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ABSTRACT Here, we demonstrate that bimetallic Au—Pt nanorods (NRs) can be grown in situ into
thermosensitive core—shell microgel particles by a novel two-step approach. In the first step, Au NRs with an
average width of 6.6 == 0.3 nm and length of 34.5 = 5.2 nm (aspect ratio 5.2 = 0.6) were homogeneously
embedded into the shell of PNIPA networks. The volume transition of the microgel network leads to a strong red
shift of the longitudinal plasmon band of the Au NRs. In the second step, platinum was preferentially deposited
onto the tips of Au NRs to form dumbbell-shaped bimetallic nanoparticles. The novel synthesis forms bimetallic
Au—Pt NRs immobilized in microgels without impeding their colloidal stability. Quantitative analysis of the
catalytic activity for the reduction of 4-nitrophenol indicates that bimetallic Au—Pt NRs show highly enhanced
catalytic activity, which is due to the synergistic effect of bimetallic nanoparticles. The catalytic activity of
immobilized Au—Pt NRs can be modulated by the volume transition of thermosensitive microgels. This
demonstrates that core—shell microgels are capable of serving as “smart nanoreactors” for the catalytic active
bimetallic nanoparticles with controlled morphology and high colloidal stability.
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nvironmentally responsive micro-

gels, which can react in a specific way

to external stimuli, have been the
subject of great interest in the last two de-
cades due to their versatile applications,’
such as drug delivery,>® biosensing,*
chemical separation,® and catalysis.®” Re-
cently, polymer—inorganic hybrid micro-
gels comprising metal nanoparticles have
become the current research focus because
they open new avenues in the synthesis
and fabrication of various materials with ad-
vanced properties.® "' For example, Kuma-
cheva et al.">"* introduced polymer
microgels as carrier systems for different
nanoparticles (NPs). They showed that NPs
made from semiconductors and metals can
be successfully synthesized using these
polymer microgels as templates. These sys-
tems are expected to have promising appli-
cations in catalysis and chemical and bio-
logical separation. Kawaguchi et al.’*'>
have reported the color change of hybrid
microgels loaded with Au or Ag/Au nano-
particles. The color change can be tuned by
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the interparticle interactions modulated by
the swelling or deswelling of the ther-
mosensitive microgel. Very recently, we
have demonstrated that thermosensitive
core—shell microgels can work as “nanore-
actors” for the immobilization of metal
nanoparticles that allows us to modulate
the catalytic activity of metal nanoparticles
by the volume transition that takes place
within the carrier system.'®” ' To our best
knowledge, so far, only spherical metal
nanoparticles have been prepared via the
in situ approach because of the difficulty as-
sociated with the morphology control
within the microgel matrix.

Considerable attention has been paid
to one-dimensional (1-D) inorganic nano-
materials such as nanorods,?®~%? nano-
tubes,”® and nanowires?*2> stemming from
their unique size- and shape-dependent op-
toelectronic and surface properties.?® 28
As one of the most intensively studied 1-D
nanomaterials, Au nanorods (Au NRs) show
interesting optical properties in the visible
and near-infrared (NIR) region because of
the strong anisotropy of shape.?*3° For the
preparation of Au nanorods, a synthetic
protocol referred to as “seed-mediated
growth” has been established by several
groups in the past few years.>'32 Typically,
Au NRs carry a positive charge owing to the
cationic surfactant cetyltrimethylammo-
nium bromide (CTAB), which is used as the
shape-inducing and stabilizing agent of Au
NRs. The electrostatic interaction between
the positively charged NRs and the nega-
tively charged microgels has been em-
ployed for the immobilization of presynthe-
sized Au NRs on the microgels.*
Furthermore, Hellweg et al.>** demonstrated
that, by modification of Au NRs with poly-
electrolyte layers, negatively charged ther-
mosensitive poly(N-isopropylacrylamide)
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Figure 1. Schematic illustration of the in situ generation of bimetallic Au—Pt NRs in the thermosensitive core—shell micro-

gels by means of a seed-mediated growth method.

