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Chuanfu Xiao, Qingshi Wu, Aiping Chang, Yahui Peng, Wenting Xu and Weitai Wu*

The simultaneous modulation and monitoring of catalysis is possible when using metal@polymer hybrid
microgels by rational design. Such hybrid microgels are made of Au nanoparticles covered with a
temperature and pH dual-responsive copolymer gel shell of poly(N-isopropylacrylamide-co-allylamine).
The Au nanoparticle cores can act as catalysts in a model electron-transfer reaction between
hexacyanoferrate(i) and borohydride ions. The introduction of a smart polymer gel shell onto the Au
nanoparticles can not only allow modulation of the catalysis of the Au nanoparticle cores through
varying the solution temperature, but also allow label-free in situ localized surface plasmon resonance
(LSPR) monitoring of the kinetics and thermodynamics of the catalyzed chemical reaction. Unlike
conventional spectroscopic methods that only reflect the overall information occurring in the reaction
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Introduction

Responsive hybrid materials, comprising inorganic nano-
particles covered with smart polymers, have been receiving a
great deal of attention.”™® While inorganic nanoparticles exhibit
size-, shape-, and interdistance-dependent catalytic and optical
properties,**?" smart polymers can undergo a volume phase
transition in response to external stimuli, such as temperature,
PH, or a specific molecule,”*>* to modify the physicochemical
environment of the components embedded inside. Thus,
hybrid materials with inorganic nanoparticles embedded in
smart polymers, combining the unique properties from both
inorganic nanoparticles and smart polymers, offer possibilities
for external manipulation of the functionalities of inorganic
nanoparticles, providing a functional basis for smart systems
for prospective applications in many fields.

Materials with stimuli-responsive catalytic properties are
becoming more and more important for application in catalysis,
as their catalytic activity may be tuned by applying external
stimuli.**>***” Immobilization of noble metal nanoparticles in
smart polymer microgels is one way to make materials with
stimuli-responsive catalytic properties. Ballauff and co-workers
were the first to develop such materials, via in situ synthesis of
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and therefore has the potential to advance our understanding of the catalyzed chemical reaction.

metallic nanoparticles in temperature-responsive polystyrene-
poly(N-isopropylacrylamide) (PSt-PNIPAM) microgels.”® Metal@
polymer hybrid microgels have the advantage that the metal
nanoparticles are embedded in a polymer network that prevents
aggregation with other nanoparticles, and the catalytic activity of
the metal nanoparticles can be tuned by the swelling and
shrinking of the polymer gels. Those hybrid microgels have been
proven efficient catalysts for several chemical reactions.*® Liz-
Marzan and co-workers developed Au@PNIPAM core-shell
hybrid microgels, via growth of polymer gels on Au nano-
particles.® They found that the temperature-responsive PNIPAM
gel shell with limited cross-linking allowed for particularly effi-
cient control of the catalysis of the embedded Au nano-
particles."" Recently, we reported a one-pot synthetic approach
to pH-responsive Au@polyvinylpyrrolidone core-shell hybrid
microgels, which also has the potential to modulate Au-catalyzed
chemical reactions.*

In this work, we aim to demonstrate the concept that
metal@polymer hybrid microgels under rational design can
not only allow modulation of the catalysis of embedded noble
metal nanoparticles, but also allow label-free in situ localized
surface plasmon resonance (LSPR) monitoring of the cata-
lyzed chemical reaction. It should be noted that in a reaction
system comprising metal@polymer hybrid microgels
dispersed in liquid media, the label-free in situ monitoring of
a metal-catalyzed chemical reaction remains a challenge for
two main reasons: (i) chemical transformations are confined
to the metal surface, and (ii) trace or unstable reaction
products on the catalytic surface are difficult to separate and
purify. LSPR effects in noble metal nanoparticles can be

This journal is © The Royal Society of Chemistry 2014
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observed in a UV-vis spectrum.'®” To date, in situ LSPR
monitoring of a local microenvironment has been demon-
strated on a number of metal@polymer hybrid micro-
gels.” ' The stimuli-responsive volume phase transitions of
smart polymer gels can lead to changes in the immediate
physicochemical microenvironment (e.g., the local refractive
index) of noble metal nanoparticles, hence, resulting in an
alternation of the LSPR.*® In this respect, in situ LSPR sensing
should also offer exceptional possibilities, as in other cases of
plasmon-assisted sensing of catalytic reactions.>*** Unlike
the conventional spectroscopic methods that only reflect the
overall information occurring in the reaction system, in situ
LSPR monitoring may give local information occurring on the
catalytic surface and therefore has the potential to advance
our understanding of the catalyzed chemical reaction.
However, to the best of our knowledge, no report of any
metal@polymer hybrid microgels for the simultaneous
modulation and monitoring of a catalyzed chemical reaction
has appeared in the literature.

