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Surface plasmon involves the collective coherent oscillation of
the conductive electrons at the interface of a metal and

dielectric. A broad term, plasmonics involves the control of light
at the nanoscale using surface plasmons,1,2 which encompasses
such unique optical phenomena as highly localized enhancement
of electromagnetic (EM) field at nanostructured metal surface,3,4

high sensitivity of the surface plasmon resonance to external
medium,5 extraordinary transmission through subwavelength
apertures in thin metal film,6,7 and subwavelength waveguiding
in metal nanostructures.8�10 Plasmonics is gaining immense
interest because of the potential applications of the above-men-
tioned phenomena in nano-optical components for plasmonic
circuits,11,12 fabrication of nanoscale structures,13,14 photovol-
taics,15,16 and chemical/biological sensors.17

The time varying electric field of the electromagnetic radiation
causes oscillation of conductive electrons in metal nanoparticles.
The resonance of such oscillation, termed localized surface
plasmon resonance (LSPR), falls into the visible regime for
noble metals such as gold and silver. LSPR of metal nanostruc-
tures is sensitive to numerous factors such as composition, size,
shape, dielectric ambient, and proximity to other nanostructures
(plasmon coupling).18,19 The sensitivity of LSPR to localized
changes in dielectric environment renders it an attractive trans-
duction platform for chemical and biological sensing.20�24 LSPR
overcomes the deficiencies of the conventional SPR approach
because eof the simplicity of exciting surface plasmons in metal
nanostructures and the ability to address the same down to single

nanostructures enabling high lateral resolution and single mole-
cule detection.25,26

Responsive plasmonics, which involves dynamic tuning of the
plasmonic properties of metal nanostructures and their assem-
blies, is an exciting fundamental challenge with potential applica-
tions in sensing, optoelectronics and adaptive materials. One
reliable way to approach this challenge is to use responsive poly-
mers, which exhibit large changes in conformation with external
stimuli such as pH, temperature, electric field, and magnetic
field.27�33 It is known that the plasmonic coupling between
metal nanoparticles is extremely sensitive to the distance of
separation between the nanoparticles, which is exploited in plas-
mon ruler.34 Recent experimental and theoretical investigation
suggests that the plasmon coupling strength decays exponentially
with separation distance.35 The large change in the dimensions of
the responsive polymer chains with external stimuli is translated
to change in distance of separation between the nanostructures,
which in turn tunes the strength of the plasmonic coupling.
Numerous polymer/nanoparticle hybrid structures such as cross-
linked thin films, layer-by-layer assembled films, polymer
brushes, core�shell structures, block copolymer nanotubes have
been investigated.36�39 However, in most of these cases the
tunability of the plasmonic properties remains rather limited due
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ABSTRACT: We demonstrate large and reversible tuning of
plasmonic properties of gold nanoparticles mediated by the
reversible breaking and making of linear and branched chains of
gold nanoparticles adsorbed on an ultrathin (1 nm) responsive
polymer film. Atomic force microscopy revealed that at pH below
the isoelectric point of the polybase (extended state of the polymer
chains), gold nanoparticles adsorbed on the polymer layer existed
primarily as individual nanoparticles. On the other hand, at higher
pH, the polymer chains transition from coil to globule (collapsed)
state, resulting in the formation of linear and branched chains with
strong interparticle plasmon coupling. Reversible aggregation of
the nanoparticles resulted in large and reversible change in the
optical properties of themetal nanostructure assemblies. In particular, we observed a large redistribution of the intensity between the
individual and coupled plasmon bands and a large shift (nearly 95 nm) in the coupled plasmon band with change in pH. Large
tunability of plasmonic properties of the metal nanostructure chains reported here is believed to be caused by the chain aggregates of
nanoparticles and un-cross-linked state of the adsorbed polymer enabling large changes in polymer chain conformation.
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to the isotropic nature of the nanoparticle aggregates formed in
the collapsed (globule) state of the polymer chains.

In this work, we demonstrate the deployment of an ultrathin
(∼1 nm thick) and un-cross-linked responsive polymer layer to
achieve large and reversible plasmonic tuning of metal nano-
structure assemblies. More importantly, the plasmonic tunability
of nanoparticle chains was found to be higher compared to that of
individual nanoparticles and isotropic aggregates. The large
changes in the conformation of adsorbed poly (4-vinyl pyridine)
(P4VP) layer result in reversible formation of linear and
branched chains of nanoparticles and concomitant change in
the optical properties associated with the plasmon coupling.

P4VP is a weak cationic polymer which exhibits a coil to
globule transition at around pH 3.5.40 Ultrathin polymer layer
was adsorbed onto a substrate from P4VP solution (in ethanol)
followed by extensive rinsing with copious amount of ethanol (see
Experimental Section for details). The polymer layer exhibited
uniform and featureless surface morphology with root-mean-square
(rms) roughness of∼0.5 nm over 1� 1 μm2 (see the Supporting
Information, Figure S1). The thickness of the adsorbed P4VP layer
was found to be∼1 nm using AFM scratch test (see the Supporting

Information, Figure S2). Gold nanoparticles with diameter of
25.8 ( 3.8 nm were synthesized using citrate mediated reduction
of gold salt (see Experimental Section). The nanoparticles under
normal pH conditions had a modest negative charge on the surface.