(PNIPA) microgels can be homogeneously covered
with Au NRs. The optical properties of Au NRs were
used to monitor the thermoresponsive behavior of the
PNIPA microgels. More recently, Kumacheva et al.3>
have found that the strong binding forces between Au
NRs and polyacryamide microgels is another driving
force to load microgels with NRs.

So far, the deposition of Au NRs onto responsive
microgels has been achieved mostly by an adsorption
process, which requires either modification of Au NRs
surface®*3° or a specific microgel system.>® In this pa-
per, we introduce for the first time the in situ generation
of bimetallic Au—Pt NRs within the thermosensitive mi-
crogel particles. The present synthetic protocol of the
Au—Pt bimetallic particles is an important progression;
it demonstrates that the control of the shape as well as
hierarchical structure of nanoparticles in the
microgel particles is achievable via an in situ strategy.
Compared to the method we developed for the immo-
bilization of spherical Ag nanoparticles,'® here we ex-
tend the concept of microgel particles as “lab on a
particle”.

Furthermore, comparison to the reported adsorp-
tion method, the in situ generation of Au NRs within
the thermoresponsive microgels is expected to present
several advantages: (1) enhanced colloidal stability; (2)
higher activity in catalysis or surface enhanced Raman
scattering (SERS) when compared to Au nanoparticles
stabilized by alkyl chains through thiol bonds or poly-
electrolytes, which may alter the properties of the metal
profoundly;” (3) higher loading capacity because Au
NRs are immobilized in the whole microgel network in-
stead of only on the outer surface; (4) readily appli-
cable for preparing other types of anisotropic bimetal-
lic nanoparticles (such as Au—Pd, Au—Ag, Au—Ni, etc.)
simply by choosing different depositing metals to incor-
porate new functions to the composite particles.
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The microgels studied here consist of a polystyrene
core and a network shell made of PNIPA cross-linked
by N,N'-methylenebisacrylamide.'® The method used
for the in situ growth of bimetallic Au—Pt NRs in the
presence of microgel particles is illustrated in Figure 1.
Based on our previous work, thermosensitive microgel
particles can be considered as excellent “nanoreactors”
for the immobilization of Au nanoparticles.'® These pre-
formed Au nanoparticles, which act as seeds, direct
the growth of Au NRs (seeded-mediated growth) in-
side the microgel carrier system. The influence of vol-
ume transition of microgel particles on the optical prop-
erties of the embedded Au NRs investigated by UV —vis
spectroscopy will be presented in detail. In the follow-
ing step, the as-synthesized Au NRs captured within the
microgels can be employed as anisotropic seeds for
the in situ growth of platinum tips, resulting in a strong
surface plasmon shift of the Au NRs. Cryo-TEM has
been applied to investigate the morphology change of
the hybrid particles in solution state throughout the
synthetic procedure. In addition, the catalytic activity
of microgel-Au NRs before and after deposition of the
Pt tips has been tested via the reduction of
4-nitrophenol. The influence of temperature on the
catalytic activity of microgel composite particles has
also been investigated.

RESULTS AND DISCUSSION

As shown in Figure 1, the Au NRs were first synthe-
sized in the presence of thermosensitive microgel par-
ticles by the seed-mediated growth. Initially, monodis-
persed Au nanoparticles with an average diameter of
~5 nm were prepared via the reduction of HAuCl, by
NaBH,, and homogeneously immobilized into a micro-
gel template. This can be seen directly in the TEM image
(Figure 2a). No secondary Au nanoparticles could be
found outside the microgel template. This is due to
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Figure 2. (a) TEM image of Au seeds embedded in microgel particles; (b) Cryo-TEM image of Au NRs growth in the presence of ther-
mosensitive core—shell microgels (Dashed circles indicate the size of the PS core and the microgel particles in swollen state as meas-
ured by DLS, respectively (R, <" = 87.8 nm, R,™"°% = 198.4 nm at 25 °C). The inset shows the morphology of embedded Au NRs.); (c,d)
TEM images of Au NRs growth in the presence of microgels; and (e) HRTEM image of Au NRs embedded into microgel particles.

