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Stimuli-responsive catalytic coatings are fabricated by insifu-synthesis of metallic nanoparticles in binary PNIPAM-P2VP
(poly(N-isopropyl acrylamide)-poly(2-vinyl pyridine)) brushes. The amount of immobilized nanoparticles is found to be control-
lable by the polymer ratio, since solely P2VP interacts with the nanoparticles. The insitu-synthesis of nanoparticles is studied by
attenuated total reflection Fourier transform infrared spectroscopy and atomic force microscopy, whereas the swelling behavior of
the polymer films is investigated by spectroscopic ellipsometry and grazing incidence small angle X-ray scattering. Temperature
dependent catalytic activity is probed by use of the reduction of nitrophenol to aminophenol as a model reaction. Control of the
catalytic activity by the temperature induced deswelling of PNIPAM is observed.

1 Introduction

The development of smart stimuli-responsive surface coat-
ings has been the subject of many investigations over the last
years. Especially, so-called polymer brushes are regarded
as very promising candidates. > Polymer brushes consist of
polymer chains tethered by one end to a planar or curved
substrate in close proximity to each other so that the chains
are forced to stretch away from the surface in a brush con-
formation.? Depending on the nature of the polymer, these
systems are capable of responding to external stimuli such as
temperature, solvent polarity and pH, generally by reversible
swelling-deswelling behavior. Furthermore, surface coatings
with complex swelling behavior can be created by grafting of
mixed polymer brushes,* and accessible functional groups can
be used to immobilize nanoscopic moieties such as nanopar-
ticles or biomolecules. The combination with the unique
properties of the immobilized moieties offers new applica-
tions for polymer brushes in sensors, medicine and catalysis.
Such use of polymer brushes as carrier systems for nanopar-
ticles has been the subject of several scientific reports dur-
ing recent years. 8 We immobilized nanoparticles in polymer

t Electronic Supplementary Information (ESI) available: SEM studies of Pd
nanoparticle synthesis in different binary brushes (Figure S1); AFM insitu
studies on swollen polymer brushes (Figure S2); 2D GISAXS data (Fig-
ure S3); AFM studies of structural changes corresponding to GISAXS data
(Figure S4 and S5). See DOI: 10.1039/b000000x/
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brushes either by covalent or non-covalent interactions and ei-
ther with functional groups along the whole chain or at specific
endgroups of the polymer chain.s®!! Additionally, polymer
brushes have been used as “nanoreactors” where nanoparticles
can be formed insitu and both immobilized and stabilized on
the surface simultaneously. '? In a previous report, we investi-
gated the use of P2VP mono brushes as a template for the for-
mation of catalytically active palladium or platinum nanopar-
ticles. 13

Due to their stimuli-responsive swelling behavior, such
polymer brushes cannot only be used as sole carriers but also
to modulate the properties of the immobilized moieties.? For
example, we could affect the surface plasmon resonance peak
of nanoparticles immobilized on solvent sensitive polystyrene
brushes ' or on pH sensitive P2VP brushes. !> These systems
show promising properties applicable in sensor systems. The
fabrication of stimuli-responsive catalytic systems, which al-
low the control of the catalytic activity by changes in the
environment, has been investigated by several groups so far,
mostly by exploiting microgels. '“~17 Up to now, only the use
of spherical polymer brushes, i. e. polymer brushes grafted to
a curved substrate, e. g. latex particles, has been reported for
stimuli-responsive catalytic systems. 3! To the best of our
knowledge, no reports on the fabrication of stimuli-responsive
catalytic coatings on macroscopic surfaces have been reported
by now. Immobilization of catalysts on macroscopic sur-
faces eases the reuse and recycling of precious catalyst and
renders promising candidates for lab-on-a-chip-systems and
novel smart coatings for micro reaction technology or chemi-
cal engineering.

In the present article, we report on the fabrication of such
coatings by insitu-synthesis of Pd and Pt nanoparticles in bi-
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nary PNIPAM-P2VP brushes (Figure 1). The interaction of
the nanoparticles with the polymer has been investigated, as
well as the influence of the incorporated nanoparticles on the
responsive swelling behavior of the polymer brushes. Via a
well-known model reaction, the reduction of 4-nitrophenol to
4-aminophenol,?>-2? the temperature dependent catalytic ac-
tivity has been studied.

