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ABSTRACT: We report on the immobilization of gold nanoparticles on end-functionalized and solvent responsive
polystyrene brushes, grafted on an underlying substrate. The presence of gold nanoparticles on polystyrene brushes
was confirmed by atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). The resulting
polystyrene—Au nanoassemblies have been used as the nanosensors for the detection of a variety of organic
solvents in surrounding media. The sensing mechanism is based upon the change in the proximity of the
immobilized gold nanoparticles as a consequence of the solvent induced reversible swelling—deswelling of
polystyrene chains. The sensing ability was demonstrated by a simple analytic tool, i.e., UV—vis spectroscopy,
through a shift in plasmon resonance band of immobilized Au nanoparticles. A dramatic blue shift of 32 nm in
the surface resonance band was observed as the surrounding media of Au immobilized polystyrene brushes (Au—PS)
was changed from air to the toluene. The described approach is facile and versatile in nature, which can be used
for the fabrication of a variety of nanosensors based on the polymer brushes—nanoparticle assemblies.

Introduction

There has been an immense interest surrounding the synthesis,
physical characterization, and manipulation of nanometer-scale
particles in the past decade. Metal/metal oxide nanoparticles
have been synthesized out of a variety of materials' in very
well-defined sizes and with a variety of properties (e.g., metallic,
conductive, semiconductive, insulating, or magnetic).”>”* They
have been potentially used in a wide spectrum of applications
that range from optoelectronic devices® to biological sensors.®
Recently, gold nanoparticles (Au NPs) have become increasingly
important material for cutting-edge applications in fabrication
of advanced optoelectronic devices by virtue of their tunable
optical properties, which are strongly dependent on the particle
size and shape, interparticle distance, nature of the protecting
organic shell, and surrounding media. They are very sensitive
to change in optical parameters in their surroundings. Exploita-
tion of this unusual phenomenon has given rise to new analytical
and sensing techniques. The colloidal dispersions of Au nano-
particles exhibit particular colors due to collective oscillations
of electrons in the vicinity of the surface by visible light and
show a colorimetric response to a change in the interparticle
distance.” For example, Nath et al.® reported the fabrication of
a biosensor made of Au NPs deposited on a glass substrate.
Mirkin and co-workers® have used DNA-tethered colloidal Au
particles to develop an optical method for detection of DNA
hybridization. Tokareva et al.'® reported fabrication of nanosen-
sor based on the change in surface plasmon resonance of Au
NPs with change in pH of surrounding water. In addition, Emory
and Nie'' have studied surface-enhanced Raman scattering
(SERS) from single, surface-confined gold and silver (Ag)
nanoparticles. Similarly, the heightened interparticle electric
field'” in deliberately prepared metal nanoparticle—analyte—metal
nanoparticle sandwiches has been used to generate strong SERS
signals from the sandwiched analyte.'® Electrochemical sensors
for peroxide and other small molecules have been developed
using surface confined protein/Au colloid complexes.'*