the complexation of the metalate ions with the nitro- microgel particles used here are only weakly charged,
gen atoms of the PNIPA network®® and the relatively the electrostatic interactions in the system will not be
small amount of the gold precursor ([Aul/[microgel] =  considered as the main defining forces for the immobi-
2 wt %). Thus, no purification of the as-synthesized lization of Au NRs.>*

nanoparticles is required. Moreover, the microgel par- The growth of Au NRs in the presence of

ticles are weakly positively charged (zeta potential ~ microgel-Au seed solutions was monitored by the
19.8 mV at 25 °C) because of the cationic initiator (V50) UV —vis spectroscopy as shown in Figure 3a. Au NRs
used in the polymerization. This may facilitate the im- possess two absorption bands, one at a shorter wave-

mobilization of negatively charged AuCl,™ ions into the  length (transverse plasmon resonance, around 520 nm)
positively charged microgel particles.”®3® Au NRs were  and the other at a longer wavelength (longitudinal plas-

generated in situ by means of seed-mediated growth mon resonance) that undergoes a bathochromic shift
using preformed Au nanoparticles deposited in the with an increasing aspect ratio.>' We found that the lon-
microgel. Because the Au seeds only exist in the PNIPA  gitudinal plasmon band of Au NRs appeared 2—3 min
networks of the microgel, the growth of Au NRs pro- after the start of the reaction. In the next 10 min, a slow-
ceeds exclusively in the microgel. In this step, silver ni-  continuous blue-shift occurred as the Au NRs devel-

trate was added to achieve Au NRs with controlled as-  oped. This phenomenon is in accordance with that ob-
pect ratios in a high yield, as reported previously.?"4° served for the Au-NR growth in the absence of

The Au-NR growth process was initiated by adding spe-  template. It reflects the change of the aspect ratio of
cific quantities of the microgel-Au seeds into 0.1 M the developing Au NRs: the aspect ratio increases
CTAB aqueous solution. The role of CTAB is essential quickly in the beginning of the reaction and then slowly
for the formation of nanorods.?® In a controlled experi-  decreases over time.?" In addition, a secondary shoul-
ment in the absence of CTAB, large spherical Au nano-  der at transverse plasmonic band appears with reaction
particles with an average diameter of ~22 nm were de-  time, which is caused by the faceting of the ends of
tected in the microgel templates (see Figure S1 in the Au NRs. This is in accordance with the results ob-
Supporting Information). Additionally, concerning the served by Murphy et al.3' Thus, we conclude that the
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Figure 3. (a) UV—vis spectra of Au NRs solution showing the shift of the Plasmon bands with the growth of the Au seeds as a function
of time. (b) UV—uvis spectra of Au seeds (dashed line) in the microgel templates after growth of Au NRs nanoparticles (solid line), fol-

lowed with deposition of Pt tips (chain dotted line).

presence of the microgel template does not disturb
the growth of Au NRs. This conclusion was further con-
firmed by transmission electron microscope (TEM) and
cryo-TEM measurements, as shown in Figure 2b—d. Au
NRs were found randomly located only in the microgel
networks; no free rods are observed in solution. The
crystallinity of the Au NRs was checked with high-
resolution TEM in Figure 2e, which shows clear lattice
fringes with interplanar spacing of 0.24 nm, assigned to
the (111) plane of the face-centered-cubic (fcc) crystal
structure of gold.

