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Segments of a p(NIPA-co-AMPS) hydrogel synthesized fromN-isopropyl acrylamide (NIPA) and 2-acrylamido-2-
methyl-1-propane sulfonic acid (AMPS) with N,N′-methylenebis(acrylamide) (BIS) acting as cross-linker stabi-
lized nickel nanoparticles (Ni-NPs) of uniform size in an aqueous solution. The rate of catalysis of the borohydride
reduction of 4-nitrophenol to 4-aminophenol by these nanoparticles shows a complex temperature variation
consistent with the hydrogel changing from a contracted to an expanded state below a lower critical solution
temperature, LCST, of ~310 K. These observations provide insights into nanoparticle stabilization and catalysis
and indicate potential pathways toward stable sophisticated nanoparticle catalysts for use in aqueous solution.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Metal nanoparticles have attracted considerable interest as their
chemical and physical properties differ substantially from those of
bulk metals [1–5]. While these properties are of both fundamental and
practical interest, their study has often been hindered by the tendency
of metal nanoparticles to aggregate and precipitate from aqueous
solutions which are of particular interest as water is environmentally
benign. Consequently, a range of aqueous carrier systems exemplified
by core–shell particles [6–10], dendrimers [11,12], hydrogels [13–17]
polyelectrolyte brushes [18,19] and supramolecular structure such as
cyclodextrins [20,21] has been developed. We are particularly interest-
ed in stable hydrogel carrier systems which are amenable to easy
handling. Accordingly, we made the p(NIPA-co-AMPS) hydrogel from
N-isopropyl acrylamide (NIPA) and 2-acrylamido-2-methyl-1-propane
sulfonic acid (AMPS) with N,N′-methylenebis(acrylamide) (BIS) acting
as cross-linker. Solid segments of this copolymer hydrogel stabilize
nickel nanoparticles of uniform size in aqueous solution. The catalysis
of the borohydride reduction of 4-nitrophenol to 4-aminophenol by
these nanoparticles exhibits a complex temperature dependence con-
sistentwith the p(NIPA-co-AMPS) hydrogel changing from a contracted
to an expanded state below a lower critical solution temperature, LCST,
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of ~310 K.We view these observations as precursors to a major investi-
gation into the effects of copolymer composition andmetal nanoparticle
identity on a range of nanoparticle catalyzed reactions.

The synthesis of the Ni-NP-p(NIPA-co-AMPS) hydrogel was
achieved by the dissolution of NIPA (1.91 g) and AMPS (1.75 g) in
12 cm3 in water followed by the addition of BIS (0. 013 g) to act as the
cross-linker and AAPH (0.01 g) to act as the initiator with thorough
mixing for 10 min. The solution was injected into a glass tube which
was 15 mm in diameter and 15 cm long and the open end was sealed
with parafilm after which it was irradiated for 2 h with a UV–vis lamp
with a 200–600 nm range with a maximum intensity at 400 nm. The
tube was then carefully broken open to release the solid cylinder of
p(NIPA-co-AMPS) hydrogel which was cut into 4 mm thick cylindrical
sections. Unreacted reagents were removed from these sections by
immersing them in gently stirred deionized water for 24 h, during
which time the water was changed at 4 h intervals. The hydrogel sec-
tions were then dried to constant weight in a vacuum oven at 323.2 K.
A FTIR spectrum (KBr thin section) was run on a Nicolet-iS 10 FTIR
spectrometer: 1040 (m), 1385 (m), 1550 (m), 1647 (m), 3134 (s),
3422 (s) cm−1 (Supporting information, Fig. S1).

Circular segments of the oven-dried p(NIPA-co-AMPS) (0.044 g
each) were immersed in gently stirred aqueous 0.10 mol dm−3 NiCl2
solution at room temperature for 48 h, during which time the decreas-
ing Ni2+ concentration of the solution was monitored by inductively
coupled plasma atomic emission spectroscopy, ICP-AES, using an IRIS
1000 instrument, until it stabilized after ~24 h, consistent with the
hydrogel absorption of Ni2+ being complete (the maximum weight of
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 2. HRTEM, images of Ni-NP-p(NIPA-co-AMPS) hydrogel at different magnifications in
a) and b). Distribution of Ni-NP diameters are shown in c).
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NiCl2 in the hydrogel was 9.5 mg). After washing with deionized water
to remove extraneous NiCl2, the green hydrogel was placed in a stirred
100 cm3 0.5mol dm−3 NaBH4 aqueous solution under a nitrogen atmo-
sphere for 12 h. The now black hydrogel segments were then removed
and washed with deionized water three times to remove any extrane-
ous Ni-NP on the surface. Prior to use in the kinetic studies discussed
below, these hydrogel segments were dried to constant weight in a
vacuum oven at 323.2 K. To determine the Ni-NP content a segment of
the Ni-NP-p(NIPA-co-AMPS) hydrogel was dried to a constant weight
of 48 mg several 3.5 mg segments of which were then dissolved in
separate 5 cm3 of 11 mol dm−3 hydrochloric acid solutions which
were analyzed for Ni2+ by ICP-AES. This showed the dried Ni-NP-
p(NIPA-co-AMPS) to be 9% Ni-NP by mass.