In all these examples, potential applications required position-
ing of nanoparticles in complex two- and even three-dimensional
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structures. A crucial issue is the positional stability of particles
on a surface, or in a structure, after they have been deposited.
A number of protocols ranging from self-assembly to nanoma-
nipulation with a scanning probe microscope (SPM) have been
proposed to achieve this goal.'> Among all, two approaches have
been most commonly used for particle stabilization. One
involves the use of self-assembled monolayers (SAMs) to
surround the nanoparticles. SAMs have attracted considerable
interest during the past two decades and are formed spontane-
ously by immersing substrates in dilute solutions of amphiphilic
molecules in appropriate solvents.'® A variety of film/ substrate
systems are known to lead to the formation of these highly
ordered monolayer films.'” The alternative approach involves
exploitation of polymer chains, tethered by one end to the
underlying substrate in brush conformation. This methodology
has a number of advantages over the conventional methods of
the nanoparticles’ stabilization on macroscopic surfaces. For
example, (1) polymer brushes can be grown on a variety of
functional surfaces exploiting “grafting to” or “grafting from”
approaches, (2) grafted polymer chains can withstand harsh
operational conditions of solvent and temperature, and (3) length
and grafting density (number of chains per unit area of grafted
surface) of the polymer brushes can be manipulated in a wide
range via selecting the polymer chains of suitable molecular
weight (MW). The grafting density determines the conformation
of polymer chains, which in turn governs the effectiveness of
polymer coating for a given application, and (4) above all,
polymer brushes are capable of responding to changes of
temperature, solvent polarity, pH, and other stimuli, generally
by reversible swelling/deswelling, which lead to the changes
in optical properties of adsorbed nanoparticles and open a new
avenue for nanosensors. Only very few studies have been
reported in the literature on immobilization of nanoparticles
using this approach.'®'® Tokareva et al.'® reported the fabrica-
tion of novel nanosensors based on the variation in distance
between the Au NPs adsorbed on poly(2-vinylpyridine) polymer
brushes and those deposited on the substrate, with the change
in pH of surrounding media. Similarly, Mitsuishi et al.'®
demonstrated temperature induced change in optical properties
of gold nanoparticles, assembled on substrate with temperature
responsive PNIPAM (poly-N-isopropylacrylamide) brushes.
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Scheme 1. Schematic Representation of Solvent Induced
Reversible Swelling of Au—PS Brushes
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Recently, we reported on the immobilization of Ag nano-
particles on pH responsive poly(2-vinylpyridine) brushes and
demonstrated application of resulting P2VP—Ag nanoassem-
blies in the fabrication of pH nanosensors.'® Extending the
applicability of this approach, we report on the fabrication
of nanosensors which can sense the presence of organic
solvents in surrounding media based on the solvent induced
swelling and deswelling of polymer brushes coupled with
optical changes in localized surface plasmon resonance
(LSPR) of Au NPs. The process involves immobilization of
Au nanoparticles on the silicon surface using responsive
ultrathin polystyrene brushes. The physical interaction (hy-
drogen bonding) between hydroxyl groups of end function-
alized, chemically grafted polystyrene chains and carboxylic
groups of surface functionalized Au nanoparticles is the
driving force of the fabrication of these hybrid nanoassem-
blies. The sensing approach has been demonstrated by the
observed shift in the absorption maximum of Au nanopar-
ticles, provoked by the change in organic solvents in
surrounding media of polymer brushes, as shown in Sch-
eme 1.

Experimental Section

Materials. o-Hydroxy-m-carboxy-terminated polystyrene (M, =
9500 g mol™!) and polyglycidyl methacrylate (M, = 17 500 g
mol~") was purchased from Polymer Source, Inc., and used as
received. Hydrogen tetrachloroaurate(I1I) (HAuCl,*4H,0), tetraoc-
tylammonium bromide (TOAB), 11-mercaptoundecanoic acid
(MUA), and sodium borohydride (NaBHy,) all were purchased from
Aldrich and used without additional purification. Highly polished
single-crystal silicon wafers of {100} orientation with ca. 1.5 nm
thick native silicon oxide layers were purchased from Semiconduc-
tor Processing Co. and used as substrates. Acetone, ethanol,
dichloromethane (DCM), chloroform (CHCl3), cyclohexane, tolu-
ene, and tetrahydrofuran (THF) were dried using standard methods
before use.

Instrumentation. Transmission electron microscopy (TEM)
images of Au nanoparticles were recorded on Zeiss Omega 912
microscope at an accelerating voltage of 200 kV. Samples were
prepared via drying a drop of toluene dispersion on a carbon-coated
copper grid. IR spectra of functionalized Au nanoparticles were
recorded with a Mattson Instruments Research Series 1 FTIR
spectrometer. Prior to analysis, dried samples were mixed with KBr
pellets. The thickness of polymer layers in the dry state was
measured at 1 = 632.8 nm and an angle of incidence of 70° with
a null ellipsometer in a polarizer compensator—sample analyzer
(Multiscope, Optrel Berlin) as described elsewhere.”® From the
obtained values, we calculated the distance between grafting points
by the following equation:

Ml’l
d, = 4 /HpNA (1)

where H is the ellipsometric thickness, p is the mass density (1.04
g/cm?), Ny is Avogadro’s number, and M, is the molecular weight.
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“In situ” ellipsometric measurements were performed in a quartz
cuvette (Hellma, Miillheim, Germany) to examine the swelling
behavior of the polymer brushes in different solvents. The measure-
ments were performed for each sample after each step of the
modification to use the measurements of the previous step as a
reference for the simulation of ellipsometric data.? The refractive
indices used for the calculations were 3.858-10.018, 1.4598, 1.525,
and 1.59 for silicon substrate, native silica layer, PGMA layer, and
PS brushes, respectively. XPS experiments were performed with
an AXISULTRA spectrometer (Kratos Analytical, U.K.) equipped
with a monochromized Al Ka X-ray source of 300 W at 20 mA.
The survey spectra and high-resolution spectra were obtained at
analyzer’s pass energy set value of 160 and 20 eV, respectively.
All spectra were charge compensated using the C.H, component
peak of the C Is spectra at BE (binding energy) 285.00 eV as
reference peak.?' To determine elemental ratios, normalized peak
areas (¢) were calculated from peak areas (A) of survey spectra,
respecting experimentally determined sensitivity factors and the
spectrometer’s transmission function using the following equation:

__ A
RSFTx

¢ @

where RSF is the respecting sensitivity factor®? and Tx is the
spectrometer’s transmission function. The advancing water contact
angle was measured using “DSA-10" Kriiss equipment with an
accuracy of 0.5°. For UV—vis measurements, samples were
prepared on a glass substrate, which has been cleaned using the
same procedure as employed for silicon substrates. Samples were
put in a cleaned quartz cuvette and then filled with the respec-
tive solvent. In a reference cuvette, a cleaned and bare glass
substrate (without brushes and NPs) was taken and filled with the
same solvent. Immediately (after ~40—60 s), samples were
irradiated with UV light and spectra were recorded with a Cary 50
spectrophotometer (Varian). Atomic force microscopy (AFM)
studies were performed with a Dimension 3100 (Digital Instruments,
Inc., Santa Barbara, CA) microscope. Tapping mode was used to
map the film morphology at ambient conditions. We estimated the
surface coverage of immobilized nanocrystals by the following
equation:

2
g = 100:75‘Vﬂd 3)
where d is the diameter of the nanocrystals and N is the number of
nanocrystals detected per area A.

Preparation of Polymer Brushes. Polystyrene brushes were
grown on silicon substrates by the “grafting to” method as described
elsewhere.?® Silicon wafers (2 cm x 1 cm) were cleaned with
dichloromethane in an ultrasonic bath for 30 min, placed in 1:1
mixture of 29% ammonium hydroxide and 30% hydrogen peroxide
(warning: this solution is extremely corrosive and should not be
stored in tightly sealed containers due to evolution of gas) for 1.5 h,
and rinsed several times with Millipore water. A thin layer of
PGMA (ca. 2 nm) was deposited on substrate by spin-coating from
a 0.02% w/w solution in chloroform and annealed at 110 °C for
10 min. Subsequently, a thin film of a-hydroxy-w-carboxy-
terminated polystyrene (2% w/w solution in toluene) was spin-
coated and annealed at 150 °C for 3 h. Ungrafted polymer was
removed using Soxhlet extraction in toluene for 4 h.

Preparation of Gold Nanoparticles. Gold nanoparticles were
synthesized by borohydride reduction of chlorauric acid as described
elsewhere with some modifications.>* In a typical process, 328 mg
of TOAB (0.6 mmol) dissolved in 100 mL of toluene was mixed
with 50 mL of an aqueous solution of HAuCl,*4H,0 (15 mM) at
room temperature. Subsequently, a solution of 32.75 mg of MUA
(0.15 mmol) in 25 mL of toluene was dropwise added into the
reaction mixture and allowed to stir for 10 min under vigorous
stirring. Thereafter, a freshly prepared 25 mL aqueous solution of
0.30 M NaBH, was added, and resulting mixture was stirred for
1 h. The organic phase was separated and well-washed with distilled
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Figure 1. TEM image of Au nanoparticles.

water followed by the drying under reduced pressure. The resulting
black solid was heat treated at 155 °C at the heating rate of 2 °C
min~! for 30 min. The heat-treated product was dissolved in 10
mL of toluene, mixed with 200 mL of chloroform to remove the
excess TOAB and MUA, and finally resulting Au NPs were
separated from reaction media through centrifugation.