To study the real morphology of microgel/Au NR
nanocomposites in solution, that is, in the swollen state,
cryo-TEM measurements have been performed. As
shown in Figure 2b, the Au NRs are homogeneously im-
mobilized inside the PNIPA network shell. The cores ap-
pear as gray spheres. Keep in mind that the cryo-TEM
images (Figure 2b) of microgel/Au NR composites show
the in situ morphology of composite particles, while
the TEM images (Figure 2c) display only the dried state.
In the dried state the PNIPA shell has shrunk, resulting

in a higher local density of Au NRs in the microgel shell,
which confirms again that Au NRs have been firmly lo-
calized and confined in the PNIPA networks by this in
situ preparation method. Analysis of the cryo-TEM im-
ages indicates that the obtained Au NRs are uniformly
sized, with an average width of 6.6 = 0.3 nm and length
of 34.5 = 5.2 nm (aspect ratio 5.2 * 0.6).

One important property of Au NRs is their optical re-
sponse in the visible and near-infrared (NIR) regions.*®
The influence of volume transition of microgel particles
on the optical properties of the microgel-Au NRs com-
posite particles has also been investigated in this study.
The UV—vis spectra have been recorded for the com-
posite particles in the temperature range between 22
°C (swollen state of the microgel) and 44 °C (collapsed
state of microgel) as shown in Figure 4a (LCST of PNIPA
= 32 °C). From Figure 4a, it can be observed clearly
that there is a red shift of the longitudinal plasmon reso-
nance with increasing temperature. Figure 4b shows
that the shift of longitudinal plasmon peak with tem-
perature is directly correlated to the volume transition
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Figure 4. (a) UV—vis spectra of microgel-Au NRs sample at different temperatures (22, 25, 29, 32, 35, 40, and 44 °C). Arrow indicates the
increase in temperature. (b) Maximum of the longitudinal plasmon band of microgel-AuNRs composites as a function of temperature
(open squares) and the volume transition of the microgel particles (solid circles).
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Figure 6. Cryo-TEM image and the enlarged views of Pt tips growth on the Au NRs in

water.
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Figure 5. (a) Dark field STEM images of the microgel composite particles and (b) corresponding EDX to prove the elemental

composition of Pt on the Au NRs (Cu from the copper grid).

of the network. The longitudinal plasmon peak of Au
NRs is centered at ~800 nm at lower temperature and
shifted to ~830 nm when the temperature was above
35 °C. It should be noted that this transition is fully re-
versible upon cooling down to room temperature. The
shifting to longer wavelengths and the broadening of
the surface plasmon absorption band are attributed

to the increase of local refractive index near Au NRs dur-
ing the collapse of microgel particles.>* A similar shift
induced by the collapse of the microgel has been also
found in Ag NP embedded microgels.” However, a
much higher sensitivity was observed for the Au NRs:
The plasmon band shift is around 30 nm when the tem-
perature changes from 20 to 40 °C, while the respec-
tive shift for the microgel-Ag nanocomposites is only

6 nm.

An advantage of the in situ synthesis is that Au NRs
embedded in microgel particles can be used as seeds
for further growth or coating with other metals. In the
present study, we succeeded in the controlled growth

-
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of platinum specifically on the Au NRs embedded in
the microgels. This was achieved using ascorbic acid as
the reducing agent. As reported in an earlier study by
Liz-Marzan et al.,*' platinum will deposit preferentially
on the Au NRs tips when Ag™ ions are present during
the deposition procedure. Accordingly in our case, Ag™*
ions were kept in the system after the formation of Au
NRs. Figure 3b shows the UV—vis absorption spectra of
Au seeds and microgel-Au NR hybrids before and after
Pt deposition. As can be seen from Figure 3b, the Au
seeds did not display an intensive plasmon resonance
due to their small size.*? After the formation of Au NRs
within the microgels, two absorption maxima were ob-
served. The maximum located in the longer wavelength
region is characteristic of Au NRs. The growth of Pt on
Au NRs was indicated by a significant red-shift in the
longitudinal plasmon band (AN = 75 nm). The morphol-
ogy was visualized directly by scanning transmission
microscope (STEM) and cryo-TEM measurements as
shown in Figure 5a and 6. More TEM im-
ages are displayed in Figure S2 in Support-
ing Information. Platinum is found prefer-
entially deposited on both tips of Au NRs
embedded in the microgel particles,
thereby leading to the observed dumb-
bell shape. Preferential platinum deposi-
tion on the tips is due to the distribution
of Ag™ on the surface of the gold. The cir-
cumambient faces, which are efficiently
covered with Ag*, have a decreased rate
of platinum deposition compared to the
tip faces, which are only partially covered
by silver.***! Energy dispersive X-ray
(EDX) measurement has been performed
to determine the growth of Pt on Au NRs
(Figure 5b). The presence of both Au
and Pt signals and the absence of Cl sig-
nal confirm that the Pt ions that were
added into the microgel-Au NRs solution