The metal@polymer hybrid microgel, depicted in Scheme 1,
was designed to consist of Au nanoparticles covered with a
temperature and pH dual-responsive copolymer gel shell of
poly(N-isopropylacrylamide-co-allylamine)(p(NIPAM-Am)), and
was denoted Au@p(NIPAM-Am). To demonstrate the perfor-
mance of the hybrid microgels, we selected the electron transfer
reaction between hexacyanoferrate(ur) and borohydride ions in
water as a model, a standard redox reaction which is efficiently
catalyzed on the Au nanoparticle surface in comparison with
catalyst-free conditions.**** An advantage with this reaction as a
model is that it can be monitored by using conventional spec-
troscopic methods through following the changes in the hex-
acyanoferrate(ur) absorption,** and thus the reaction kinetics
and thermodynamics measured by in situ LSPR monitoring can
be compared. We show that the kinetics measured by both
methods revealed nearly the same trend at the investigated

NIPAM Am Au nanoparticles
ok Y o+ @
HN HoN HN>

HN

MBAAmM

— 2 free radical

precipitation
copolymerization

label-freein situ
LSPR monitoring

Au-catalyzed \AD

chemical reacgion

7’
’

Scheme 1 Schematic illustration of a responsive Au@polymer hybrid
microgel, comprising Au nanoparticles covered with a temperature
and pH dual-responsive copolymer gel shell of poly(N-iso-
propylacrylamide-co-allylamine)(p(NIPAM-Am)), for the simultaneous
modulation and monitoring of a Au-catalyzed chemical reaction.
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temperatures, whereas a difference between the thermody-
namics measured by the two methods was observed.

Experimental section
Materials and reagents

Hydrogen tetrachloroaurate(in) hydrate (HAuCl, - 3H,0), sodium
borohydride (NaBH,), i-(+)-ascorbic acid (L-AA), trihydrate
citrate dehydrate (Tc), polyvinylpyrrolidone (PVP, M, = 58 000),
potassium iodide (KI), sodium dodecyl sulfate (SDS), styrene
(St), and N,N,N',N'-tetramethylethylenediamine (TEMED)
were purchased from Alfa Aesa. NIPAM, N,N-methyl-
enebisacrylamide (MBAAm), divinylbenzene (DVB), 2,2'-azo-
bis(2-methylpropionamidine) dihydrochloride (AAPH), and
ammonium persulfate (APS) were purchased from Aldrich.
Potassium hexacyanoferrate(ur) was purchased from Sinopharm
Chemical Reagent Co. Ltd. Allylamine (Am) was purchased from
Best Reagent Co. Ltd. NIPAM was recrystallized from a hexane-
acetone (a 1 : 1 volume ratio) mixture and dried in a vacuum. St
and DVB were purified with neutral Al,O;. All other chemicals
were used as received without further purification. The water
used in all experiments was of Millipore Milli-Q grade.

Synthesis of Au nanoparticles

HAuCl, (1.0 mL, 5.0 mM), Tc (1.0 mL, 5.0 mM) and H,O (18.0
mL) were mixed in a flask. After vigorously stirring for 2 min,
fresh NaBH, solution (0.6 mL, 0.1 M) was quickly added. The
color of the mixture immediately changed to yellowish red. The
mixture was further stirred for 4 h and then collected as the seed
solution for subsequent seed growth. In the next step, HAuCl,
(0.6 mL, 0.25 M), PVP (5.0 mL, 5.0 wt %), L-AA (2.5 mL, 0.1 M), KI
(2.0 mL, 0.2 M) and H,O (20.0 mL) were mixed in a flask and
gently stirred for 10 min, then the as-prepared seed solution
(375.0 uL) was added. The reaction was continued for another
10 min. The obtained reddish brown Au nanoparticles were
collected, and PVP and other unreacted compounds were
removed by repeated centrifugation (8000 rpm, 20 min, 25 °C)
and washing with water, and redispersed in water (1000.0 mL).

Synthesis of Au@p(NIPAM-Am) hybrid microgels

Am (124.0 pL) was dropwise added into the as-prepared Au
nanoparticles solution (50.0 mL) in a round-bottom flask. After
stirring for 1 h, SDS (3.0 x 10> g) was added. This mixture was
further stirred overnight. After addition of NIPAM (3.8 x 10~ g)
and MBAAm (5.0 x 10" g), the mixture was purged with N, for
30 min and then heated to 50 °C. The polymerization was
initiated by adding APS (0.7 mL, 1.2 x 10~ M)/TEMED (0.7 mL,
2.4 x 10”" M). The red solution became turbid within 10 min
and the reaction was allowed to proceed for a total of 3 h.
The product was purified by centrifugation (8000 rpm, 30 min,
25 °C) and redispersed in water (50.0 mL) six times, followed by
3 days of dialysis against very frequently changed water.

Synthesis of Au@p(NIPAM) hybrid microgels

Au@p(NIPAM), which served as a control, was synthesized by a
two-step method first involving St then followed by NIPAM,
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because the coating of the Au nanoparticle core with the gel
layer of St should favor subsequent covering with a gel layer of
NIPAM.® The as-prepared Au nanoparticles (80.0 mL) and SDS
(3.0 x 102 g) were mixed and stirred for 30 min, and St (80.0
pL) and DVB (16.0 pL) were added. After being purged with a N,
flow for 30 min, the solution was heated to 70 °C. The poly-
merization was initiated by adding AAPH (0.2 mL, 0.1 M). The
polymerization was allowed to proceed for 2 h. The product was
collected by centrifugation (8000 rpm, 30 min, 25 °C), and then
redispersed in water (80.0 mL). This dispersion (50.0 mL) and
SDS (3.0 x 10 % g) were mixed and stirred for 10 h at room
temperature, followed by adding NIPAM (1.7 x 10~ "' g) and
MBAAm (2.3 x 10~ g). After being purged with a N, flow for 30
min, the mixture was heated to 70 °C and initiated by adding
APS (0.4 mL, 1.2 x 10" M). The reddish dispersion became
turbid within 10 min. The reaction was continued for 3 h.
The product was purified by centrifugation (8000 rpm, 30 min,
25 °C) and redispersed in water three times, followed by 3 days
of dialysis against very frequently changed water at room
temperature.