Fig. 1 Scheme of stimuli-responsive catalysis of nanoparticles in
binary polymer brushes; the temperature induced phase transition of
PNIPAM chains (green) at T, is proposed to lead to a diffusional
barrier blocking the access of the reactants to the catalyst

2 Experimental

Materials:Poly (glycidyl methacrylate) (PGMA, M,=
17500 g/mol, M,,/M,=1.7), carboxyterminated poly(2-vinyl-
pyridine) (P2VP40,6k: M,= 40600 g/mol, M,,/M,,=1.08; and
P2VP10k:M,= 10000 g/mol, M,,/M,=1.08) and carboxy-ter-
minated poly(N-isopropylacrylamide) (PNIPAM47,6k: M,=
47600 g/mol, M,,/M,=1.22 and PNIPAM56k: M,= 56 000
g/mol, M,,/M,=1.4) were purchased from Polymer Source,
Inc., Canada. Hexachloroplatinic acid hexahydrate (H,PtClg
-6H,0), palladium chloride (PdCl,), sodium borohydride
(NaBH,), sodium acetate(NaC,H;0,) and 4-nitrophenol
(CgHsNO;) were purchased from Aldrich, Germany. Ammo-
nium hydroxide (NH,OH) was purchased from Acros, Ger-
many. Ethanol abs. was purchased from VWR, Germany.
Chloroform (CHCl;) was purchased from Fisher, Germany.
Hydrogen peroxide (H,0,) and Acidic acid (C,H,0,) were
purchased from Merck, Germany. All chemicals were used
as received. Highly polished single-crystal silicon wafers of
{100} orientation with ca. 1.5nm thick native silicon oxide
layers were purchased from Silicon Materials, Inc. (USA)
and used as substrates. Millipore water purified with Purelab
Plus ®) ultrapure, was employed throughout experiments.

Instrumentation:The thickness of layers was measured
on a SE400adyv ellipsometer (SENTECH Instruments GmbH,
Berlin, Germany) as described elsewhere.?? Insitu SE mea-
surements were performed with an alpha-SE (Woollam Co.,

Inc., Lincoln NE, USA), equipped with a rotating compen-
sator, within a batch cuvette (TSL Spectrosil, Hellma, Muell-
heim, Germany).?* All measurements were performed in the
spectral region 370-900 nm at an angle of incidence of 70°.
AFM studies were performed with a Dimension 3100 (Digital
instruments, Inc., Santa Barbara, USA) microscope. Tapping
mode was used to map the film morphology at ambient con-
ditions. ATR-FTIR spectra were recorded with a IFS55 spec-
trometer (Bruker Optics GmbH, Leipzig, Germany) using the
“single-beam-sample-reference” method (OPTISPEC, Ziirich,
Switzerland). UVvis spectra were taken with a Specord40
spectrometer (Analytik Jena, Jena, Germany). Grazing inci-
dence small angle x-ray scattering (GISAXS) measurements
were performed at the beamline BW4 of the DORIS III stor-
age ring at DESY in Hamburg, Germany.

Preparation of binary polymer brushes:Binary
PNIPAM-P2VP brushes were prepared by the ‘“grafting
to” method on silicon substrates as it has been described
earlier.”> The silicon wafers were first cleaned by treating
them for 30 min in a 1:1:5 mixture of 30% hydrogen peroxide,
29% ammonium hydroxide and water at 75°C. Then they
were rinsed several times with water. A layer of PGMA was
spin-coated onto the wafers from a 0.02 wt-%-solution in
chloroform and then annealed for 10min at 110°C. Onto
that anchoring layer first P2VP-chains were grafted in low
density by spin-coating from a P2VP solution in chloroform
(0.0125-0.05wt-%) and subsequent annealing for 3h at
150 °C. Ungrafted polymer was extracted by chloroform. In
a second step PNIPAM chains were grafted to the anchoring
layer by spin-coating from a 1 wt-% solution in chloroform
and annealing at 175 °C overnight. Ungrafted polymer was
again extracted by chloroform. Binary brushes with various
constitutions were prepared. The process was traced by
ellipsometry in dry state. For AFM studies P2VP40,6k and
PNIPAM47,6k and for ATR-FTIR and GISAXS P2VP40,6k
and PNIPAMS6k were used, all other experiments were done
with P2VP10k and PNIPAMS56k.