Www.acsnano.org



have been completely reduced to Pt, forming bime-
tallic Au—Pt nanorods. Moreover, no secondary Pt
nanoparticles were observed

either in the microgel template or in the solution,
as proven by the STEM and cryo-TEM pictures of the
microgel hybrids (Figures 5 and 6). The analysis of
the cryo-TEM images indicates that the obtained me-
tallic Au—Pt NRs have an average width (middle) of
7.4 = 0.8 nm and length of 39.5 £ 6.5 nm (aspect ra-
tio 5.3 £ 0.6). EDX measurement indicates that 17.2
wt % Pt has been deposited onto Au NRs that are im-
mobilized in microgels.

Bimetallic nanoparticles are of great interest in de-
termining chemical reactivity and especially catalytic
activity.* In our study, the catalytic behavior of
microgel-Au NRs before and after Pt deposition has
been investigated for the catalytic reduction of
4-nitrophenol by sodium borohydride, which is a
benchmark reaction for monitoring the catalytic activ-
ity of metal nanoparticles.**~*° It is worth noting that
4-nitrophenol is one of the most refractory pollutants in
industrial wastewaters. Additionally, the reduction of
4-nitrophenol to 4-aminophenol is of industrial impor-
tance as an intermediate for the manufacture of analge-
sic and antipyretic drugs.” The kinetics of this reaction
can be easily monitored by UV—vis spectroscopy, as
shown in Figure S3 in Supporting Information. After the
addition of microgel—metal nanocomposites the peak
at 400 nm, which is due to the 4-nitrophenate ions, de-
creases gradually with time and a new peak appears at
290 nm. This peak results from the product
4-aminophenol.*” Sodium borohydride was used in ex-
cess compared to the concentration of 4-nitrophenol so
that a first order rate kinetics with regard to the
4-nitrophenol concentration could be used to evaluate
the catalytic rate. Controlled experiments using un-
modified microgel particles indicated that no reaction
occurs in the absence of the metal nanoparticles.

Figure 7 shows the values of the apparent rate con-
stant kapp as a function of concentrations of microgel-Au
NRs with and without Pt tips. A linear relation between
kapp and the concentration of Au NRs is observed. Ap-
parently, the bimetallic Au—Pt NRs exhibit higher cata-
lytic activity than that of microgel-Au NRs. Pt nanopar-
ticles are known to act as catalysts for the reduction of
4-nitrophenol. To understand the enhancement of the
catalytic activity of microgel-Au NRs after the deposi-
tion of Pt tips, two additional samples were investi-
gated: one is microgel-Pt NPs, spherical Pt nanoparti-
cles (d = 3.7 = 1.2 nm) immobilized in the microgels.
(A TEM image of the composite particles is shown in
Figure S4 in Supporting Information.) The second is a
mixture of microgel-Au NRs and microgel-Pt NPs that
contains the same amount of Pt as that in the bimetal-
lic Au—Pt NRs.

www.acsnano.org
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Figure 7. Rate constant k., as a function of concentration of
microgel-Au NR composites before (circles) and after (quad-
rangles) deposition of Pt tips: [4-nitrophenol] = 0.1 mmol/L,
[NaBH4] = 10 mmol/L, T = 25 °C.