Figure 1A, B show AFM images of the nanoparticles adsorbed
on the P4VP film. Majority of the nanoparticles (∼92%) were
found to exist as single nanoparticle wide linear or branched
chains rather than as individual nanoparticles. Earlier studies
involving the adsorption of citrate-stabilized gold nanoparticles
onto polyelectrolyte multilayers indicated similar chains of
nanoparticles.41,42 The chains comprised 10�40 nanoparticles
and were formed during the solvent evaporation. The AFM
images revealed very few isotropic (close packed nanoparticles)
aggregates and almost no large vertical aggregates. Figure 1C
shows the histogram of the distribution of nanoclusters with
different number of nanoparticles.

Figure 1D shows the extinction spectrum of gold nanoparti-
cles in solution and adsorbed on the surface of the P4VP film.
Extinction spectrum of gold nanoparticles in solution shows the
characteristic plasmon absorption band of the gold nanoparticles
with peak at 527 nm. On the other hand, the extinction spectra of

Figure 1. AFM images showing the (A) large-scale surface morphology of the gold nanoparticles adsorbed on the P4VP film (B) higher-resolution
image showing the linear and branched nanoparticle chains (C) Histogram showing the distribution of the nanoclusters comprised of different number
of nanoparticles (D) UV�visible extinction spectra of the nanoparticle solution and the nanoparticle chain aggregates formed on the surface of the
P4VP film.
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the nanoparticles adsorbed on the P4VP shows two distinct
bands centered at 537 and 660 nm. The peak at 537 nm
corresponds to the individual nanoparticles and the transverse
surface plasmon mode of linear AuNP chains while the band
centered at 660 nm corresponds to the longitudinal surface
plasmon mode of the nanoparticle chains with strong plasmon
coupling.43 The extinction spectrum is in agreement with the AFM
images, which revealed high fraction of AuNP as linear chains. It
has been demonstrated that linear aggregation of the nanoparticles
results in the appearance of the higher wavelength band, the
position of which depends on the length of the linear chains.44 It is
also known that the higher wavelength band (called coupled
plasmon band henceforth) exhibits a progressive red shift as the
length of the nanoparticle chain increases. The coupled plasmon
band peak was found to be broader compared to that of the
individual nanoparticles at 537 nm. The relatively broad peak
indicates the polydispersity in the length of the nanoparticle chains
formed on the P4VP film, which is in agreement with the AFM
observation discussed above (Figure 1C). The individual nano-
particle plasmon band of the AuNP adsorbed on the substrate was
found to be slightly red-shifted (10 nm) compared to that in
solution, which can be ascribed to the change in the refractive
index (water vs airþsubstrate).45

Spectra A and B in Figure 2 show the extinction spectra of the
gold nanoparticles on the P4VP layer at pH 2 and pH 7,
respectively. The individual and coupled plasmon bands have
been deconvoluted by fitting the extinction spectrum with three
Gaussian peaks as shown in the plot. A dramatic redistribution of
the intensity between the individual nanoparticles and aggre-
gated nanoparticles bands can be observed at the two different
pH conditions (Figure 2C). At pH 2, the individual nanoparticle
plasmon band (at 537 nm) was found to be significantly stronger
than the higher wavelength band, which appeared as a shoulder at
580 nm. On the other hand, at pH 7, the intensity of higher
wavelength band was found to be slightly stronger than the
individual nanoparticle plasmon band. Apart from the large
redistribution in the intensity of between the two bands, both
the plasmon bands exhibited a red shift in the peak position at pH
7 compared to that at pH 2. The individual nanoparticle band was
found to red shift by ∼10 nm while the coupled plasmon band
exhibited much larger shift (∼93 nm). The shift in the coupled
plasmon resonance observed here is significantly higher than the
previous demonstrations involving responsive polymer systems
for tunable plasmonics.36,38,39 We believe that the unique
nanoparticle morphology i.e. chains of nanoparticles as opposed
to the randomly distributed or closely packed nanoparticles in

Figure 2. Representative extinction spectra of the AuNP on P4VP film at (A) pH2 and (B) pH 7 with peak deconvolution using three Gaussian peaks.
(C) Normalized extinction spectra at pH 2 and pH 7 showing the redistribution of the peak intensity between the individual and coupled plasmon bands
and the large red shift in the coupled plasmon band. (D) Plot showing the peak position of the individual and coupled plasmon bands at different pH.
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most of the previous demonstrations resulted in the enhanced
plasmon resonance. Furthermore, the un-cross-linked state of
the adsorbed polymer layer facilitates larger changes in the
dimensions of the polymer chains resulting in larger tunability
of the plasmonic properties of the nanoparticle assemblies.