Preparation of nanoparticles in polymer brushes:Pd
or Pt nanoparticles were formed insitu in binary polymer
brushes. Therefore, metal ions (Pd>* or PtClé*) were ad-
sorbed to the polymer out of the solution of the correspond-
ing metal salt. A polymer brush-coated wafer was stirred in
a solution of PdCl, in ethanol (0.14 mM) or H,PtCl, in water
(2mM) for several minutes (Pd: 5 min, Pt: 300 min) and rinsed
with ethanol. For reduction to nanoparticles the sample was
put in a freshly prepared 0.2M aqueous solution of NaBH,
(Pd: 120 min, Pt: 5 min) and finally rinsed with ethanol.

Catalysis of 4-Nitrophenol-Reduction: A polymer brush-
coated wafer (1x3 cm) with immobilized nanoparticles was
put in a PMMA cuvette with 2ml of a 0.2 mM solution of
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4-nitrophenol in water. Before and after the catalysis experi-
ment the solution was found to be at pH9. The cuvette was
heated or cooled to the desired temperature by a water bath
and equilibrated at that temperature for several minutes. To
start the reaction 1 ml of 20 mM NaBH,-solution was added.
UVyvis spectra were taken every 200 s. For each temperature a
new wafer of the same nanoparticle-batch was used.

Spectroscopic Ellipsometry Data Modeling:An optical
box model consisting of multiple layers (Si, SiO,, PGMA
and polymer brush) was used to evaluate ellipsometry mea-
surements. For dry measurements, the modifications with
polymer layers were modeled with a fixed refractive index
(I‘IPGMAZI.SZS, npzvp=1.595, nP2VP+PN1PAM=1~545)~ For in-
situ measurements, a two-parameter Cauchy dispersion model
was used to determine both refractive index and thickness
of the swollen polymer brush layer. By the use of a three-
component effective medium approach (EMA) the volume
fractions of the components were determined using the P2VP
index of refraction and literature values of the dielectric func-
tions of Pd or Pt.2°

GISAXS Measurements and Modeling:To measure the
structural changes in PNIPAM-P2VP brushes with and with-
out nanoparticles, the samples were immersed in the respec-
tive solution at the desired temperature for 5 min and dried
thereafter. GISAXS measurements were performed with an x-
ray wavelength of 0.138 nm. For all experiments the angle of
incidence of the x-ray beam onto the sample surface was fixed
to 0.5°. A sample-detector distance of 2116 mm was chosen
and a two dimensional (2D) detector MarCCD from Mar Re-
search (2048 x 2048 pixel) was utilized. These chosen settings
allow covering a g,-range from 0.001 to 2 nm~"'. The specular
peak was blocked by a point-shaped beamstop. The coordi-
nate system for describing the GISAXS experiment is defined
as follows: the z-axis is oriented perpendicular to the sample
surface and the (x,y)-plane is given by the sample surface with
the x-axis being oriented in the direction of the incident x-ray
beam. The components of the scattering vector q are given by:

gr = 2775 [cos yreos o — cos o ey
qy = Tﬂ [sin Y cos (Xf] (2)
q, = 2% [sin Q; — sin ch] 3)

where «; and o denote the incident and exit angles of the
x-ray beam. The scattering plane is the (x,z)-plane and de-
fined by the incident and exit angles. Scattering out of this
plane is probed under an out-of-plane angle y. Further details
of the theoretical background of GISAXS and the used setup
are given in the references.?’2° A quantitative analysis of the
out-of-plane line cuts of the 2D GISAXS data is provided in

the frame of the distorted wave Born approximation 2’3031 us-

ing the local monodisperse approximation (LMA) and a model
of cylindrical objects having a Gaussian size distribution ar-
ranged on a one-dimensional paracrystal.3?