Dynamic laser light scattering (DLS) studies

DLS was performed on a 90Plus multi angle particle sizing
analyzer equipped with a BI-9000AT digital autocorrelator (Broo-
khaven Instruments, Inc.) to measure the average hydrodynamic
diameter ((Dy,)) and the size distribution. A He-Ne laser (35 mW,
659 nm) was used as the light source. All hybrid microgel
dispersions were passed through Millipore Millex-HV filters with a
pore size of 0.80 um to remove dust before DLS measurements. In
DLS, the Laplace inversion (here the CONTIN method was used)
of each measured intensity-intensity time correlation function in
a dilute dispersion can lead to a line-width distribution G(I'). For
a purely diffusive relaxation, I" is related to the translational
diffusion coefficient D by (I'/g*)c—04—0 = D, so that G(I') can be
converted to a translational diffusion coefficient distribution
and (Dy,) distribution by using the Stokes-Einstein equation,
(Dn) = (kgT/31n)/D, where kg, T, and n are the Boltzmann
constant, the absolute temperature, and the solvent viscosity,
respectively.® All DLS measurements were made at a scattering
angle of § = 90°.

pH-responsive LSPR of the hybrid microgels

To study the LSPR response, hybrid microgels (1.5 mL) of
different pH values were stirred in a quartz cuvette, which was
placed inside a UV-vis spectrophotometer equipped with a
temperature controller (+£0.1 °C) (Agilent model 8453 UV-vis
spectrophotometer). After incubation for 20 min at a designed
temperature, the UV-vis spectrum was recorded for further
analysis.
The pH resolution (6pH) was evaluated by:*

dx
opH = (@) 0lpn 6))]
where dx/dy and 0l represent the inverse of the slope in the

LSPR intensity versus the pH value diagram and the standard
deviation of the LSPR intensity, respectively. The dx/dy was
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obtained by differentiating the polynomial fitting of the plot of

the LSPR intensity versus the pH value, and 61,; was calculated

with the following eqn (2) as the averaged difference between

I,y and the LSPR intensity experimentally acquired:
Z}IpH - IpHﬁi‘
=1

ol == (2)

n

where n and Iy, imply the repeat time (here n = 5) and the
LSPR intensity of each measurement at a pH value, respectively.

Experiments on the model Au-catalyzed chemical reaction

The model chemical reaction was conducted in a quartz cuvette,
which was placed inside a UV-vis spectrophotometer equipped
with a temperature controller (+£0.1 °C). Typically, the hybrid
microgels (1.5 mL) and NaBH, (1.0 mL, 250.0 mM) were stirred
together in the quartz cuvette at a designated temperature for 5
min. The initial pH values of all reaction mixtures were set to
10.50. K3;Fe(CN)g (50.0 pL, 0.1 M) was then added into the
mixture, which was stirred until the yellow reddish solution
became red. During the course of the reaction, the progress was
in situ monitored by measuring the UV-vis absorption spectra of
the mixture. Experiments were reproducible to within 5%. The
data was then analysed by using the Fe(CN)s*~ absorption or the
LSPR band.

Other characterization

Fourier transform infrared (FTIR) spectra were recorded on a
Thermo Electron Corporation Nicolet 380 Fourier transform
infrared spectrometer. Transmission electron microscopy
(TEM) images were taken on a JEOL JEM-1400 transmission
electron microscope at an acceleration voltage of 100 kV. The
pH values were obtained on a METTLER TOLEDO SevenEasy pH
meter (+£0.0005). The contents of Au in the hybrid microgels
were determined by using a Dionex ICS-1500 ion chromatog-
raphy system.

Result and Discussion
Synthesis of Au@p(NIPAM-Am) hybrid microgels

The size distribution was characterized by using in situ DLS at
25.0 °C. The Au nanoparticles and Au@p(NIPAM-Am) hybrid
microgels were compared as shown in Fig. 1a. Both the Au
nanoparticles and the hybrid microgels were narrowly distrib-
uted with a polydispersity index u,/(I')> =< 0.005. The hybrid
microgels had a larger (D;,) of 260 nm than the Au nanoparticles
({Dn) = 32 nm). The increased particle size and narrow distri-
bution indicate that the polymer gels had been added onto the
Au nanoparticles, and the formation of new homo-polymer
particles during the synthesis of the hybrid microgels was
negligible. In the FTIR spectra of the purified hybrid microgels
(Fig. 1b), the characteristic bands of the carbonyl stretching
vibration (amide I) at 1660 cm™ " and N-H bending vibration
(amide II) at 1548 cm ™', as well as the two typical bands of C-H
vibrations of ~CH(CHj3), at 1384 cm ™" and 1368 cm ™', of the
NIPAM units were recorded. The characteristic NH, symmetric

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4ta00409d

Published on 14 March 2014. Downloaded by Xiamen University on 12/07/2015 09:57:22.

