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Gold nanoparticles encapsulated in a thermoresponsive microgel (pNIPAM) were used as
catalysts in the electron-transfer reaction between hexacyanoferrate(III) and borohydride ions.
The thermosensitive pNIPAM network can act as a “nanogate” that can be opened or closed to a
certain extent, thereby controlling the diffusion of reactants toward the catalytic core. Interestingly,
the crosslinker density plays an important role, because it defines the thermal response of the
Au@pNIPAM system and, in turn, the extent of the volume change and therefore the polymeric
density. The catalytic activity of the encapsulated gold nanoparticles is thus affected both by
temperature and by the composition of the shell. A mathematical model reproducing the key features
of the temperature-controlled catalysis by our thermosensitive nanoparticles confirms the effect of

diffusion rate through the shell on the actual reaction rate.

Introduction

Metal nanoparticles and nanocomposites have at-
tracted a great deal of attention, because of their potential
applications in several fields, such as catalysis,"> photo-
nics, electronics, optics, biomedicine,’ and biosensing.4 In
particular, core/shell nanoparticle architectures, in which
a layer of inorganic or organic material surrounds a metal
nanoparticle core, have been investigated both as a means
to improve the stability and surface chemistry of the core
nanoparticle and as a way of accessing unique physical
properties that are not possible from one nanomaterial
alone.” For example, the silica coating of metal nanopar-
ticles is interesting because of the numerous applications
in many fields of materials and biomaterials science. Ung
et al. have shown that metal nanoparticles encapsulated
within thin silica shells can catalyze redox reactions on
their surface.® Lee et al. have shown that silica shells
enhance the colloidal stability of nanoparticles, and a
precise tuning of the shell porosity allows control over the
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catalytic activity through variation of the diffusion rate of
the reactants through the shell.”® Joo et al. have shown that
the coating of platinum nanoparticles with a mesoporous
silica shell confers them with a higher stability,”'® allowing
the particles to be heated up to temperatures approaching
1000 K without evidence of sintering. Although the nano-
particles were buried, the catalytic activity was not inhib-
ited; the silica shell was sufficiently porous to allow
transport of catalytic reactants and products to and from
the surface of the platinum nanoparticle.'”

Additional advantages can be obtained if stimuli-
responsive polymeric shells are fabricated, because they
offer possibilities for external switching and mani-
pulation."™? A common example is poly(N-isopropyl-
acrylamide) (pNIPAM), which is a thermoresponsive
polymer that undergoes a phase transition from a hydro-
philic, water-swollen state to a hydrophobic, globular
state when heated above its lower critical solution tem-
perature (LCST), which is ~32—34 °C, in water."® The
addition of cross-linkers and co-monomers has also been
proposed, as a means to control the swelling/shrinking
ratio of the microgels and to add responsiveness toward
different stimuli such as temperature,'* pH.'>'® jonic
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Figure 1. Schematic representation of an Au@pNIPAM composite
nanoparticle consisting of a gold core and thermosensitive polymer shell.
The pNIPAM shell can reversibly swell or collapse below or above the
LCST, respectively, when dispersed in water.

strength,'”'® or light."” In that respect, Ballauf’s group

has shown that metallic nanoparticles of different nature
can be prepared in situ in the presence of polystyrene/
poly(N-isopropylacrylamide) core—shell particles, in such
a way that the particles are embedded within the polymer
network, so that no additional surface modification
was needed to protect these particles from coagulation.
Stabilization is solely achieved by the spherical polyelec-
trolyte brushes in which the alloy nanoparticles are
immobilized. These nanocomposites have been proven
efficient catalysts for several redox reactions.’*”%* In
addition, the thermoresponsive properties of the polymer
shell allowed the catalytic activity to be modulated in
a nonmonotonous way, by exploiting the temperature-
induced phase transition of the network.?***

Regarding the nature of the catalyst, gold nanoparti-
cles were chosen due to the recent research activity in that
field. Gold nanoparticles can act as catalysts in many
reactions, such as glucose oxidation,?® CO oxidation,?®
and alcohol oxidation.?’ Since metal nanoparticles have a
pronounced tendency to aggregate during the catalytic
reactions, the use of supports or stabilizing agents is
required. Therefore, the use of pNIPAM as a protecting
agent is extra-advantageous, because it makes the nano-
particle not only stable but also thermoresponsive.”®*’ In
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the present work, we studied the catalytic activity of a
well-defined core—shell system comprising a gold core
and a thermoresponsive pNIPAM shell (see Figure 1). In
this system, the accessibility of the metal core for chemical
moieties in solution, which is crucial for testing its cata-
lytic activity, is defined by the porosity of the shell. The
importance of shell porosity has been demonstrated by
the success of in situ seeded-growth of the gold cores, in
which the specific experimental conditions can modify the
diffusion rate of the reactants through the shell, thereby
leading to changes in the resulting nanoparticle morphol-
ogy.”®?° A similar strategy was recently used to fabricate
multifunctional microgels displaying both optical and
magnetic response.’’ Thus, such a well-defined core—
shell system can be used to study the effect of the
temperature-induced swelling—collapse of the polymeric
shell on reactants diffusion.’! In addition, the effect of the
cross-linker density, i.e., the interweaved degree of the
pNIPAM shell on the catalytic activity of the gold sur-
face, can be analyzed.