Prior to commencement of each catalytic kinetic run, a 48 mg
segment of vacuumoven driedNi-NP-p(NIPA-co-AMPS)was immersed
inwater at the temperatures corresponding to that of the kinetic run for
24 h under nitrogen. To initiate the kinetic run the Ni-NP-p(NIPA-co-
AMPS) hydrogel segmentwas transferred into 100 cm3 of a thermostat-
ed and stirred aqueous solution 0.00216 and 0.216 mol dm−3 in 4-NP
and NaBH4, respectively, under nitrogen in a stoppered flask. At appro-
priate time intervals, 0.10 cm3 samples of this solution were extracted
and delivered into 3.0 cm3 volumes of deionizedwater at room temper-
ature and the UV–vis spectra of the solutions were recorded.

The hydrogel structure and the morphology of the Ni-NP were deter-
mined by scanning electron microscopy, SEM, using a FEI-Nova450
instrument, and by high resolution transmission electron microsco-
py, HRTEM, using a JEM-2100F instrument respectively. In the kinetic
experiments the UV–vis spectra were recorded in thermostated 1 cm
pathlength quartz cells using a SHIMADZU UV-2550 spectrophotometer.

Scanning electron microscopy (SEM) shows the vacuum oven
(323.2 K) dried copolymer to have the dominantmacroscopic structure
shown in Fig. 1. Small segments of the p(NIPA-co-AMPS) hydrogel in
stirred aqueous 0.10 mol dm−3 NiCl2 solution at room temperature
for 48 h, during which time the decreasing Ni2+ concentration of the
bulk solution was monitored by inductively coupled plasma atomic
emission spectroscopy, ICP-AES. The bulk Ni2+ concentration stabilized
after 24 h. This is consistent with the absorption of Ni2+ by the p(NIPA-
co-AMPS) segments being complete and the copolymer absorbing
water to form a hydrogel in which the sulfonic acid groups are dissociat-
ed. Subsequent stirring of these segments in 100 cm3 of aqueous
0.50 mol dm−3 NaBH4 solution under nitrogen for 12 h causes them to
become black as Ni2+ is reduced to form nickel nanoparticles, Ni-NP, in
a Ni-NP-p(NIPA-co-AMPS) hydrogel.

High resolution transmission electronmicroscopy (HRTEM) shows a
uniform distribution of Ni-NP in the Ni-NP- p(NIPA-co-AMPS) hydrogel
with a narrow distribution of Ni-NP diameters centered at 26.24 nm
(Fig. 2). This is consistent with a regular pore size distribution within
the hydrogel and probable interactions of either the amide or sulfonate
Fig. 1. SEM image of the vacuum oven dried p(NIPA-co-AMPS) copolymer.
groups, or both, controlling Ni-NP size and preventing aggregation. The
Ni-NP content of the Ni-NP-p(NIPA-co-AMPS) hydrogel segments dried
to constant weight was determined to be 9% Ni-NP by mass.

In the temperature range 293.8–317.1 K the Ni-NP-p(NIPA-co-
AMPS) hydrogel showed a complex temperature dependence of the
swelling ratio, SR, defined by Eq. (1):

SR ¼ WT−Wdð Þ=Wd ð1Þ

were, WT is the weight reached after suspension in water at tempera-
ture T and Wd is the dry weight determined over a range of tempera-
tures by placing a weighed portion of the oven-dried hydrogel in
thermostated deionizedwater fromwhich it was removed andweighed
at intervals until a constant weight was reached. The Ni-NP-p(NIPA-co-
AMPS) hydrogel SR undergoes a gradual decrease as temperature
increases from 293.8 K followed by a sudden decrease over the tempera-
ture range 308.9–312.0 K centered at ~310 K, the lower critical solution
temperature, LCST. A constant SR is reached as temperature increases
from 313.9 to 317.1 K (Fig. 3). Thus, the Ni-NP-p(NIPA-co-AMPS) hydro-
gel changes from an expanded state in the lower temperature range
where it absorbs most water to a contracted state in the higher tempera-
ture range where it absorbs less water.