Paper

—
QD
e

100 e
3
©
S 50
c
(=]
(&)
-
£
0 - :
0 100 200 300
<D,> | nm
(b)
) Am
VYT o\ Y

1l
Au nanoparticles

Au@p(NIPAM-Am)

ik

4000 3000 2000 1000
Wavenumber / cm™

Transmittance / %

Fig.1 (a) DLS size distribution of Au nanoparticles and Au@p(NIPAM-
Am) hybrid microgels, measured at 25.0 °C. (b) FTIR spectra.

and asymmetric absorption bands of the Am units appeared at
1541 cm ™' and 1367 cm ™}, respectively. Given the monomer
reactivity ratios ry, = 1.04 and r,; = 0.95 for NIPAM (r,) and the
acrylamide (r,) monomer pairs,* together with r’;, = 13.35 and
5, = 0.08 for acrylamide (r';) and the Am (7,) monomer pairs,*
the p(NIPAM-Am) gel may possess random functional NIPAM
and Am units through the polymer network chains.

The TEM image (Fig. 2a) of the Au@p(NIPAM-Am) hybrid
microgels indicates a core-shell morphology with a black dot
embedded in a gray matrix (ca. 200 nm thick). The size of the
black dot is consistent with that of a Au nanoparticle (36 + 5
nm; Fig. 2b), revealing a uniform distribution without signifi-
cant aggregation of the Au nanoparticles embedded inside the
polymer gels. The successful coating of the polymer gel shell
also manifests as a red-shift of ca. 8 nm (35.4 meV; Fig. 3a) on

Fig.2 TEMimage of (a) Au@p(NIPAM-Am) hybrid microgels and (b) Au
nanoparticles.
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Fig. 3 (a) UV-vis spectrum of Au@p(NIPAM-Am) hybrid microgels and
Au nanoparticles. (b) UV-vis spectra of Au@p(NIPAM-Am) hybrid
microgels before and after 5 months’ storage at room temperature.

the peak plasmon absorption of the hybrid microgels (centered
at 533 nm), in comparison with that of the Au nanoparticles
(centered at 525 nm). This red-shift in the peak plasmon
absorption is related to a change in local dielectric constant
around the Au nanoparticles as a result of their encapsulation
in the polymer gels.**** The hybrid microgels are reproducible
from batch to batch, with a high yield of =86%. Moreover, the
hybrid microgels show good stability. No sediment was
observed after at least 6 months’ storage at room temperature.
Only a marginal change in the UV-vis spectrum was observed
(Fig. 3b), implying that the size and shape of the Au nano-
particle cores remained nearly unchanged and the aggregate/
leaching of the Au nanoparticle cores was negligible.

Stimuli-responsive volume phase transition of Au@p(NIPAM-
Am) hybrid microgels

High porosity of the polymer gel shell is crucial for application
of the Au@p(NIPAM-Am) hybrid microgels in catalysis. The
polymer gel shell covering the Au nanoparticle cores should be
so permeable to both reactants and products that mass-transfer
limitations can be avoided to maximize the reaction rates. Since
the porosity of the stimuli-responsive polymer gels can be
characterized by their volume phase transitions in response to
an environmental condition change,**** we then examined the
effect of the solution temperature and the solution pH value,
respectively, on the Au@p(NIPAM-Am) hybrid microgels by
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using in situ DLS, which is a powerful tool to study volume
phase transitions of polymer gel particles in solution.

Fig. 4a shows the temperature-responsive volume phase
transition of the Au@p(NIPAM-Am) hybrid microgels at a
solution pH value of 10.50 (the same solution pH value to that
used for the catalytic experiments discussed below), in terms of
the change in (Dy,) measured at a scattering angle of # = 90°. It
is clear that the (D) of the hybrid microgels significantly
reduced at the elevated temperatures within our experimental
temperature window of 15.0-55.0 °C. The broad volume phase
transition region of the hybrid microgels could be attributed to
crosslinking heterogeneity.?> Fig. 4b shows the (Dy) of the
hybrid microgels as a function of the solution pH value, as
measured at a solution temperature of 25.0 °C (the same solu-
tion temperature to that used for the catalytic experiments
discussed below) and a scattering angle of § = 90°. As expected,
the Am units (pK, = 9.70) on the polymer chains of the polymer
gel shell exhibit well-defined pH-responsive volume phase
transitions. When the solution pH value decreased from 11.10
to 5.90, the Am units were gradually deprotonated. The
Coulombic repulsion among the ionized amine groups
increased the osmotic pressure,” resulting in a gradual
increase in the (Dy) until all Am groups were deprotonated
at pH < 7.00, where the hybrid microgels reached a maximum
swelling. Overall, the stimuli-responsive swelling ratios,
<Dh>T:15°C,pH:10.50/<Dh>T:55°C,pH:10.50 and <Dh>T:25°C,pH:5.90/
(Dh)1—25°C,pri—11.10, Were determined to be 2.1 and 1.1, respec-
tively, indicating the desired high sensitivity of the hybrid
microgels to solution temperature, and an appropriate but not
too high sensitivity to the solution pH value. The stimuli-
responsive volume phase transitions of the Au@p(NIPAM-Am)
hybrid microgels are fully reversible. This was demonstrated by
the perfect match of the heating/cooling curves (Fig. 4a) and pH
increasing/decreasing curves (Fig. 4b), respectively, as well as
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Fig. 4 (a) Temperature-dependent (pH = 10.50) and (b) pH-depen-
dent (25.0 °C) (Dy) of Au@p(NIPAM-Am) hybrid microgels. (c and d)
DLS size distribution of the hybrid microgels before (closed symbols)
and after (open symbols) nine cycles of (c) heating/cooling and (d) pH
increasing/decreasing, respectively.
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the repeatable size distribution during heating/cooling (Fig. 4c)
and pH increasing/decreasing cycles (Fig. 4d). In contrast, the
(Dn) of the free Au nanoparticles stayed nearly constant at
approximately 32 nm in our experimental temperature (15.0-
55.0 °C) and pH (5.90-11.10) windows, reflecting their good
stability in the tested varied environments. Taken together,
these results confirm the highly porous nature of the polymer
gel shell of the hybrid microgels.