Immobilization of Gold Nanoparticles on PS Brushes. Au
nanoparticles were attached on the PS polymer brushes from a 1
mM solution in toluene by incubating the samples overnight.
Nonadsorbed or weakly adsorbed particles were removed by several
times rinsing with toluene.

Results

Well-defined and homogenously distributed end functional-
ized PS brushes were prepared on a silicon substrate exploiting
the well-known “grafting to” approach.?® The process involves
chemisorption of PGMA anchoring layer on silicon substrate
followed by the chemical grafting of bifunctionalized PS
polymer chains. A thin layer of PGMA (as an anchoring layer)
was deposited on cleaned silicon wafer. It has been investigated
earlier that PGMA can serve as a universal anchor for different
types of polymer brushes on wide range of substrates including
silicon, glass, alumina, gold, and silver by virtue of the high
reactivity of its epoxy groups toward hydroxyl groups of these
surfaces.” The thickness of PGMA layer was found to be 2 +
0.2 nm by ellipsometry. Bifunctionalized PS polymer chains
were spin-coated on the PGMA layer, and samples were
annealed at 150 °C for 3 h. It leads to the chemical grafting of
PS chains on silicon substrate through the —COOH-terminated
ends and offers —OH-terminated ends free for immobilization
of Au nanoparticles. The presence of free —OH-terminated ends
of grafted polystyrene brushes on the surface of silicon substrate
was confirmed by XPS (see Figure 1 of the Supporting
Information). Chemical reaction between —COOH groups of
PS chains and epoxy units located in the “loops” and “tails”
sections of the attached PGMA macromolecules leads to the
chemical attachment of PS chains on Si wafer. Ungrafted
polymer was removed by Soxhlet extraction in toluene for 4 h
and thickness of washed and dried PS brushes was measured
as 6.0 nm by ellipsometry. The advancing contact angle of
obtained PS brushes was found around 83 £ 1.5° owing to the
hydrophobic nature of polymer chains. Distance between the
grafting points was estimated by eq 1 as 2.58 nm, which yielded
the grafting density of obtained PS brushes as 0.15 nm™2.

As shown in Figure 1, the TEM image confirmed the
formation of Au nanoparticles with a mean size of 5.2 nm. The
surface of the Au nanoparticles was chemically protected with
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Figure 2. (a) IR spectrum and (b) UV—vis spectrum of 11-mercap-
toundecanoic acid capped Au nanoparticles.

a polar and lipophilic group, 11-mercaptoundecanoic acid,
exploiting the affinity of Au for the thiol compounds.®®

The presence of —COOH on the surface of nanoparticles was
further confirmed by FTIR spectroscopy. Figure 2a shows a
C=O0 stretching band at 1740 cm™!, characteristic of free
carboxylic acid groups.?” In addition, the absence of the S—H
peak at 2550 cm™! confirms the attachment of this capping agent
on the surface of gold nanoparticles through the thiol group.

Functionalization of Au nanoparticles with 11-mercaptoun-
decanoic acid not only provides the —COOH moiety to the Au
nanoparticles to interact with the —OH groups of polystyrene
chains but also enables them good solubility in toluene, which
is a good solvent for polystyrene brushes. Here good solvent
means to a solvent in which polymer brushes are well stretched
due to a good interaction between polymer chain segments and
solvent. Owing to the osmotic and entropic effects and van der
Waals interactions between PS and solvent, all the polystyrene
chains remain highly stretched in toluene. Simulations studies
on polymer brushes have also revealed that chain ends are
enriched in the top brush layer depending on chain stretching
and grafting density.”® As a consequence of that, Au nanopar-
ticles present in the solution have access to most of the end
functionalities of highly stretched polymer chains facilitating
the immobilization process. Figure 2b shows UV —vis spectra
of Au nanoparticles dispersed in toluene, indicating a strong
characteristic absorption peak at 520 nm.