Moreover, to compare the catalytic activity of the
composite particles quantitatively, a parameter k;,
which is the apparent rate constant (kapp) normalized
to the specific surface area of metal particles (S), has
been calculated as the specific turnover frequencies for
different systems:*®

dc,

—— =k

a appCt = k,Sc, (1)

where ¢, is the concentration of 4-nitrophenol at time
t, and k; is the rate constant normalized to S, the sur-
face area of metal nanoparticles normalized to the unit
volume of the system.

Figure 8 shows the values of the apparent rate con-
stant k,pp as a function of theoretical specific metal par-
ticle surface area of different samples. First of all, it is ob-
vious from Figure 8 that Pt NPs immobilized in
microgels can work as catalyst for the reduction of
4-nitrophenol. However, its catalytic activity (k; = 0.086
s™"m™2L) is lower than that of Au NRs (k; = 0.14 s~
m~2 L) and much lower than that of Au-Pt NRs (k; =

B bimetallic Au-Pt NR
0.0104 ¢ ANR i P
@ mixture of AuNR + PtNP , B
0.008{ A PtNP §
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Figure 8. Rate constant k., as a function of surface area S of
metal nanoparticles normalized to the unit volume of the sys-
tem: [4-nitrophenol] = 0.1 mmol/L, [NaBH,] = 10 mmol/L, T
= 25 °C; circles, microgel-Au NR composites; quadrangles,
microgel—Au-Pt NR composites; triangles, microgel—Pt NP
composites; diamonds, mixture of microgel—Au NR with
microgel—Pt NP.
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Figure 9. Arrhenius plot of the reaction rate k.p,. Quadrangles give
the reaction rate k,,, measured in presence of microgel—Au-Pt NRs
at different temperatures. Open circles present the change of the hy-
drodynamic radius (Ry,) of microgel composite particles with
temperature.

0.21 s7' m~2L). Second, it is interesting to find that
the mixture of microgel-Au NRs and microgel-Pt NPs
does not show an increase in catalytic activity com-
pared to the microgel—Au-Pt NRs composite particles.
Because the amount of Pt in the mixture is the same as
that in the bimetallic Au-Pt NRs, this indicates that the
enhancement of the catalytic activity is due to the syn-
ergistic effect of bimetallic Au-Pt NRs. Recently, Son-
nichsen et al.*° have reported the improvement of the
catalytic activity of rod-shaped gold nanorattles after re-
placing the Au shell with Pd. In the present work, the
enhancement of the catalytic activity of Au NRs after
the deposition of Pt tips has been proved.

An obvious advantage of the “in situ” preparation
of bimetallic Au-Pt NRs using thermosensitive micro-
gels as a carrier system is that microgel particles can
work as “active” carriers that can modulate the cata-
lytic activity of embedded metal nanoparticles through
the volume transition of the thermosensitive microgel
shell.®"7 In the last part of the present study, we have
demonstrated this concept by measuring the catalytic
rate of microgel—Au-Pt NRs at different temperatures.
As shown in Figure 9, the rate constants k,p, obtained at
different temperatures for bimetallic Au-Pt NRs pre-
pared by thermosensitive microgel particles do not fol-
low the typical Arrhenius-type dependence on temper-
ature. When the reaction temperature is higher than

