycling of the composite of the hydrogel and the encap-
ulated 2.6 nm Au nanoparticles is discussed. As similar as the
ydrogel/Pd composite introduced in the previous manuscript [33],
he present hydrogel/Au composite can reversibly deswell/swell to
ive response to temperature change. It is found that the separa-
ion of the present composite from the reaction mixture is such an
asy thing. After the synthesized product is extracted with diethyl
ther, the composite is firstly heated above VPTT and the com-
osite deswells, then the deswelled composite can be separated

y simple filtration at that temperature. The deswelled composite
an be easily recovered by swelling in water at room tempera-
ure. However, since no by-product other than H2O is produced
nd no reactant other than O2 is consumed during the aerobic oxi-
ation, it is not necessary to separate the composite in the present

ig. 9. Recycling of the hydrogel/Au composite for aerobic oxidation of 1-
henylethanol. Reaction conditions: 3.0 mmol of 1-phenylethanol, 9.0 mmol of KOH,
5 g of swollen hydrogel/Au composite containing 0.20 mol% of 2.6 nm Au nanopar-
icles, bubbling O2 at 0.05 L/min, 80 ◦C, 6 h, HPLC yield.

[
[
[
[

ysis A: Chemical 317 (2010) 81–88 87

study. Therefore, after the extraction of the synthesized product
with diethyl ether, the composite is directly reused in the next run
of oxidation without additional treatment. As shown in Fig. 9, after 4
times of catalyst recycling, the yield of acetophenone almost keeps
a constant, suggesting that the recovered composite is almost as
catalytically efficient as the fresh one. To explore possible leaching
of the Au nanocatalyst into the ether phase during the extraction,
analysis of the organic phase is also made by AAS and leaching Au
catalyst is not detected.

4. Conclusions

Synthesis of size-controlled Au nanoparticles for aerobic alco-
hol oxidation within a porous, chelating and intelligent hydrogel
of PNIPAM-co-PMACHE, which contains a thermoresponsive seg-
ment of PNIPAM and a chelating segment of PMACHE, is studied.
The PNIPAM-co-PMACHE hydrogel is demonstrated to be a suit-
able scaffold, within which Au nanoparticles with size ranging
from 2.6 to 6.3 nm are synthesized by reducing the Au precur-
sor with different reducing agents. The synthesized composite of
the hydrogel and the encapsulated Au nanoparticles can reversibly
deswell/swell at the volume-phase-transition temperature (VPTT)
as similar as the hydrogel itself. The encapsulated Au nanoparticles
keep stable and no conglomeration occurs during the reversible
deswelling/swelling of the hydrogel/Au composite, which there-
fore provides great convenience for catalyst recycling. The catalytic
activity of the encapsulated Au nanoparticles for aerobic alcohol
oxidation is studied. It is found that the catalyst activity is strongly
dependent on the size of the encapsulated Au nanoparticles. That
is, the TOF value decreases with the increase in the size of the
encapsulated Au nanoparticles in the range from 2.6 to 6.3 nm. It is
demonstrated that the catalyst of 2.6 nm Au nanoparticles encap-
sulated within the PNIPAM-co-PMACHE hydrogel is highly efficient
and reusable catalyst for aerobic alcohol oxidation. Besides, the rea-
son ascribed to the high catalytic efficiency of the encapsulated Au
nanoparticles is discussed.
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