pH-responsive LSPR of Au@p(NIPAM-Am) hybrid microgels

Fig. 5a (also see Fig. S1 in ESIt) shows the pH-dependent UV-vis
spectra, which were recorded on the aqueous dispersions of the
Au@p(NIPAM-Am) hybrid microgels under a solution pH value
between 7.53 (swollen state) and 10.55 (collapsed state) at
25.0 °C. Both a remarkable increase in the LSPR intensity (I,x)
and a slightly red shift in the LSPR position (ca. 1-3 nm) were
observed with the increase in pH value. This is likely to be due
to an increase in the refractive index of the polymer gel shell
during its collapse, which results in an increase in the Rayleigh
scattering because of a larger refractive index contrast with the
solvent, as well as an increase in the local refractive index
around the Au nanoparticle cores, which leads to an enhance-
ment of the LSPR band, as previously reported and predicted by
Mie theory.>*® The effect of the variation in the pH value on the
LSPR is summarized in Fig. 5b, which gives the pH-responsive
LSPR in a more orthogonal fashion. The pH resolution (6pH)
was determined to be approximately 0.08-0.15 units over the pH
range of 7.53-10.55 (Fig. 5¢), indicating a high sensitivity for pH
sensing. Due to the good stability and the fully reversible
volume phase transitions of the hybrid microgels, the LSPR
response is completely reversible (Fig. 5d).

Because the model chemical reaction used below involved
changes in the concentration of salts, the pH-responsive LSPR
was required to be free from significant interferences from
those constituents. To this end, the A u@p(NIPAM-Am) hybrid
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Fig. 5 (a) pH-dependent UV-vis spectra of Au@p(NIPAM-Am) hybrid
microgels. (b) A plot showing the relationship between the LSPR
intensity and the pH value. (c) pH resolution. (d) LSPR response cycles
upon repeated pH increasing/decreasing.
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microgels were first subjected to NaCl, as a salt source. When
the NaCl concentration increased from 0 to 1.0 mM, an almost
identical LSPR response to the pH variation was obtained with a
relative error of less than £1.3% (i.e., within +0.14 unit) over
the range 7.53-10.55, demonstrating a minimal impact of the
salt on the pH-responsive LSPR of the hybrid microgels. The
interferences can be further eliminated when the enhanced
LSPR intensity is expressed as a ratio of (I,y-blank)/(Ii—10.55~
blank) to evaluate the LSPR response. Similarly, the pH-
responsive LSPR was independent of 0.1 mM borohydride,
borate, hexacyanoferrate(u), or hexacyanoferrate(ur) ions (with a
relative error generally less than +0.26%, i.e., within £0.03
units). Therefore, a high selectivity for pH sensing should be
achieved by the Au@p(NIPAM-Am) hybrid microgels in the
reaction system.

Modulating the catalytic activity of Au@p(NIPAM-Am) hybrid
microgels

We then examined the catalytic activity of the Au@p(NIPAM-
Am) hybrid microgels, with regard to the reduction of hexa-
cyanoferrate(u) (Fe(CN)s>") by borohydride (BH, ) ions in
water, which has been proposed as a model reaction to evaluate
the catalytic activity of Au nanoparticles.'®**** The redox reac-
tion can be written as*

BH; + 8Fe(CN);~ + 3H,0 — H,BO; + 8Fe(CN)¢~ + 8H* (3)

In the presence of Au nanoparticles, the reaction proceeds
through a two-step process. In the first step, BH,  ions inject
electrons onto the Au nanoparticles, which act as a reservoir
and become cathodically polarized, whereas in the second and
slower step, Fe(CN)s>~ ions diffuse toward the Au nanoparticle
surface and are reduced by the excess surface electrons.**?
There is no chemical reaction either between the reactants and
Au nanoparticles, or between the reactants and the polymers. In
all experiments, we worked at a basic pH (the initial solution pH
= 10.50), to minimize the decomposition of BH, ,* and at a
BH, ™ concentration (2.5 x 10~* M) in large excess with respect
to Fe(CN)g>~ (5.0 x 107° M). In this section, the rate of this
reaction was monitored by using the conventional spectro-
scopic method through following the decrease of the Fe(CN)g>~
absorption (4, at the reaction time t) at 420 nm, and the
conversion was given directly by the ratio of (4, — A« )/(Ao — Awx)-