For the present study, we selected as a model the electron
transfer reaction between hexacyanoferrate(I1I) and boro-
hydrideions in water. This reaction has been demonstrated
to be efficiently catalyzed on both platinum and gold
nanoparticle surfaces, as compared with the catalyst-free
process.>*? In both cases, we showed that (i) the reaction
can be followed up to its completion and (ii) no particle
aggregation occurs during the catalytic process.

Results and Discussion

pNIPAM-Coated Gold Nanoparticles. The core—shell
Au@pNIPAM particles were synthesized by the two-step
procedure recently developed in our group for the en-
capsulation of CTAB-stabilized metal nanoparticles with
pNIPAM.?® The first step comprises the growth of a thin
polystyrene (PS) shell within the CTAB bilayer, which
serves to avoid aggregation and to enhance the polymer-
ization of NIPAM directly on the gold particle’s surface,
in the presence of a cross-linker, N, N'-methylene bisacry-
lamide (BIS), during the second step. Three Au@pNI-
PAM samples were prepared with different cross-linker
densities by gradually increasing the percentage of BIS in
the mixture prior to polymerization, while keeping the
amount of NIPAM monomers constant. The molar con-
tents of BIS in these samples were 7%, 10%, and 15%.
Figure 2 shows representative TEM images of the pNI-
PAM-coated gold nanoparticles with different BIS con-
tent, upon the removal of core-free microgels through
centrifugation (see the Experimental Section). It can be
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Figure 2. (A—C) TEM images of Au@pNIPAM particles containing
7% (panel A), 10% (panel B), and 15% (panel C) N,N’-methylene
bisacrylamide. (D) Variation of the swelling ratio () of the different
samples (as indicated) with temperature (see text for details).

clearly seen that all particles are coated and there is no
sign of aggregation. At first sight, a higher cross-linking
density seems to lead to thinner microgel shells, which can
be related to the ability of the microgel shell to spread on
the TEM grid during the drying process.”’

The thermoresponsive properties of these core—shell
systems were initially characterized by photon correlation
spectroscopy (PCS). The swelling behavior, defined as the
ratio between the volume of the particle at a given
temperature and that of the particle in the fully collapsed
state (00 = V(T)/Veoltapsed(52 °C)), is shown in Figure 2D
for these particular samples. In all cases, a well-defined
volume phase transition temperature was determined at
~32—34 °C, with a slope that increased for lower cross-
linker contents, as previously reported.? Figure 2D also
demonstrates that the relative swelling of the microgel
decreases as the cross-linking density increases. In parti-
cular, a decrease in the BIS content (from 15% down to
7%) produces an increase in the fully swollen volume of
~2.4-fold (see Table 1).

Catalysis with Au@pNIPAM. We studied the catalytic
activity of the nanocomposites, with regard to the reduc-
tion of hexacyanoferrate(Ill) by borohydride ions in
aqueous solution, which has been proposed as a model
reaction to evaluate the catalytic activity of gold nano-
particles.* The redox reaction can be written as®”

BH, +8Fe(CN)}™ +3H,0 — H,BO; +8Fe(CN)?™ +8H*
(1)

In the presence of gold nanoparticles, the reaction
proceeds through a two-step process. In the first step,
borohydride injects electrons on the particles, which
act as a reservoir and become cathodically polarized,
whereas in the second and slow step, ferricyanide ions
diffuse toward the nanoparticle surface and are re-
duced by excess surface electrons. Also note that the

(34) Carregal-Romero, S.; Pérez-Juste, J.; Mulvaney, P.; Hervés, P.;
Liz-Marzan, L. M. Langmuir 2010, 26, 1271-1277.
(35) Freund, T. J. Inorg. Nucl. Chem. 1959, 9, 246-251.
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Table 1. Dimensions of the Different Au@pNIPAM Nanocomposites, as
Determined by PCS and TEM

Dy (nm)

%NIPAM® % BIS”  at10°C  at52°C  Oma’  d(nm)?
100 15 508.4 325.7 38 582446
100 10 436.3 236.3 63  58.6+42
100 7 614.1 296.2 9.1  64.1+46

“Defined as the standard amount; 0.1698 g NIPAM, see Experi-
mental Section for details. ®Molar percentage of N,N'-methylenebis-
acrylamide, with resg)ect to NIPAM. “ Maximum swelling ratio: 0p.x =
V(10 °C)/ V(52 °C). “ Average diameter of the gold cores determined by
TEM.