3 Results and discussion

The formation of nanoparticles on a surface functionalized
with polymer brushes was examined with various techniques.
Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra were recorded to investigate the interaction of
the metal precursors with the polymer chains. Figure 2 shows
the spectra of PNIPAM-P2VP brushes before and after the ad-
sorption of Pd>* together with the spectra of the mono brushes
for comparison. The spectrum of the binary brush combines
the features of the spectra of the mono brushes in this spectral
range, with the amide bands at 1550 and 1645 cm ™! assigned
to PNIPAM and the ring vibrations of the pyridine group at
1475, 1570 and 1590 cm™~! assigned to P2VP. Interestingly,
compared to the spectra of the mono brushes, the amide I band
at 1550 cm™! is upshifted and the pyridine band at 1475 cm ™!
is downshifted for the binary brush, probably owing to in-
teractions between the two polymers. Upon adsorption of
Pd’*, the amide bands remain in their former shape and posi-
tion, whereas two of the pyridine bands are shifted to higher
wavenumbers (1480 and 1605 cm™),33 which has also been
observed for experiments with P2VP mono brushes. '3 Coor-
dination of Pd>* to the free electrons of the pyridine-nitrogen
increases the order of the C=C- and C=N-bonds resulting in
the observed shift. Since no shift of the amide bands is de-
tected, no complexation of Pd’>* by the amide groups of PNI-
PAM can be observed.3*

Just as well, no nanoparticles can be detected in atomic
force microscopy (AFM) images of the surface of PNIPAM
mono brushes, treated the same way as P2VP mono brushes,
although these show complete coverage of the surface with
nanoparticles (Figure 3). A reason for this might be the forma-
tion of a tight physical network between closely tethered PNI-
PAM chains via hydrogen bonds between the amide groups.
PNIPAM brushes were also found to be resistant against ad-
sorption of proteins.? Corresponding to these findings, the
coverage of the surface with nanoparticles increases with
higher P2VP content in the binary brush (Figure 3), shown
here for Pt nanoparticles. Pd nanoparticles were found to be-
have in the same manner. Similar experiments for synthesis of
nanoparticles in P2VP studied with TEM, revealed the actual
size of the nanoparticles to be 1 nm and 2 nm for palladium
and platinum nanoparticles, respectively. '3

The presented studies reveal that Pd and Pt nanoparticles
can be synthesized insitu in PNIPAM-P2VP brushes via in-
teraction with the pyridine group of P2VP. The amount of
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Fig. 2 ATR-FTIR Spectra of mono P2VP and PNIPAM brushes and
binary PNIPAM-P2VP-brushes (PNIPAMS56k-P2VP40,6k, 60:40)
with and without adsorbed Pd**; spectra were shifted along the
vertical axis for better display, the arrows indicate the observed shift
in the spectrum with Pd2*

nanoparticles on the surface can be controlled by the compo-
sition of the binary brush.

To gain a high grafting density of the temperature-sensitive
component PNIPAM and a high coverage of the surface
with catalytically active nanoparticles at the same time, bi-
nary brushes with a low molecular weight P2VP component
(10000 g/mol) were prepared and used for most of our studies
(see experimental). The small chain length allows the grafting
of P2VP in a high density, while at the same time constitut-
ing a lower diffusional barrier for the grafting of PNIPAM as
a second brush polymer. Comparative SEM studies revealed
that the influence of the chain length on the nanoparticle for-
mation is of minor importance.f

3.1 Stimuli-Responsive Swelling

To investigate the influence of the incorporation of nanopar-
ticles on the responsive swelling behavior of the polymer
brushes spectroscopic ellipsometry(SE) and grazing incidence
small angle X-ray scattering (GISAXS) experiments were
conducted. The temperature dependent swelling was moni-
tored via insitu-SE. PNIPAM is well known for its temperature
sensitive behavior showing a phase transition at T, ~32°C
in pure water.3¢ Experimental SE data acquired in the spec-
tral region of 370-900 nm were modeled with a stratified layer
optical model, comprising four layers which account for the
silicon substrate, the SiO,-layer, the anchoring layer and the
polymer brush, respectively. The wavelength dependence of
the effective refractive index of the polymer brush layer with
immobilized nanoparticles swollen in water at pH 7 could be