In a control experiment in the absence of the Au@p(NIPAM-
Am) hybrid microgels, the non-catalyzed reaction pathway can
be neglected, because it is very slow with a half-life of =83 min
at a solution temperature of = 25.0 °C, in accordance with that
reported in the literature.** When the hybrid microgels were
added, the reaction dramatically increased. For instance, with a
Au concentration of 1.8 x 10 Au-atom mL™", the half-life was
shortened to ca. 9 min (Fig. 6a) under the same conditions (pH
= 10.50, T = 25.0 °C, and an inert atmosphere) and the same
starting reactant concentrations. Interestingly, from the spectra
shown in Fig. 6a, it can be clearly observed that the LSPR band
of the Au nanoparticle cores markedly changed as the catalyzed
reduction of Fe(CN)s>~ proceeded. When the hybrid microgels
were carefully separated and purified, the LSPR band readily
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Fig. 6 (a) Time-domain UV-vis spectra of the reaction mixture during
the reduction of Fe(CN)g*~ ions catalyzed by Au@p(NIPAM-Am) hybrid
microgels. (b) UV-vis spectra of the hybrid microgels before and after
use, where the recycled hybrid microgels were separated by centri-
fugation, purified by dialysis, and redispersed into solution. (c) A
comparison of catalysis activity during nine cycles of use, where the
conversion was measured after reacting for 150 min. (d) DLS size
distribution of the hybrid microgels before and after nine cycles of use.
All measurements were made at 25.0 °C.

returned to nearly the same profile as that of the as-prepared
ones (Fig. 6b; the slight drop in intensity is possibly due to a loss
of the hybrid microgels during recycling), proving that the
immediate physicochemical microenvironment of the Au
nanoparticle cores of the hybrid microgels changed during the
catalysis (this confirms the in situ LSPR monitoring of the
catalyzed chemical reaction, as shown in the next section in
detail), meanwhile the Au nanoparticle cores remained stable
and no aggregation took place.

In order to check the reusability of the Au@p(NIPAM-Am)
hybrid microgels, the reduction of Fe(CN)s*>~ was repeated nine
times with the same hybrid microgels, through sequential
addition of the recycled hybrid microgels to a series of aqueous
solutions containing a constant concentration of both
Fe(CN)s*~ (5.0 x 107° M) and BH, (2.5 x 10~* M) at 25.0 °C
and pH = 10.50. The experiments showed that the recycled
hybrid microgels exhibited a catalytic activity similar to the as-
prepared ones. A high degree (>83%) of reduction of Fe(CN)g>~
can be achieved in 60 min, and complete reduction can be
achieved within 150 min, even after nine cycles of use of the
hybrid microgels (Fig. 6¢). Moreover, Fig. 6d shows the DLS size
distribution of the hybrid microgels before and after nine cycles
of use; clearly, the size of the hybrid microgels remains largely
unchanged. Therefore, these results provide direct proof for
their reusability in catalysis, as well as additional confirmation
of the stability of the hybrid microgels in the reaction medium.

It is known that Au nanoparticles can change the order of a
reaction with respect to the reactants. While the direct reduc-
tion of Fe(CN)s>~ with BH, ions has been reported to follow
zero-order Kkinetics with respect to the concentration of
Fe(CN)s*~, when Au nanoparticles were present, pseudo-first-
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Fig.7 (a) Typical time trace of the absorption of Fe(CN)¢>~ ions at 420
nm during their reduction. (b) A kops—T plot showing the temperature-
modulated catalysis activity.

order kinetics have consistently been observed.**** Fig. 7a
shows that this is the case for the solution temperature ranging
from 20.0 to 45.0 °C. Linear relationships between In((4; — A )/
(Ao — Ax)) and ¢t are obtained in all cases at proper conversions.
Deviations from linearity are only seen for very low (<10%) or
high degrees of conversion (>75%). However, for the present
purpose it suffices to discuss the reaction rates. The rate
constant k.,s can be accurately determined from the line
section.*