noncatalyzed reaction pathway (eq 1) can be neglected,
because it is very slow, compared to the catalyzed
reaction.** In addition, it is worth mentioning that, in
all experiments, we worked at basic pH, to minimize
the decomposition of borohydride,*® and at a boro-
hydride concentration in large excess with respect to
hexacyanoferrate(IIl) ions. Thus, the kinetics of the
reduction process can be treated as a pseudo-nth-order
reaction, following the equation

.
SN ) recny T @

The progress of the reduction was monitored through
changes in the ultraviolet—visible (UV—vis) spectrum of
hexacyanoferrate(III) (see Figure 3A). The characteristic
hexacyanoferrate(II1I) absorption band at 420 nm was
observed to decrease with time as reduction into ferro-
cyanide proceeded, offering a good correlation with first-
order kinetics, as shown in Figure 3B.

From the spectra shown in Figure 3A, it can be clearly
observed that, during the period required for complete
disappearance of the hexacyanoferrate(Ill) absorption
band, the surface plasmon band (535 nm) of the gold
nanoparticles remained totally unchanged, which is a
clear evidence that the colloid is stable. Figure 3B shows
a typical kinetic trace highlighting the high-quality, first-
order nature of the reaction.

To check the reproducibility/reusability of Au@pNI-
PAM as a catalyst, the reduction of hexacyanoferrate-
(ITT) was repeated several times, using the same colloidal
solution, through sequential addition of K3Fe(CN)g to
an aqueous solution containing excess borohydride and
a constant concentration of Au@pNIPAM nanoparti-
cles. Figure 4 shows the kinetic trace at 420 nm and the
calculated rate constant for each addition. It is obvious
from this plot that the first-order kinetic behavior was
perfectly reproducible, as predicted by eq 2. Although
the reaction half-life time increased from 8.1 s to 9.3 s
between the first and fourth additions of hexacyano-
ferrate(Ill), note that after each addition, the final
volume increased by 0.8%, leading to a slight decrease
in borohydride and gold nanoparticle concentration.
This experiment is a clear evidence for the stability of

(36) Bhattacharjee, M.; Bhattacharjee, A. K.; Mahanti, M. K. Bull.
Chem. Soc. Jpn. 1981, 54, 3566-3569.
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Figure 3. (A) Spectral evolution of a mixture of hexacyanoferrate and Au@pNIPAM nanocomposites upon borohydride addition. [Fe(CN)¢> "] = 4 x
107*M, [BH, ] = 0.05M, [Au@pNIPAM]np= 1.34 x 1072M. T = 22°C, pH = 12,1, = 8.6 5. Seven percent (7%) BIS Au@pNIPAM sample. B)
Kinetic trace of the absorbance at 420 nm during the reduction of Fe(CN)¢>~, and linearized data for first-order analysis corresponding to Figure 3a.

kops = 0.08 871
0,5 ; . . . Au Surface Area (nm’L™)
0.0 6.81x10" 1.36x10"
0.25 1 1
0,4 ]
1k=0085s" b k=0074¢"
g ‘ ! , L 0.20 1
g 03 1
e .
= : A
@ t 0.154 _
Qo % - °
<< 0,2 E 3
m
2 0.10- 4
x° 4 °
0,1 . o
0.05 i
T T T T T /AN
0 100 200 300 400
Time (s) 0.002 . :
0.0 1.0x10™ 2.0x10™

Figure 4. Absorbance kinetic traces at 420 nm, registered during the
sequential reduction of Fe(CN),” . Initial concentrations: [Fe(CN)¢” | =
4% 107* M, [BHy ] = 0.05 M, [Aulnp= 1.34 x 1072 M. T = 19 °C,
pH = 12. The arrows indicate the times at which Fe(CN)s>~ was added to
obtain [Fe(CN)s* ] = 4 x 107 M.

the Au@pNIPAM composite colloid in the reaction
medium, as well as for the reproducibility of its catalytic
activity.

Influence of Au@pNIPAM Concentration. The effect of
catalyst (gold) concentration on the reaction rate was
studied for three Au@pNIPAM colloids with different
cross-linking content (7%, 10%, and 15% BIS). Figure 5
shows the influence of Au@pNIPAM concentration for
the different cross-linking densities at 7" = 15 °C. In all
cases, a linear relationship was obtained between the
observed rate constant and the concentration of gold
cores. It can also be observed that, for the colloids coated
with a shell of lower cross-linking density, the catalytic
activity was consistently higher, for the same Au@pNI-
PAM concentration.