10°

Fig. 3 AFM phase images of polymer brushes with increasing
P2VP content after the immobilization of Pt nanoparticles (from top
to bottom: PNIPAM mono brushes (47,6k)- PNIPAM-P2VP(85:15),
PNIPAM-P2VP(75:25), PNIPAM-P2VP(65:35), P2VP mono
brushes (40,6k)
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Fig. 4 Temperature responsiveness of PNIPAM-P2VP brushes
(PNIPAMS56k-P2VP10k, 60:40) with and without Pd nanoparticles
determined from SE measurements (a) thickness, b) refractive index

described with a normal Cauchy dispersion lineshape. A three
component effective medium approach (EMA) consisting of
water, polymer and metal gave a volume percentage of only
~ 1% for the nanoparticles, since the P2VP component of the
brush, where the nanoparticles are localized, does not swell
under the applied neutral conditions and remains near the sur-
face of the substrate.

Figure 4 shows the best-match model thickness and refrac-
tive index of binary PNIPAM-P2VP brushes with and with-
out nanoparticles dependent on temperature. The polymer
brushes exhibit a first slowly than abruptly declining thick-
ness between 20 °C and 32 °C where the brushes collapse to
nearly their dry thickness of ~ 10nm. The phase transition
occurs in a broader region than known from PNIPAM in solu-
tion3%37 and thin films, *¥#° which is a common behavior for
grafted polymers.*!=*3 After the immobilization of nanopar-
ticles the thickness of the swollen polymer brush is reduced,

20°C - pH7

40°C - pH3

Fig. 5 Schematic of the proposed changes in the lateral structure of
PNIPAM-P2VP brushes in swollen and dry state upon treatment
with two different ambient conditions; green: PNIPAM, blue: P2VP

and the position of T, is slightly shifted to lower temperatures.
Both effects are assigned to a slight decrease of the PNIPAM
grafting density,** during the formation of nanoparticles un-
der basic conditions, which can lead to the cleavage of the
ester bond to the anchoring layer. After nanoparticle forma-
tion, the thickness of the dry polymer layer was found to have
decreased by 4 nm, as well. For Pt nanoparticles, where the re-
duction time is shorter, no decrease in thickness of the dry and
swollen brushes had been found. Insitu-AFM measurements
of the swelling at 20°C by razor cuts confirmed the results
modeled from SE data.t

Binary brushes exhibit a characteristic swelling behav-
ior upon treatment with a selective solvent, where lateral
(“ripple”) or perpendicular (“dimple”) phase separation oc-
curs. 46 If the solvent is removed very fast, these phases
can be frozen in and identified also in the dry state. Figure
5 displays the proposed lateral changes in the binary brushes
for two different ambient conditions. At 20°C and pH 7 only
PNIPAM is swollen, while P2VP is in a collapsed state. The
contrary state is found at the conditions of 40°C and pH 3,
where water is a selective solvent for the now strongly posi-
tively charged P2VP, and PNIPAM is collapsed. By means of
GISAXS the structural changes occurring during switching of
the binary PNIPAM-P2VP brushes with and without nanopar-
ticles were probed in dependence of pre-treatment with solu-
tions of different temperature and pH.