The immobilization of Au nanoparticles on polystyrene
brushes was achieved by exploiting the physical interaction
(hydrogen bonding) between free end functionality of grafted
polystyrene chains (—OH groups) and surface functionality
(—COOH groups) of Au nanoparticles. Overnight incubation
of polystyrene brushes into the Au—toluene solution resulted
in self-assembly of Au nanoparticles on the polymer brushes.
Figure 3 illustrates AFM phase images of polymer brushes (a)
before and (b) after the immobilization of Au nanoparticles.
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Figure 3. AFM images of polystyrene brushes (5 x 5 um) (a) before
and (b) after the immobilization of Au nanoparticles. Insets show
enlarged views (I x 1 um) of a part of images.

These results indicate that immobilized Au nanoparticles formed
a nearly uniform coverage on the polymer brushes. The root-
mean-square (rms) roughness of the bare polymer brushes was
measured <0.4 nm, which increased significantly to the 3.3 nm
after the immobilization of Au nanoparticles. Moreover, a close
inspection of these images reveals that sample has developed a
“pebbled” appearance after the immobilization process, indica-
tive of the presence of a layer of the nanoparticles on polystyrene
brushes. In addition, these results coupled with eq 3 revealed
that Au nanoparticles cover ~15% of brush surface area. The
number of nanoparticles per area of the sample was counted by
zooming a part of the AFM image. However, immobilized Au
nanoparticles appear larger in AFM image than those shown in
TEM image of Au NPs. This can be attributed to the AFM tip
surface convolution effects.”’ The presence of the nonaggregated
Au nanoparticle on polystyrene brushes was confirmed by the
absence of the optical signature, i.e., an absorption at wave-
lengths greater than 600 nm, of the aggregate formation of Au
nanoparticles in the UV—vis absorption spectrum of samples
(as shown in Figure 5a).%°

The presence of Au nanoparticles on polystyrene brushes was
further proved by X-ray photoelectron spectroscopy (XPS)
analysis. It should be noted that samples were repetitively
washed with toluene before carrying out the measurements in
order to ensure the complete removal of nonimmobilized Au
nanoparticles. Figure 4 shows the XPS wide scan spectrum of
the polystyrene brushes after the immobilization of Au nano-
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Figure 4. XPS survey spectrum (takeoff angle 75°) of polystyrene
brushes after the immobilization of Au nanoparticles.
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Figure 5. (a) UV—vis spectra of Au—PS brushes in dry and swollen
(in toluene) states, (b) position of the absorption maxima of Au—PS
brushes in different organic solvents.

particles (Au—PS brushes). In comparison to the wide scan
spectrum of bare polystyrene brushes (shown in Figure 1 of
the Supporting Information), the appearance of Au signals at
the characteristic binding energies indicates the presence of Au
nanoparticles on polymer brushes.*'

Moreover, in order to prove that immobilized Au nanopar-
ticles are located on the top of polymer brushes, we carried out
XPS investigations of the samples at three different takeoff
angles (angle between surface normal and electron-optical axis
of the spectrometer), namely 0°, 60°, and 75°, which enabled
to collect the information from different mean depths of 8, 4,
and 2 nm, respectively, of the polymer brush layer.>*** These
data indicate that the [Au]:[C] ratio gradually increases from
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0.009 to 0.016 with increasing the takeoff angle, suggesting that
most of the Au NPs are located at the top of brush layer.
However, the appearance of Au signals even at 0° takeoff angle
may be attributed to the dry state of the sample, employed for
analysis. It is reasonable to assume that in dry state polymer
chains are collapsed, and hence a fraction of the Au nanopar-
ticles immobilized at the end of these polymer chains may be
present inside the brush layer as well.