The catalytic effect of the nanoparticles depends on
both the concentration and the gold surface area per
particle. To highlight this effect, the total surface area
per unit solution volume is also indicated in Figure 5
(upper x-axis). The linear dependence of the observed rate
constant with the total surface area of the metal nano-
particles allows us to rewrite the first-order rate equation

[Au@pNIPAM],, (mol L")

Figure 5. Influence of Au@pNIPAM nanocomposite concentration
(lower x-axis) and the corresponding gold surface area per unit solution
volume (upper x-axis) on the observed pseudo-first-order rate constant,
for different shell cross-linking densities: (O) 7% BIS, (2) 10% BIS, and
(®)15% BIS. T' = 15°C.[Fe(CN)¢> ] = 4 x 10 * M, [BH, ] = 0.05 M,
pH = 12.

(eq 2) as follows:

N
AFAONT) _ fre(on)g ]

= ks [Au}coreA [Fe(CN)63 - ]
K S[Fe(CN) ] )

where A is the gold surface area per particle and kg the
rate constant normalized to the total surface area of gold
per unit volume of solution (values of 30.0 nm and 19.2 g/em®
for the gold nanoparticle radius and gold density,
respectively, were used), and S the total surface area per
unit solution volume. Equation 3 accurately predicts the
linear trend shown in Figure 5, indicating that the ob-
served rate constant increases with the available gold
surface area per unit volume, thus confirming that the
catalytic reduction occurs on the surface of the metallic
nanoparticles and the catalytic activity therefore depends
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Figure 6. Influence of temperature on the observed pseudo-first-order
rate constant, k,ps, measured in the presence of 10% BIS Au@pNIPAM,
compared with the corresponding hydrodynamic diameters. [Fe(CN)s> ] =
4 x 107* M, [BH, ] = 0.05M, [Au@pNIPAM]np = 3.41 x 102 M,
pH = 12. The lines indicate the approximate LCST, as determined by
PCS and kinetic analysis.

on the total surface area of the gold nanoparticles. Be-
sides, the effect of cross-linking density on the catalytic
activity shows us that the diffusion of the reactants
through the pNIPAM shell plays an important role in
our system. The linear trend can be observed, regardless
of the selected temperature, but the reaction rates are
obviously influenced by temperature. As an example,
Figure S1 in the Supporting Information shows the
influence of particle concentration for the case of 15%
BIS, at 15 and 44 °C, corresponding to the fully swollen
and collapsed states of the microgel, respectively. Coun-
terintuitively, we found that the slope measured at 15 °C
was ca. 17.6 times larger than that at 44 °C; this means
that an increase in temperature leads to a decrease in the
catalytic activity. This behavior can tentatively be as-
cribed to the change in pNIPAM shell density (porosity)
on the diffusion of the reactants, which is discussed in the
following section.

Influence of Temperature. Considering the anomalous
behavior observed at temperatures around the LCST of
the pNIPAM shell (see Figure S1 in the Supporting
Information), we decided to perform a more detailed
analysis of the influence of temperature on the reduction
kinetics. Figure 6 shows the effect of temperature for a
Au@pNIPAM colloid where the shells have a BIS con-
tent of 10%, while keeping all other reaction conditions
constant. Three different regions can clearly be distin-
guished in this plot: at temperatures of <20 °C, the
observed rate constant increases with temperature,
whereas in the region of 20—35 °C, ks decreases with
increasing temperature, and, finally, at >35 °C, the
observed rate constant increases again with temperature.
Similar behavior was registered for the two other samples
with different BIS contents (see Figure S2 in the Support-
ing Information).

As indicated above, the explanation of the observed
experimental behavior will be based on the thermore-
sponsive behavior of the pNIPAM shell. Figure 6 (right
y-axis) shows the variation of the hydrodynamic diameter
of the Au@pNIPAM particles with temperature, as
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determined by PCS. At low temperature, the pNIPAM
shell is in the fully swollen state, because of its high
solubility in water; the reactants can easily diffuse
through the pores and reach the gold nanoparticle sur-
face, so that the observed rate constant increases with
temperature, as expected from Arrhenius’ law.>* In the
vicinity of the LCST (32—34 °C), the particle diameter
starts to decrease (the shell shrinks), because of the lower
solubility of pNIPAM in water, which leads to the expul-
sion of water and compression of the porous network.
This decrease in porosity affects the diffusion of reactants
through the polymer shell, which slows down as the
temperature is increased, thus leading to a decrease in
the observed rate constant. The results indicate that this
decrease in the diffusion coefficients is not compensated
by the Arrhenius-like increase of reaction rate with tem-
perature (vide infra). Once the shell is fully collapsed, the
diffusion of reactants is no longer affected by changes
in the polymer shell and further temperature increases
again lead to a gradual increase in the observed rate
constant.