The lateral changes are quantified using GISAXS. Horizon-
tal line cuts (with respect to the sample surface) of the 2D
GISAXS data at the position of the Yoneda peak of the poly-
mers yield this information.?” The error of the values indi-
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Fig. 6 Horizontal line cuts of 2D GISAXS data (symbols) and fits (lines) based on the model as described in the text for the binary
PNIPAM-P2VP brush (PNIPAMS56k-P2VP40,6k, 70:30) without(a) and with (b) Pd nanoparticles. The conditions are (top to bottom): 20 °C,
pH7;20°C, pH3;40°C, pH7 and 40 °C, pH 3; curves were shifted vertically for clarity of presentation

cated below, is between 5 and 10 %. According to Figure 6(a),
at 20 °C and pH7 for the PNIPAM-P2VP brush one charac-
teristic peak-like feature, positioned at about g, = 0.06 nm~ !,
is observed in the GISAXS data. The fitting of the horizontal
line cuts with the model given in the Experimental Section,
provides a structure factor with a size of 125 nm. It is at-
tributed to the average center-to-center distance between the
dimples,3! which are formed within the micro-phase sepa-
rated binary brush. The average radius of the dimples is of
about 31 nm for this brush. The dimple structure of the binary
brush with Pd nanoparticles possesses smaller characteristic
sizes at 20°C and pH 7: the average center-to-center distance
of the dimples is 85 nm and their average radius is 25 nm
(see Figure 6(b)). However, the horizontal line cut of the 2D
GISAXS data of the brush with Pd nanoparticles shows in ad-
dition a broad shoulder located at 0.3nm~!. This shoulder
is attributed to 8 nm large agglomerates of Pd nanoparticles
present in the P2VP brush component. All of these structural
characteristics agree well with the local observations based on
the AFM data.f Therefore the AFM data give representative
topography information and no additional inner structures are
present in the brushes.

The horizontal line cuts depicted in Figure 6(a) show that
the switching of the binary brush without nanoparticles re-

sults in a considerable change of its dimple structure. As
expected, the largest lateral structural changes of the brush
happen when varying between the conditions 20°C pH7 and
40°C pH 3. The radius of the dimples actually decreases from
31 to 18 nm upon switching from 20 °C and pH 7 to the condi-
tions 40 °C and pH 3, and the center-to-center distance of the
dimples is reduced from 125 to 110 nm. Both structure and
form factor of the dimples are systematically larger in case of
the PNIPAM-P2VP without nanoparticles as compared to the
binary brushes containing nanoparticles. Figure 6(b) confirms
that the switching of the binary brush with Pd nanoparticles as
function of temperature and pH modifies its dimple structure
in a similar way as for the binary brush without nanoparticles.
The radius of the dimples indeed decreases from 25 to 16 nm,
and the average center-to-center distance decreases from 85 to
52 nm. For the PNIPAM-P2VP brush with Pt nanoparticles,
a similar switching behavior of the dimple structure is also
observed in dependence of pH and temperature. This proves
that the functional characteristics of the polymer brushes, their
stimuli-responsive behavior, is still present after the immobi-
lization of nanoparticles.
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3.2 Stimuli Responsive Catalytic Activity

The catalytic activity of the nanoparticles in the brush was
tested by the reduction of 4-nitrophenol with NaBH,. This
reaction can easily be monitored by UVvis-spectroscopy 2022
and has therefore been chosen as a model reaction. Since 4-
nitrophenol shows a characteristic absorption band at 400 nm,
whereas 4-aminophenol characteristically absorbs at 300 nm,
the rate of the reduction can be determined by the decrease
of the absorbance at 400 nm. The reaction was performed di-
rectly inside the spectrometer with the catalyst wafer fixed at
the side of the cuvette. For temperature dependent measure-
ments the cuvette with the sample was kept at a specific tem-
perature for several minutes. To start the reaction, a given
volume of NaBH,-solution was added to the 4-nitrophenol-
solution. The color of the solution changed immediately to a
deep yellow, since addition of NaBH, results in an increase of
pH and the hydroxyl groups of the phenol get deprotonated. 2"
In the UVvis spectra taken consecutively every 200 s, the ab-
sorbance at 400 nm decreases with time and a new absorption
band at 300 nm appears (Figure 7a). For nanoparticles in bi-
nary PNIPAM-P2VP brushes, especially the variance of the
reaction rate with temperature was investigated. According to
Arrhenius,*’ for a simple thermally activated process, Ink is
expected to decrease linearly with 1/7 according to

E
Inkypp = _k,TAT (4)
(kapp: apparent rate constant, E4: activation energy, kg: Boltz-
mann constant, 7': absolute temperature)