METHODS

Chemicals and Materials. N-Isopropylacrylamide (NIPA; Ald-
rich), N,N’-methylenebisacrylamide (BIS; Fluka), sodium
dodecyl sulfate (SDS; Fluka), potassium peroxodisulfate (KPS;
Fluka), cetyltrimethylammonium bromide (CTAB; Aldrich),
2,2'-azobis(2-methylpropionamidine dihydrochloride) (V50;
Aldrich), ascorbic acid (AA; Fluka), silver nitrate (AgNOs; Ald-
rich), sodium borohydride (NaBH,; Aldrich), tetrachloroauric
acid trihydrate (HAuCl, - 3H,0; Aldrich), and potassium tetra-
chloroplatinate(ll) (K,PtCly; Aldrich) were used as received.
Styrene (BASF) was destabilized by an Al,05 column and
stored in the refrigerator.
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25 °C, the PNIPA-network shrinks markedly with the in-
crease of temperature as indicated in Figure 9 by plotting
the hydrodynamic radius Ry, as the function of 1/T. The
change of temperature leads to the shrinking of the
PNIPA network, which is followed by a concomitant slow-
ing down of the diffusion of reactants within the net-
work. This in turn decreases the rate constant k,p, cata-
lyzed by the bimetallic Au-Pt NRs, which is similar to the
result obtained for metal nanoparticles immobilized in
microgel particles.'® Further increases in temperature do
not result in additional shrinking of the PNIPA network. At
this point, the large increase of k,,, with T overcomes
the hindered diffusion and the reaction rate rises again.
Thus, the rate constant k., must reach its minimum at the
transition temperature as shown in Figure 9. This demon-
strates the first time that the catalytic activity of complex
nanostructures immobilized within the thermosensitive
microgels can be modulated by the volume transition of
the carrier system.

CONCLUSIONS

We demonstrate that bimetallic Au-Pt NRs can be
grown in situ and embedded into thermosensitive
core—shell microgel particles by a novel two-step ap-
proach. First, Au NRs with an average width of 6.6 + 0.3
nm and length of 34.5 = 5.2 nm (aspect ratio 5.2 =
0.6) have been homogeneously embedded into the
shell of PNIPA networks. The volume transition of the
microgel network leads to a strong red shift of the lon-
gitudinal plasmon band of the Au NRs. Then platinum
can be preferentially deposited onto the tips of Au NRs
embedded in microgel particles to form dumbbell-
shaped bimetallic nanoparticles. This novel synthesis
forms bimetallic Au-Pt NRs immobilized in microgel par-
ticles without impeding their colloidal stability or ther-
mosensitivity. Quantitative analysis indicates that the
catalytic activity of Au NRs is significantly enhanced
after the deposition of Pt tips for the catalytic reduc-
tion of 4-nitrophenol. In addition, the catalytic activity
of bimetallic Au-Pt NRs nanocomposites can be modu-
lated by the volume transition of microgel particles. The
present study has demonstrated the general ability of
core—shell microgels to serve as “active” reactors lead-
ing to complex multifunctional nanostructures via “in
situ” approach, which could create new opportunities
for nanotechnologies.

Synthesis of Thermosensitive Core—Shell Microgel Particles. In the
first step, PS core latex was prepared by conventional seeded
emulsion polymerization, which was reported previously.'® The
PS-NIPA core—shell system was prepared by seeded emulsion
polymerization. PS core latex (7.67 g) was diluted with 240 g of
water together with 8.367 g of NIPA and 0.286 g of BIS. After that,
the mixture was heated to 80 °C. The reaction was started with
the addition of 0.30 g of V50 (dissolved in 10 g of water) and con-
tinued for 4.5 h. The latex was purified by serum replacement
against deionized water (membrane: cellulose nitrate with 100
nm pore size supplied by Schleicher and Schuell).

Synthesis of Au Nanorods in the Presence of Microgel Particles. Gold
seeds and nanorods were prepared using a wet-chemical

Www.acsnano.org



method modified from the method described by Murphy et
al®" Initially, Au seeds were prepared in the presence of micro-
gel particles. In a typical experiment, 0.2733 g CTAB was first dis-
solved in 5.32 mL water. Then 2.179 g microgel solution (solid
content 2.295 wt %), 0.025 mL of 0.01 M HAuCl, was added to a
glass test tube with gentle stirring. After that, 0.6 mL of an aque-
ous 0.01 M ice-cold NaBH, solution was added at once, fol-
lowed by rapid magnetic stirring for 2 min. The seed solution
was kept at 25 °C for 2 h before using.