It should be indicated that the LCST values determined
from light scattering and from the kinetic data are slightly
different. Although analysis of the PCS data provides a
LCST value similar to that reported for pure pNIPAM
(32—34°C),"**® the kinetic data show a shift in the phase-
transition temperature toward lower temperatures
(27—28 °C). Although not expected, this difference can
be explained considering many facts that have been
reported for pNIPAM polymerization and properties
(see, for instance, ref 37). It has been reported that, as a
result of the different hydrophobicity and polymerization
rates of NIPAM and bisacrylamide, their distribution
within the microgel is far from homogeneous.?’ A core—
shell model was thus proposed for pure pNIPAM micro-
gels, where the core would contain the majority of cross-
linker molecules.'**” The overall swelling behavior of the
particle is dominated by the swelling of the outer, less-
cross-linked regions of the microgel, at temperatures near
the LCST.*® Some studies of the deswelling process using
fluorescence nonradiative energy transfer (NRET) con-
cluded that deswelling starts in the external part of the
pNIPAM spheres at lower temperatures than those in the
core.” The consequence is that the transition behavior
depends on a subtle balance between the ability by the
amide groups of the NIPAM and BIS units to form
hydrogen bonds with water, and the hydrophobic inter-
action of the monomer units with each other. Because the
BIS unit is more hydrophilic than NIPAM at elevated
temperature,*® and BIS density is higher near the particle
surface, the external part is more hydrophobic and col-
lapses at lower temperature. This can explain the lower
LCST obtained from the kinetic data. Because the microgel

(37) Hoare, T.; Pelton, R. Curr. Opin. Colloid Interface Sci. 2008, 13,
413-428.
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109.
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Figure 7. Influence of the cross-linking density on the catalytic activity of
gold nanoparticles. [Fe(CN)s> ] = 4 x 10~* M, [BH, ] = 0.05M, pH =

12. Gold surfaces: (W) 2.61 x 10" nm? for 7% BIS, (O) 6.64 x 10" nm?for
10% BIS, and (a) 6.64 x 10" nm? for 15% BIS.

shell can slow down the diffusion of reactants at lower
temperatures, we suggest that the internal inhomogene-
ities present in the pNIPAM shell are registered at lower
temperature in the kinetic data (slowing down the diffu-
sion of the reactants) than in PCS, which shows an overall
change in particle size without taking into account the
internal structure of the shell.

Influence of Cross-Linking Density. Finally, we analyze
the influence of the microgel cross-linking density on
the profile of the catalytic activity versus temperature.
Figure 7 shows the observed rate constants, normalized
by the total gold surface area, for three samples with
different BIS content. As noted in the previous section, a
similar trend was observed for all three cases: increasing
rate constants at temperatures of <20 °C, followed by a
decrease in rate constants in the range of 20—35 °C
(microgel shell collapse), and finally increasing rate con-
stants at >35 °C. As general observations, we can say
that the normalized rate constant is higher when the shell
has a lower cross-linker content, and that the slopes are
consistently larger as the percentage of BIS decreases.
This overall trend can be understood as an effect of the
cross-linking density of pNIPAM, which leads to a
decrease in microgel porosity at denser cross-linking.*'
Theoretically estimated pore size values of 2.4 and 4.1 nm
have been reported for microgels with cross-linker den-
sities of 7.4 and 4.4 mol %, respectively.*! Since the cross-
linking distribution is radial, it is also expected that the
pore size increases from the center of the particle toward
the periphery.** This effect can be exemplified at 20 °C,
where the normalized ks reaches a maximum in all cases,
but decreasing the cross-linking density by a factor 2.1
(from 15% to 7% BIS) leads to a 9.6-fold increase in
the value of kgps/Aioral. However, in the fully collapsed
state, at 34 °C, the value of kgyps/Aioral T€aChes a mini-
mum, which is similar for the samples with 10% and 15%
BIS but is higher by a factor of 4 for 7% BIS. These
differences between the swollen and collapsed states

(41) Bradley, M.; Vincent, B. Langmuir 2005, 21, 8630-8634.
(42) Saunders, B.; Vincent, B. Adv. Colloid Interface Sci. 1999, 80, 1-25.
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could be explained by simply considering a different
cross-linking degree of the pNIPAM chains, leading to
a higher or lower porosity, making diffusion of the
reactants through the polymeric shell easier or more
difficult, respectively. Similar results were previously
reported by Lu et al. for thermosensitive core—shell par-
ticles consisting of a polystyrene core and a pNIPAM
shell with different cross-linking degrees and doped with
silver nanoparticles. However, despite the relatively simi-
lar swelling ratios, the small thickness of the pNIPAM
shell leads to a much-less-pronounced cross-linking
effect in their case.*