Figure 7b shows the Arrhenius plot for the reduction of
4-nitrophenol with NaBH, using Pd nanoparticles in P2VP
brushes and PNIPAM-P2VP brushes as catalysts. A similar
catalytic behavior was found for Pt nanoparticles, although
the rate constant was found to be overall lower, since less
nanoparticles were immobilized. As expected, nanoparticles
in P2VP brushes exhibit normal Arrhenius-like behavior and
the rate constant increases with temperature. It has to be clar-
ified that the absolute reaction rate in between the P2VP and
the binary brushes cannot be compared since the amount of
nanoparticles present on the P2VP brushes was less. There-
fore, only the trend in the reaction rate with temperature is dis-
cussed here. For the nanoparticles in binary brushes, data of
three batches of the nanoparticle synthesis are shown, where
for each temperature, a new sample was used. Due to slight
variations in the amount of immobilized nanoparticles in be-
tween the different batches, a slight difference in the absolute
catalytic activity was found at the same temperature. Nev-
ertheless, all three batches displayed a similar trend in cat-
alytic activity, exhibiting a deviation from normal Arrhenius-
like behavior: in the region between 20 °C and 32 °C where
the polymer brush shows a declining thickness, the reaction

2
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Fig. 7 Reduction of 4-nitrophenol to 4-aminophenol catalyzed by
Pd nanoparticles in PNIPAM-P2VP brushes
(PNIPAMS56k-P2VP10k, 60:40); (a) change in absorption spectra
over time, (b) temperature dependence of the reaction rate compared
to catalysis by Pd nanoparticles in P2VP brushes (each type of
symbol represents one batch of samples) and swollen thickness (SE
data); dotted lines were inserted to serve as a guide to the eye, the
red line indicating deviation from Arrhenius-like behavior
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rate slightly decreases with temperature. In this region, the ef-
fect of temperature on the reaction rate is overcompensated by
the influence of the increasing diffusional barrier of the col-
lapsing PNIPAM chains. At the phase transition, a sudden in-
crease in the reaction rate is detected. Above 32 °C where the
thickness of the polymer layer remains more or less constant,
solely temperature affects the reaction rate and therefore an
Arrhenius-like behavior of the reaction rate can be detected.
It is encouraging that this effect of the diffusional barrier was
detected, regardless of the small size of the reactants in the
used model reaction.

4 Conclusions

Novel catalytic coatings with stimuli-responsive catalytic ac-
tivity were fabricated by insitu synthesis of metallic nanopar-
ticles in PNIPAM-P2VP binary brushes. The collapse of
PNIPAM chains with increasing temperature creates a diffu-
sional barrier for the reactants, resulting in a decreased reac-
tion rate in comparison to the trend observed for the cataly-
sis with nanoparticles in mono P2VP brushes. These novel
coatings therefore show non-Arrhenius like catalytic activ-
ity. The responsive swelling of polymer brushes with immo-
bilized nanoparticles is detected by SE and GISAXS. ATR-
FTIR spectra demonstrated that the metallic precursor only
interacts with the P2VP component of the polymer brush,
while the spectral features assigned to PNIPAM remained un-
changed. Just as well, AFM studies showed no immobilization
of nanoparticles in PNIPAM mono brushes and an increasing
nanoparticle content with increasing P2VP-portion in the bi-
nary brush. Therefore, the content of nanoparticles can be
controlled by the polymer ratios. Further tuning of the tem-
perature responsive effect is expected via adjustment of the
chain length and grafting density of the temperature sensitive
component PNIPAM or the choice of a different model reac-
tion with reactants with lower diffusion constant. Even cat-
alytic systems stimulated by different physical effects, such
as light or electric current, can be fashioned since the use of
the “grafting to” approach allows for the easy preparation of
various mixed brush systems. In summary, the insitu syn-
thesis of nanoparticles in mixed polymer brushes provides a
facile way to create interesting novel coatings with stimuli-
responsive properties, applicable in novel sensor systems and
smart catalytic devices.
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