It has been realized that polymer chains, tethered to the
substrates by one end in brush conformation, can show a solvent
induced swelling/deswelling behavior.** On the basis of the
nature of interaction with the grafted polymer chains, solvents
can broadly be classified as poor and good solvents for a
polymer brush. Polymer chains always remain in collapsed state
in a poor solvents due to the poor interaction between solvent
and polymer segments. On the contrary, they have a stretched
conformation with increased mobility of their free ends in good
solvents on account of good interaction between solvent and
polymer segments. The thickness of the swollen layer is
governed by the balance between osmotic pressure and chain
stretching. Various studies employing analytical theory, simu-
lation,® and neutron reflection®’ have shown that stretched
polymer chains in a polymer brush gradually shrink and finally
collapse as the solvent quality changes from good to poor. We
designed our sensing material exploiting this stimuli responsive
property of polystyrene brushes. The proximity of the im-
mobilized Au nanoparticles will be altered by swelling of their
support polymer in response to the organic solvents. One can
expect an increase in interparticle distance on swelling of the
polymer brushes and a decrease in the same manner when
brushes are collapsed. The change in proximity of immobilized
Au nanoparticles could induce a shift in their plasmon absorption
band. Recently, Kumacheva et al.3® also demonstrated the
solvent induced change in the position of plasmon resonance
band of Au nanorods, coated with a bilayer of cetyltrimethy-
lammonium bromide (CTAB) and end terminated with the
polystyrene chains. They found that change in surrounding
media from DMF to water—DMF mixture led to the variation
in assembly of Au nanorods from side-by-side to the end-to-
end one. With the addition of water, the mixture became poor
solvent for the polystyrene chains but remained a good solvent
for the hydrophilic CTAB layers. Moreover, a continuous
increase in molecular weight of the polystyrene chains caused
the Au nanorods to assemble in bundles and then nanochains.
These solvent and molecular weight induced change in supra-
assembly of the nanorods enabled the manipulation in optical
properties of Au nanorods. To observe the clear shift in surface
plasmon resonance, the size and proximity of the Au nanopar-
ticles immobilized on the polymer brushes are the critical factors.
It has been reported that the appropriate size of the Au
nanoparticles for this purpose is <20 nm in diameter.*® Also, a
narrow size distribution of the immobilized nanoparticles would
be required for acquiring a sharp optical response.

Therefore, preparation conditions for Au nanoparticles and
their concentration in absorption media were carefully selected.*
When samples were immersed into toluene which is considered
as a good solvent for polystyrene,*'**? the thickness of polymer
brushes was found to increase from 6 to 14.7 nm by ellipsometry
(see Figure 2 of the Supporting Information). When the same
sample was removed from the toluene, dried, and immersed
into other solvents such as chloroform and ethanol, thickness
as found to be changed to 11.6 and 6.3 nm, respectively,
suggesting the presence of a less stretched and collapsed
conformation of polymer chains in these solvents. In accordance
with the literature,*' the degree of the swelling or conformation
of polymer chains in different organic solvents and hence
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organization of immobilized Au nanoparticles were found to
be governed by the quality of the solvent.

The UV—vis measurements conducted in various organic
solvents elucidated the sensitivity and dynamic range of the
optical response of nanohybrid assemblies. Figure 5a shows that
the plasmon absorption band originally appeared with a
maximum absorbance at 560 nm when brushes are in dry state.
When polymer brushes were immersed in toluene, the absorption
band was found to appear at 528 nm, showing the dramatic
blue shift of 32 nm with respect to that of gold nanoparticles
on dry polymer brushes. It can be attributed to the solvent
induced swelling of polymer chains and higher mobility of their
free ends in toluene, which caused increase in interparticle
distance of Au nanoparticles, located at the top of polymer
chains (as shown in Scheme 1). Furthermore, when surrounding
media was changed from toluene to ethanol, the absorption
maxima was found to shift from 528 to 543 nm as ethanol is a
poor solvent for polystyrene and brushes are expected to be
collapsed in this surrounding medium. It is worth mentioning
that this solvent induced shift in absorption maxima of im-
mobilized Au nanoparticles was found to be completely
reversible. Variation in the position of plasmon absorption band
with different organic solvents is depicted in Figure 5b. The
UV —vis spectra of Au—PS brushes in these solvents are shown
in Figure 3 of the Supporting Information. A closer inspection
of UV—vis spectra taken in various organic solvents reveals a
weak shoulder at the 560 nm, which can be attributed to the
slight aggregation of immobilized Au NPs even after immersing
the sample in the respective solvent. These results reveal that
absorption band positions are controlled by the nature of the
organic solvents."'