Kinetic Modeling. In all cases, the kinetic traces follow
pseudo-first-order kinetics, indicating that a steady-state
situation is reached very rapidly. If a steady-state situa-
tion had not been reached rapidly, the kinetics would
have shown an induction period.** Within each tempera-
ture regime (that is, below and above the LCST), we
consider the pNIPAM shell as a hollow shell (or spherical
wall) of constant properties with inner diameter r; and
outer diameter r,. A reaction occurring at the surface of
the nanoparticle then involves diffusion of a reactant R
across the nanoparticle shell with a diffusion coefficient
Dy s, followed by reaction at the surface of the nanopar-
ticle with a rate constant kg,.r. We assume a homogeneous
distribution of the reactant outside the nanoparticle shell,
i.e., conditions of perfect mixing or at least fast diffusion
of the reactant in the bulk solvent compared to diffusion
in the nanoparticle shell. Under such conditions, the
reactant concentration in bulk solvent is identical to the
concentration at the outer limit of the nanoparticle shell,
[R],. The reactant concentration at the inner limit of the
shell, i.e., at the surface of the nanoparticle core, is given
as [R];. Figure S1 in the Supporting Information sum-
marizes the complete process. Under steady-state condi-
tions, within each temperature regime, and assuming that
the fractional amount of reactant at the inside of the shell
and within the shell is small compared to the total
concentration of reactant (i.e., [R]o~[R]iotal), the overall
temperature dependence of k,ps results from the com-
bined temperature dependence of kq,rand Dg g, for which
Arrhenius-type behavior is found in most liquids** (eq 4).
(For the full derivation of eq 4, see the Supporting
Information.)

riro

47(-—=) NADr,s(T)
kobS<T) = ksurf(T)[ ° ! Fifq ]
kst (T) + 4n(r - }M)NADR’S(T)

4)

In the case of a temperature-sensitive permeable shell,
such as pNIPAM, the extended-collapsed transition can
be approximated as a two-state transition with a tem-
perature-dependent equilibrium constant Kigjapse (€€

(43) Crank, J. The Mathematics of Diffusion, 2nd Ed.; Oxford University
Press: Oxford, U.K., 1975.

(44) North, A. M. The Collision Theory of Chemical Reactions in
Liquids; Methuen & Co Ltd: London, 1964.
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Figure 8. Influence of the temperature on the pseudo-first-order rate
constant per gold nanoparticle concentration for the different BIS con-
tents: (W) 7%, (O) 10%, and (A) 15%. The curves are the result of fitting
eq 5 to the experimental data as described in the text.

Figure S3 in the Supporting Information). We distinguish
between rate constants below and above the LCST, viz.
kobs,7<LcsT(T) and kops 7> .cst(T), resulting in eq 5 for
the overall temperature dependence of the observed rate
constant:

1
kobs, global — ( )) kobs, T<LCST(T)

1 + Kcollapse ( T

KCOHapse ( T)
_ Teollapsel 1 )y o . .
1 + KCOllapse(T)) obs, T>LCST( ) ( )

Figure 8 shows the best fit of eq 5 to the kinetic data for
the three nanocomposites, and Table S1 in the Supporting
Information summarizes the resulting parameters ob-
tained.*> The obtained parameters show that increasing
fractions of cross-linker result in decreasing enthalpy
changes for the shell collapse. This decrease in AHqiapse
corresponds to a reduced cooperativity of the transition
and is typically attributed to shorter interacting stretches
of pNIPAM driving the collapse of the gel. This, in turn,
results in broader transitions for more extensively cross-
linked gels.*® Long stretches of pPNIPAM with just suffi-
cient cross-linking to make the interaction intramolecu-
lar, on the other hand, result in strongly cooperative
(i.e. steep) transitions.

The parameters in Table S1 in the Supporting Informa-
tion allow us to calculate the midpoint of the pNIPAM
transition Tiojapse for the pNIPAM shell (see Table 2).
The kinetic parameters are further analyzed in terms of
the limiting models, i.e. either assuming the reaction at the
nanoparticle surface to be fully rate-determining or as-
suming that diffusion is fully rate-determining. Surface
rate constants and diffusion coefficients for both assump-
tions are summarized in Table 2.

(45) The fitting procedure was performed with Mathematica; see the
Supporting Information for details.

(46) Woodward, N. C.; Chowdhry, B. Z.; Snowden, M. J.; Leharne,
S. A.; Griffiths, P. C.; Winnington, A. L. Langmuir 2003, 19, 3202—
3211.
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The kinetic parameters in Table 2 show that the phase-
transition temperature for the pNIPAM shell is virtually
constant for all percentages of cross-linker used, as
expected for a cross-linked gel. If we assume kg, to be
fully rate-determining, then the calculated rate constants
for the surface reaction are very similar to values typically
expected for diffusion-controlled reaction. Analogously,
if we assume diffusion to be fully rate-determining, the
calculated diffusion coefficients for reactant diffusion
through the fully extended pNIPAM shell are only
slightly lower than the self-diffusion coefficient of water
(23 x 107% dm? s~ ' at 298.2 K)*” and are similar to the
value of 9.0 x 107® dm? s ! for Fe(CN)¢*~ in dilute
aqueous solution at 298.2 K.** The observation that the
Arrhenius activation energy increases when going above
the LCST (Table S1 in the Supporting Information) is
also consistent with a model where diffusion is rate-
limiting; the collapsed pNIPAM gel can be envisaged to
require more energy for the reactant to move. Despite the
indications that the diffusion is rate-limiting, effects on
kgurr cannot be excluded completely, because it is easily
conceivable that kg,s is subject to changing medium
effects upon pNIPAM shell collapse.