The borohydride reduction of 4-nitrophenol, 4-NP, to 4-aminophenol
is catalyzed by metal nanoparticles [4–8] and was used here to test the
catalytic capacity of the Ni-NP in the Ni-NP-p(NIPA-co-AMPS) hydrogel.
In these studies the NaBH4 concentrationwas in one hundred-fold excess
over that of 4-NP such that the reduction occurred under pseudo-first
order conditions. At each reaction temperature, a 48 mg segment of the
Ni-NP-p(NIPA-co-AMPS) hydrogel (dried to constantweight in a vacuum
oven at 323.2 K) was placed in 100 cm3 of a thermostated and stirred
aqueous solution 0.00216 and 0.216 mol dm−3 in 4-NP and NaBH4,
respectively, under nitrogen in a stoppered flask. At appropriate time in-
tervals, 0.10 cm3 samples of this solution were extracted and delivered
into 3 cm3 volumes of deionized water at room temperature and the
UV–vis spectra of the resulting solutions were recorded (Fig. 4). The
absorbance maximum at 400 nm arising from 4-nitrophenolate, 4-NP−,
decreased with time coincident with the increase in the maxima at 233
and 300 nm arising from the reduction product, 4-AP. Isosbestic points
at 222, 247, 281, and 313 nm indicate that 4-NP− and 4-AP were the



Fig. 3. (a) Swelling ratio, SR, of Ni-NP-p(NIPA-co-AMPS) hydrogel at different tempera-
tures shown as closed squares. The pseudo first order rate constants, k, for the reduction
of 4-NP at each temperature are shown as open circles. (b) Schematic diagram of
thermosensitive Ni-NP-p(NIPA-co-AMPS) hydrogel in the reduction of 4-NP.

Fig. 4. (a) Time dependent UV–vis spectra for the reduction of 4-NP in the presence of a
0.048 g Ni-NP-p(NIPA-co-AMPS) hydrogel segment at 300.2 K and initial [4-NP] =
0.00216 mol dm−3, [NaBH4] = 0.216 mol dm−3. The 4-NP absorption maxima occurs at
400 nm and those for 4-AP at 233 and 300 nm, with isosbestic points at 222, 247, 281,
and 313 nm. Each sample taken was diluted as described in the text prior to its spectrum
being recorded. (b) Plot of ln(ct/c0) versus time derived at 400 nm from the spectra in
(a) where ct and c0 are the concentrations at time t and zero respectively. The derived
pseudo first order rate constant, k = 0.044 ± 0.002 min−1 (300.2 K).
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dominant absorbing species in solution. The pseudo-first order reduction
rate constant, k, was calculated through Eq. (2):

ln ct=c0ð Þ ¼ −kt ð2Þ

where ct and c0 are the 4-NP concentration at time t and zero, respective-
ly, determined from the 4-NP− UV–vis absorbance (Figs. 4 and S2).
(Induction periods have been observed for metal nanoparticle catalyzed
4-NP reduction [18,19,22], but were not observed in this study probably
because they were shorter than the time interval between the com-
mencement of the reaction and the first sample being taken.)

The complex temperature dependence of k (Fig. 3) is consistentwith
the combination of an Eyring temperature dependence with that of the
swelling ratio, SR. Initially, k increases with temperature from 300.2 K,
but within the range 308.2–311.2 K a decrease in k occurs coincident
with the substantial decrease in the hydrogel swelling ratio, SR, occur-
ring in the same temperature range (Fig. 3). This is consistent with the
expanded and contracted states of the Ni-NP-p(NIPA-co-AMPS) hydro-
gel existing at the low and high ends of the 300.2–313.2 K temperature
range, respectively, accommodating more and less 4-NP, NaBH4 and
water. It is also likely that the reactant diffusion rates in the contracted
hydrogel are less than those anticipated at the same temperature in the
expanded hydrogel. Both effects are expected to decrease the 4-NP
reduction rate constant, k, in the contracted copolymer hydrogel by
comparison with that in the expanded form. A similar shrinkage in vol-
ume and a corresponding decrease in the rate of the catalyzed reduction
of 4-NP by borohydride with an increase in temperature was first ob-
served for core–shell particles (of hydrodynamic radii ranging from
143 to 80 nmat 283.3 and 318.2 K, respectively) consisting of a polysty-
rene core and surrounded by a shell of poly(N-isopropylacrylamide)
cross-linked with N,N′-methylenebis(acrylamide) containing silver
nanoparticles in aqueous solution [6–8].

In conclusion, our observations indicate that a substantial degree of
control may be gained over the behavior of hydrogels and their role in
facilitatingmetal nanoparticle catalysis whichmay lead to sophisticated
new catalysts for use in water. Future studies will involve the effect of
polymer composition on the stability and size of metal nanoparticles
incorporated into hydrogels, the effect of metal identity on catalysis
and the study of a range of catalyzed reactions to establish a broader un-
derstanding of metal nanoparticle carrying hydrogels in catalysis.

This work was supported by the NSFC Grants 51403062, 51273063
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
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