For the preparation of Au nanorods, 9.5 mL of 0.1 M CTAB,
0.4 mL of 0.01 M HAuCl,, and 0.06 mL of 0.01 M AgNO; solu-
tions were added in that order, to a glass test tube, followed by
gentle mixing. Then 0.064 mL of 0.1 M AA solution was added to
it. The solution became colorless upon addition and mixing of
AA. Finally, 0.1 mL of as-prepared seed solution was added, and
the reaction mixture was gently mixed for 10 s and left undis-
turbed at 25 °C for at least 3 h. After that, the solution was
washed by centrifugation (8500 rpm, 10 min) and redispersed
in a desired amount of Milli-Q water.

Growth of Platinum on Au Nanorods Embedded in Microgel Particles.
The deposition of platinum on Au nanorods was modified from
the method developed by Liz-Marzéan et al.*' In a typical run, to 5
mL of as-prepared microgel—Au NRs solution, 5 mL of 0.1 M
CTAB and 0.05 mL of 0.01 M K,PtCl, were added at 28 °C, and
the mixture was left for 1 h to allow for complexation of the plati-
num salt with CTAB. Followed by addition of 0.1 mL of 0.1 M
AA, the solution was maintained at 28 °C for 36 h to ensure com-
plete reduction. In the end, Pt coated microgel—Au NRs were
washed by centrifugation (8000 rpm, 10 min) and redispersed
in desired amount of Milli-Q water.

Catalytic Reduction of 4-Nitrophenol. A total of 0.5 mL of sodium
borohydride solution (60 mmol/L) was added to 2.5 mL of
4-nitrophenol solution (0.12 mmol/L) contained in a glass ves-
sel. After that, a given amount of the composite particles was
added. Immediately after the addition of the composite particles,
UV spectra of the sample were taken every 30 s in the range of
250—550 nm. The rate constant of the reaction was determined
by measuring the change in intensity of the peak at 400 nm with
time. For the calculation of the total surface of Au nanorods,
which is a decisive parameter and used in kinetic analysis, the
size of the Au nanorods is determined by the analysis of TEM
micrographs, assuming cylindrical particles (width of 6.6 nm and
length of 34.5 nm). The amount of Au in the composites is 13.7
wt % determined by thermogravimetric measurements (TGA). In
the case of Pt nanoparticles, the size is determined by the analy-
sis of TEM micrographs, assuming spherical particles (d = 3.7
nm). In the case of bimetallic Au-Pt NRs, cylindrical Au NRs de-
posited with spherical Pt nanoparticles (d = 5.6 nm) are assumed
(see in scheme in Figure 1). The content of Pt in the bimetallic
Au-Pt particles is 17.2 wt % by EDX measurements. The bulk den-
sity of Au (p = 19.32 X 10% kg/m?) and Pt (p = 21.45 X 10° kg/
m?) have been used for the density of Au and Pt nanoparticles,
respectively.

Instrumentation. Cryogenic transmission electron microscopy
was carried out as outlined in ref 50. STEM images and EDX meas-
urements were done in a Zeiss Libra 200FE with in-lens energy
filter. Dynamic light scattering measurements were conducted
using an ALV 4000 light scattering goniometer (Peters, Langen,
Germany) at the angle of 90°. The UV —vis spectra were meas-
ured by Lambda 650 spectrometer supplied by Perkin-Elmer or
an Agilent 8453 spectrophotometer with a temperature-
controlled sample holder with an accuracy of =0.1 °C. The
amount of metal immobilized in the microgels was determined
by TGA using a Mettler Toledo STARe system. The samples were
first dried under vacuum at 50 °C. Then about 8 mg of the solid
composite particles was heated to 800 °C under a 60 mL/min ni-
trogen flow with a heating rate of 10 °C/min and holding tem-
perature at 800 °C for about 30 min.
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