It is also interesting to evaluate the factors required for
efficient temperature control of catalysis for nanoparti-
cles encapsulated within a thermoresponsive shell. The
interpretation of the activation parameters is difficult
because kqp,s incorporates both diffusion through the
pNIPAM shell and the reaction at the nanoparticle sur-
face, and is further complicated by parameter correlation
(see the Supporting Information). Nevertheless, it is
possible to analyze the properties and dimensions of the
nanoparticle shell required for the observed temperature
control of nanoparticle catalysis. Here, we assume fully
rate-determining diffusion, but analogous arguments are
valid for partially rate-determining diffusion. The key
factor controlling the effect of nanoparticle shell collapse
in eq 4 is given by the term shown in expression 6:

Iil'o

(

) D ©)
Upon shell collapse, the term rir,/(r, — r;) will increase but
the diffusion coefficient Dy s will decrease. The product in
eq 6 must decrease for nanoparticle catalysis to be
retarded upon shell collapse. For the current design
involving an extensive pNIPAM shell around a relatively
small catalytic nanoparticle, the increase in the term
riro/(ro — r;) is minimal (see Table 2). On the other hand,
the decrease in the diffusion coefficient is significant,
particularly for the systems involving 7% and 10%
cross-linker. This combination results in efficient control
of the catalytic activity. An additional advantage of the
use of less cross-linker stems from the increased coopera-
tivity of the pNIPAM transition (vide supra), allowing

(47) Krynicki, K.; Green, C. D.; Sawyer, D. W. Faraday Discuss. 1978,
66, 199-208.

(48) CRC Handbook of Chemistry and Physics, 74th Ed.; CRC Press:
London, 1993—1994.
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Table 2. Kinetic Parameters Obtained through the Fitting of eq 5 to the experimental data. See SI for Further Details about the Fitting Procedure

7% 10% 15%
Tcollupse 301 K 298 K 2908 K
Assuming Rate-Determining Reaction at the NP Surface
ksurf
at 290 K 51 %x101°M st 29 % 101°M st 0.6 x 1010 M 17!
at 310 K 0.8 x 10"°M 57! 0.2 x 101°M st 0.2 x 10" M 5!
Assuming Rate-Determining Diffusion to the NP Surface
riro/(rn - ri)
at 10 °C 36 nm 33 nm 33 nm
at 52 °C 40 nm 38 nm 35 nm
DR,S
at 290 K 18.6 x 1078 dm?s™! 11.7 x 1078 dm®s™! 2.2 x 1078 dm?s™!
at310 K 2.6 x 1078 dm?s ™! 0.8 x 107 dm?s™! 0.6 x 1078 dm?s™!

catalysis to be controlled over narrow temperature
ranges. Finally, for efficient control over catalytic effi-
ciency of nanoparticles by a thermosensitive shell, the rate
of the reaction must be controlled by diffusion through
the nanoparticle shell to a significant extent. If this is
not the case, kg,+ becomes the dominant term in kg,
(vide supra) and ks will be sensitive to medium effects at
best.

Conclusions

In summary, we have demonstrated that pNIPAM-
gold nanoparticles act as an efficient, thermoresponsive
catalyst for the reduction of ferricyanide ions by borohy-
dride in aqueous solution. The catalytic activity can be
tuned in a peculiar manner, through changes in the
temperature of the solution. The diffusion of the reactants
through the shell=—and, therefore, the catalysis—are af-
fected by both the cross-linking density and temperature,
affecting the catalytic efficiency of the nanocomposite
colloids. A kinetic model for the observed rate constant
for systems combining diffusion through a nanoparticle
shell with reaction at the surface of the nanoparticle was
derived using the steady-state approximation. This ki-
netic model was combined with a two-state thermody-
namic model describing pNIPAM shell collapse, resulting
in an equation describing the overall temperature depen-
dence of the kinetics for catalysis by nanoparticles en-
capsulated within a thermosensitive shell. These
equations allow the analysis of the factors required for
efficient temperature control of Au@pNIPAM nano-
composites. Systems involving an extensive thermore-
sponsive shell with limited cross-linking, such as the
system presented here, allow for particularly efficient
control of the catalysis.