Recently, Tokareva et al.'® reported the fabrication of pH
nanosensors and demonstrated the shift in surface resonance
band by manipulating the distance between the Au nanoparticles
adsorbed on poly(2-vinylpyridine) brushes and those deposited
on the substrate by causing the pH induced swelling of P2VP
chains. In comparison to this study, the sensing mechanism of
our nanoassemblies is based on the change in interparticle
distance of Au nanoparticles located on the top of polymer
chains. Moreover, the employed polymer support, i.e. polysty-
rene brushes, is responsive to a series of organic solvents as
shown in Figure 5b. It is also important to emphasize here that
this shift in absorption maxima is not induced by the change in
refractive index of surrounding solvent. If it were so, we would
have observed only a red shift in the maximum position with
increase in refractive index of solvent, as reported by Nath et
al.** In contrast, we observed that the absorption band position
depends on the solvent quality irrespective of their refractive
index. It strongly suggests that solvent induced change in
conformation of chemically grafted polystyrene chains is the
driving force for this modulation of the position of plasmon
resonance band.

Discussion

We demonstrated the fabrication of an extremely straight-
forward but highly sensitive nanosensor, based on solvent
induced swelling of polystyrene brushes coupled with surface
plasmon resonance of immobilized Au nanoparticles. The
resulting PS—Au nanoassemblies have been exploited in the
fabrication of solvent nanosensors. In addition, the described
methodology demonstrates an effective way to the homogeneous
and tailored organization of nanoparticles on macroscopic
surfaces. In comparison to the previously reported studies on
the polymer brushes—nanoparticles assemblies, the described
system has the following advantages: (1) Unlike the P2VP—CdSe
system reported by Ionov et al.,'®® the presented system has a
wide applicability allowing to detect a series of the organic



Macromolecules, Vol. 41, No. 21, 2008

solvents in surrounding media (as shown in Figure 5b) rather
than only ethanol and toluene. In addition, we believe that it
should work at lower pH also as Au nanoparticles are quite
stable at wide range'® of pH unlike the CdSe nanoparticles. (2)
The described approach exploits an extremely simple analytical
setup (UV—vis spectroscopy) to detect the variation in optical
properties of the system as compared to those used in previously
reported studies.'™'®" (3) A well-planned synthetic strategy
allowed us to immobilize the Au nanoparticles selectively at
the end of polystyrene chains rather than randomly on polymer
brushes as reported for other systems.'®'®® We believe this
feature allowed us to get a large shift in surface plasmon band
position of Au nanoparticles from collapsed conformation to
the stretched confirmation of polystyrene chains. (4) In addition,
the hydrogen bonding between surface functionality —COOH
of immobilized nanoparticles and free end functionality —OH
of polymer chains offers a relatively strong adhesion between
these two components rather than hydrophobic—hydrophobic
interaction claimed by Ionov et al.'"® for the P2VP—CdSe
system. However, we admit that this interaction is not as much
strong as between Ag NPs and polymer brushes, reported in
our previous study."” (5) In a marked difference with previously
reported systems,'* ' our system is not limited to the reflective
surfaces as it is based only on change in interparticle distance
of absorbed particles caused by swelling/deswelling of poly-
styrene brushes irrespective of the nature of substrate in terms
of roughness and reflectivity. (6) In addition, if we think only
in the context of the immobilization of nanoparticles on planar
substrates, the brush conformation of surface modifier such as
polystyrene brushes in present case renders much more binding
sites as compared to a thin layer of polymer as reported by
Malynych et al.** In addition, it offers a selective and
homogeneous distribution of nanoparticles on macroscopic
surfaces. As evident by UV—vis spectra of Au immobilized
polymer brushes, no optical signature for aggregation of the
nanoparticles has been observed, indicating that employed
approach is more efficient to achieve the immobilization of
nanoparticles with homogeneous distribution. (7) Above all, this
approach is versatile in nature as can be used for the fabrication
of nanosensor devices based on temperature, pH, and ionic
strength responsive polymer brushes.
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