The rate constants k,ps obtained from the In((4, — A«)/(40 —
A.)) — t plots are shown in Fig. 7b. It is noted that ks does not
exhibit typical dependence on the solution temperature.
Instead of a simple linear relationship between ks and T, the
change in ks with solution temperature can be divided into
three regions: at solution temperatures of T = ca. 25 °C,
kopbs increases with temperature, whereas in the region of ca. 25—
33 °C kops decreases with increasing temperature, and at 7= ca.
35 °C kops increases again. Clearly, the catalytic activity of the Au
nanoparticle cores can be modulated by temperature in a non-
monotonous way over a wide range. As indicated above, the
modulation of the catalytic activity can be explained on the
basis of the temperature-responsive volume phase transition of
the hybrid microgels.*** At low temperatures, the polymer gel
shell is in the fully swollen state; the reactants can easily diffuse
through the pores and reach the Au nanoparticle core surface,
so that k.ps increases with temperature, as expected from
Arrhenius’ law.*'® In the vicinity of the transition region, the
(Dp) starts to decrease (the polymer gel shell shrinks), which
leads to the expulsion of water and compression of the porous
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network. This decrease in porosity affects the diffusion of
reactants through the polymer gel shell, which slows down as
the temperature is increased, thus leading to a decrease in kops.
The results indicate that this decrease in the diffusion coeffi-
cients is not compensated by the Arrhenius-like increase in
reaction rate with temperature. Once the polymer gel shell is
collapsed to some extent, the diffusion of reactants is only
slightly or even no longer affected by changes in the polymer gel
shell. If the solution temperature increases further, the strong
increase in reaction rate with temperature dominates and kqps
rises again.

Label-free in situ LSPR monitoring of the chemical reaction

Having demonstrated the modulation of the catalysis of the
Au@p(NIPAM-Am) hybrid microgels, we next investigated the
feasibility of label-free in situ LSPR monitoring of the model
reaction, ie., the Au-catalyzed reduction of Fe(CN)¢*~ (5.0 x
107° M) by BH, ions (2.5 x 10~* M) in water, at pH = 10.50,
and in an inert atmosphere. As mentioned above, the LSPR
band of the Au nanoparticle cores markedly changed as the
catalyzed reduction of Fe(CN)s*>~ proceeded at 25.0 °C (Fig. 6a).
The variation in the LSPR intensity (I, at reaction time ¢) of the
hybrid microgels is summarized in Fig. 8a, from which two
stages can be observed: (i) at low conversions (<75%), the LSPR
intensity decreased as the reaction proceeded and then gradu-
ally plateaued; (ii) as the reaction proceeded further (at high
degrees of conversion, i.e., >86%), the LSPR intensity increased
until reaching a certain value which was lower than the original
one. With the curve in Fig. 5b serving as a calibration, the
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Fig. 8 (a) Time trace of the LSPR intensity of the Au@p(NIPAM-Am)
hybrid microgels, and (b) kinetic trace of LSPR during the catalyzed
reduction of Fe(CN)s>~ ions. The time-domain conversion and kinetic
curve measured with the Fe(CN)g>~ absorption (open symbols) are
presented for comparison. All measurements were made at 25.0 °C.
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apparent pH value around the Au nanoparticle core could be
obtained from the LSPR reading, from which it was estimated
that the pH value may decrease to as low as around 9.3 (Fig. S2
in ESIT). Changes in the LSPR intensity at low conversions of the
catalyzed chemical reaction correlated well with pseudo-first-
order kinetics (Fig. 8b), and mirrored those monitored by using
the conventional spectroscopic method through following the
decrease of the Fe(CN)s*>~ absorption also at low conversions.
The catalyzed chemical reaction measured with in situ LSPR
exhibited a similar apparent rate constant k;spr of 2.0 x 10>
min~’ to that measured with the Fe(CN)s>~ absorption (kops =
1.9 x 102 min~') under otherwise the same reaction condi-
tions. These results suggest that the hybrid microgels should
allow label-free in situ LSPR monitoring of the catalyzed
chemical reaction.

There are two main ways, among others, to better under-
stand the label-free in situ LSPR response of the Au@p(NIPAM-
Am) hybrid microgels. One relates to changes in the shape, size,
or even composition of the Au nanoparticle cores. However, this
can be excluded by the fact that the LSPR band can be readily
recovered when the hybrid microgels are purified after partici-
pating in the catalyzed chemical reaction (Fig. 6b), which is
clear evidence that the Au nanoparticle cores are stable. This
can be further confirmed by the result of a control experiment,
when Au@p(NIPAM-Am) hybrid microgels were replaced with
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Fig. 9 Time-domain UV-vis spectra of the reaction mixture during
the reduction of Fe(CN)g®~ ions catalyzed by (a) Au nanoparticles and

(b) Au@p(NIPAM) hybrid microgels. All measurements were made at
25.0 °C.
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Au nanoparticles under otherwise the same conditions. From
the spectra shown in Fig. 9a, it can be clearly observed that,
during the period required for significant weakening of the
Fe(CN)g*~ absorption band (until (A4, — A..)/(4¢ — A ) <0.10, Le.,
at high degrees of conversion), the LSPR band of the Au nano-
particles remained totally unchanged. We speculate that the
label-free in situ LSPR response of the Au@p(NIPAM-Am) hybrid
microgels is associated with the changes in local refractive
index of the polymer gel shell at the surface of the Au nano-
particle cores during the pH-responsive volume phase transi-
tions, which should provide the second and substantial
scenario. In principle, the H' ions produced from the Au-cata-
lyzed reduction of Fe(CN)s>~ ions would lead to a decrease in
the local pH value, and thus induce conformational changes in
the polymer gel network chains at the surface of the Au nano-
particle cores. Large conformational changes in the polymer gel
network chains may exhibit as a volume phase transition of the
polymer gels (Fig. S3 in ESIt),>*® which can result in an LSPR
response as has been demonstrated above (Fig. 5). The
hypothesis can be supported by another control experiment,
where Au@p(NIPAM-Am) hybrid microgels were replaced with
pH-insensitive Au@p(NIPAM) hybrid microgels under other-
wise the same conditions, and no significant change in the
LSPR band was observed during the catalyzed chemical reaction
(Fig. 9b), in accordance with that reported previously." In
addition, changes in the concentration of hexacyanoferrate(1r),
hexacyanoferrate(m), borohydride, or borate ions during the
catalyzed chemical reaction have been demonstrated to have a
negligible effect on the pH-responsive LSPR of the Au@p(NI-
PAM-Am) hybrid microgels. Thus, the label-free in situ LSPR
response of Au@p(NIPAM-Am) hybrid microgels could be
useful for providing mechanistic insights into Au-catalyzed
chemical reactions.