Experimental Section

Materials. Ascorbic acid (AA), cetyltrimethylammonium
bromide (CTAB), styrene, divinylbenzene and N-isopropyl-
acrylamide (NIPAM, 97%), sodium borohydride, and sodium
hydroxide were supplied by Aldrich. HAuCl,-3H,O and triso-
dium citrate dihydrate were supplied by Sigma. N,N'-methyl-
enebisacrylamide (BIS) was supplied by Fluka. 2,2’-azobis(2-
methylpropionamidine) dihydrochloride was supplied by Acros
Organics. Potassium hexacyanoferrate(I11) was purchased from
Scharlab. All reactants were used without further purification.

Water was purified using a Milli-Q system (Millipore, Bedford,
MA).

Synthesis of Au@pNIPAM Composites. pNIPAM-coated
gold nanoparticles were prepared through a simple two-step
method developed by Contreras-Cdceres et al.*>?° In a typical
synthesis, gold nanoparticles with a diameter of 59 + 4 nm were
prepared through a seeded growth method,* based on the
reduction of HAuCl, with ascorbic acid on CTAB-stabilized
gold nanoparticle seeds (~15 nm, prepared by citrate re-
duction), in the presence of 0.015 M CTAB. Subsequently, the
particles were coated with polystyrene as follows: 150 mL of as-
prepared CTAB-stabilized gold nanoparticles were centrifuged
at 4500 rpm for 40 min, the supernatant was discarded, and the
precipitate redispersed in 150 mL of Milli-Q water. The solution
was then heated to 30 °C, followed by the addition of styrene
(10 4L) and divinylbenzene (5 uL) under stirring. After 15 min,
the temperature was increased to 70 °C and the polymerization
was initiated by adding 2,2'-azobis(2- methylpropionamidine)
dihydrochloride (20 #L 0.1 M in water). The polymerization was
allowed to proceed for 2 h. The solution was centrifuged at 4000
rpm (40 min), the supernatant was discarded, and the precipitate
was redispersed in 15 mL of Milli-Q water. The solution was
purged with nitrogen (15 min), followed by addition of N-
isopropylacrylamide (0.1698 g, 1.503 mmol, 100%, referred to
as the standard amount) and N,N-methylenebisacrylamide
(0.0234 g, 0.150 mmol, 10% content with respect to NIPAM).
After 15 min, the nitrogen flow was stopped and the polymeri-
zation was initiated with the addition of 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (90 uL 0.1M). After
7—10 min, the reddish solution became turbid and the reaction
was allowed to proceed for 3 h at 70 °C. The white mixture was
then allowed to cool down to room temperature under stirring.
To remove small oligomers and unreacted monomers, as well as
gold free microgels, the dispersion was diluted with water
(15 mL) and centrifuged (30 min at 4000 rpm) and redispersed
in water three times. The cross-linking density was varied by
keeping the amount of NIPAM constant (0.1698 g, 1.503 mmol,
100%) and varying the amount of N,N'-methylenebisacryl-
amide (16.4 mg, 0.106 mmol, 7%:; 23.4 mg, 0.151 mmol, 10%;
and 35.1 mg, 0.226 mmol, 15%).

ICP-AES Analysis. Two milliliters (2 mL) of each sample
(Au@pNIPAM with 7%, 10%, and 15% BIS) were mixed with
2 mL of aqua regia and progressively digested (15 min at 60, 120,
and finally 160 °C). Thereafter, dilution to 25 mL was performed
with a primary standard (Nd, 1 mL of aqueous solution, 100 mg/L)
before proceeding with the inductively coupled plasma-optical

(49) Rodriguez-Ferndndez, J.; Pérez-Juste, J.; Garcia de Abajo, F. J.;
Liz-Marzan, L. M. Langmuir 2006, 22, 7007-7010.
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emission spectroscopy (ICP-OES) analysis in a Perkin—Elmer
Model Optima 4300-DV ICP-OES spectrometer.

Characterization. UV—vis spectra were recorded using an
Agilent Model 8453 UV —vis spectrophotometer. Transmission
electron microscopy (TEM) analysis was performed with a
JEOL Model JEM 1010 microscope operating at an acceleration
voltage of 100 kV. Photon correlation spectroscopy (PCS) was
performed on a Zetasizer Nano S (Malvern Instruments, Mal-
vern, U.K.), using a detection angle of 173° and a 4mW He—Ne
laser operating at 633 nm. The intensity-averaged particle
diameter and the polydispersity index (PDI) values were calcu-
lated from cumulant-type analysis.

Kinetic Measurements. The reactions were conducted at
different temperatures in quartz cuvettes (thermostatted with
an accuracy of 0.2 °C), within a diode-array UV/vis spectro-
photometer (Agilent Model 8453). All reaction mixtures were
maintained at pH 12, to avoid NaBH, decomposition.36 Kinetic
data were satisfactorily fitted by first-order integrated rate
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equations in hexacyanoferrate concentration. Experiments were
reproducible to within 5%.
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