Fig. 10a shows the effect of the solution temperature on the
pseudo-first-order rate constant kygpr measured by using the
label-free in situ LSPR response of the Au@p(NIPAM-Am) hybrid
microgels. Three different regions can be distinguished in this
plot: at temperatures below ca. 25 °C, kigpr increases with
temperature, whereas in the region of ca. 25-33 °C, kispr
decreases with increasing temperature, and at temperatures
above ca. 35 °C kygpr increases again. In comparison with the
kobs—T plot (Fig. 7b), kispr revealed nearly the same trend
towards temperature change (Fig. 10a), clearly correlating the
kinetics measured by the label-free in situ LSPR response to
those measured by the conventional spectroscopic method
utilizing the Fe(CN)s*>~ absorption. Therefore, these results can
not only provide a further confirmation of the feasibility of the
hybrid microgels for label-free in situ LSPR monitoring of the
catalyzed chemical reaction, but also indicate that the kinetics
measured by both methods revealed nearly the same trend at
the investigated temperatures.

Since both k;gpr and ks exhibit a conventional Arrhenius-
type dependence on the solution temperature at the regimes of
T = ca. 25 °C (corresponding to the swollen state of the polymer
gel shell) and T = ca. 35 °C (collapsed state),'***** respectively,
the apparent activation energy (E,) and the pre-exponential
factor (4) can be determined on the basis of the linear fitting of
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In k (here k is kyspr O kops) versus T (Fig. 10b) and the
Arrhenius equation:**

Ink=InA — E/RT (4)

The apparent activation parameters are summarized in
Table 1. While the interpretation of the apparent activation
parameters is complicated by the fact that these represent the
combination of the diffusion and catalysis processes,'® for the
results measured with either the label-free in situ LSPR or the
conventional spectroscopic method, the observation that the E,
increased when temperature increased above ca. 35 °C may be
consistent with a model where diffusion is rate-limiting;'® the
collapsed polymer gel shell could be envisaged to require more
energy for the reactant to move. More importantly, in compar-
ison with the apparent activation parameters measured with the

Table 1 The apparent activation parameters for the catalyzed
reduction of Fe(CN)g>~

Measured with in situ Measured with Fe(CN)g>~

LSPR absorption
Temperature A A
range (°C) (min™1) E, (K mol™)  (min™") E, (k] mol ™)
=25 6.9 x 10" 54.4 8.7 x 107 55.2
=35 1.4 x 10°  59.0 3.7 x 10°  61.9
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Fe(CN)s’>~ absorption, the smaller A values (indicating a smaller
total number of collisions per minute),** as well as the smaller
E, values (indicating a lower energy required to reach the
transition state of the reactants, thereby a lower energy required
to initiate the chemical reaction),*” were obtained by the label-
free in situ LSPR monitoring. The observed difference between
the thermodynamics measured by the two methods could be
reasonable when considering that different from the conven-
tional spectroscopic method which only reflects the overall
information occurring in the reaction system, the label-free in
situ LSPR monitoring gives local information occurring on the
catalytic surface and in a relatively confined volume. Therefore,
the label-free in situ LSPR monitoring has the potential to
advance our understanding of the catalyzed chemical reaction
under realistic conditions.

Conclusion

We developed a class of metal@polymer hybrid microgels
comprising of Au nanoparticles covered with a temperature and
pH dual-responsive copolymer gel shell of p(NIPAM-Am), with
which we further demonstrated the feasibility that a metal@-
polymer hybrid microgel under a rational design can not only
allow modulation of the catalytic activity of the noble metal
nanoparticle cores, but also allow label-free in situ LSPR moni-
toring of the catalyzed chemical reaction. While the catalytic
activity can be tuned through varying the solution temperature,
the kinetics and thermodynamics of the catalyzed chemical
reaction can be measured by label-free in situ LSPR monitoring.
Unlike the conventional spectroscopic methods that only reflect
the overall information occurring in the reaction system, label-
free in situ LSPR monitoring gives local information occurring
on the catalytic surface and therefore has the potential to
advance our understanding of the catalyzed chemical reaction.
Although in the presented case the in situ LSPR monitoring is
currently limited to the response to local pH, with the signifi-
cant advances that have been achieved in the design of polymer
gels that can respond to specific molecular species, we antici-
pate that this study may serve as a starting point for the devel-
opment of smart reactors/catalysts for the simultaneous
modulation and monitoring of the catalyzed chemical reaction,
which should significantly expand the range of their
applications.
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