Figure 2D shows the plasmon tuning with change in the
external pH. The peak position of both individual and coupled
plasmon bands exhibited a red shift with increase in the external
pH. The shift in the coupled plasmon band position with change
in external pH exhibited a smooth curve with most dramatic
changes occurring at around pH 3.0, which closely corresponds
to the isoelectric point of P4VP (pH 3.2).40 The larger shift in the
longitudinal band can be ascribed to the higher shape factor of
the chains of nanoparticles compared to the individual particles.
It has been recently demonstrated that the pairs of nanoparticles
with higher shape factor exhibit higher refractive index sensitivity
compared to the individual nanoparticles.46 Redistribution of the
intensity between the individual and coupled plasmon bands
showed similar trend with most dramatic changes happening
between pH 2.5 and 3.5, which corresponds to the protonation of
the P4VP chains and transition from coil to globule state. It is
known that change in external pH results in the large change in
the molecular dimensions of the P4VP chains (coil to globule
transition). The nanoparticles adsorbed on the responsive poly-
mer chains also follow the structural changes of the polymer
chains.

AFM imaging was employed to understand the structural
changes in adsorbed polymer layer exposed to different pH condi-
tions. Figure 3 shows the AFM topography and phase images of the
P4VP film following the exposure to pH 2 (and pH 7) and
subsequent rapid drying of the samples. While the surface morphol-
ogy of the film exposed to pH 7 exhibited nanoscale grainy surface
morphology, the film exposed to pH 2 exhibited uniform, smooth
and featureless morphology (see Figure 3A,C). The grainy and

smooth morphology of the P4VP surface exposed to pH 7 and 2,
respectively, is clearly evident from the phase images B and D in
Figure 3. The radius of the individual grains observed in the phase
imagewas found to be 15�25 nm (after accounting for the AFM tip
dilation). The radius of the polymer grains observed here closely
agrees with the radius of gyration of individual poly(2-vinyl pyri-
dine) globules of similar molecular weight reported earlier.47 The
rms surface roughness (over 1� 1μm2 area) of the surface exposed
to pH 7 (0.6 nm) was significantly higher than the P4VP surface
exposed to pH 2 (0.25 nm). The morphology was found to be
completely reversible between the grainy and smooth featureless
states with exposure to different pH conditions.

AFM imaging was also performed on P4VP film with Au NP
following the exposure to pH 7 (Figure 4A,B) and pH 2
(Figure 4C,D). AFM images revealed that exposure to pH 2
causes the nanoparticles to be primarily in individual state as
opposed to primarily linear and branched chains in the pristine
sample. The swelling of the P4VP chains upon exposure to acidic
conditions results in the breaking of the linear aggregates and
resulting in isolated nanoparticles. A careful observation of the
AFM image reveals that the nanoparticles still exist as linear
chains (highlighted in the AFM image) after exposure to pH 2
but with larger spacing between them (highlighted in Figure 4D).
It is important to note that the AFM images were obtained in the
dry state following the exposure to pH 2 and subsequent rapid
drying of the polymer. The swelling effects observed in the
polymer are only residual effects during rapid drying of the
polymer. On the other hand, P4VP-AuNP sample exposed to pH
7 showed significantly higher number of particles in proximity to
other nanoparticles and in chain aggregates.

Figure 4E shows the plot of the number of particles observed
in chains comprised of different number of particles. The plot
clearly reveals that the fraction of individual nanoparticles
observed in sample exposed to pH 2 (44% of the total number
of particles) is more than twice of the same observed in samples
exposed to pH 7 (19% of the total number of particles). On the
other hand, the fraction of nanoparticles in clusters is significantly
higher in the sample exposed to pH 7 compared to the sample
exposed to pH 2. The clusters were primarily chain aggregates of
nanoparticles in both cases.

AFM images clearly reveal the pH induced reversible changes
in the morphology of the P4VP film and the associated changes
in the aggregation state of the nanoparticles. Figure 4F shows the
proposed mechanism responsible for the observed large changes
in the optical properties of the AuNP adsorbed on the P4VP film.
In protonated state (below isoelectric point), the P4VP chains
exist as extended coils, resulting in weakly interacting nanopar-
ticles. On the other hand, at higher pH (above isoelectric point)
the polymer chains primarily exist as collapsed globules and the
nonaoparticles on the top are drawn closer forming strongly
interacting linear and branched chains.40 Apart from the changes
in the plasmon coupling, the local refractive index changes also
contribute to the observed change in the optical properties.
Dramatic changes in refractive index of temperature responsive
gels at phase transition (lower critical solution temperature) have
been observed using surface plasmon resonance and optical
waveguide spectroscopy.48 The transition of the polymer chains
from swollen coiled state (with water) to collapsed globule state
(absence of water) results in an increase of the effective refractive
index experienced by the nanoparticles. It is known that the
plasmon resonance of the nanoparticles exhibits a red shift with

Figure 3. Topography and phase images of adsorbed P4VP film
exposed to (A, B) pH 7 and (C, D) pH 2 showing the grainy globular
morphology and the coiled featureless surface morphology, respectively.
Z-scale of the images A and C: 10 nm, B: 40� and D: 5�.



949 dx.doi.org/10.1021/am200109r |ACS Appl. Mater. Interfaces 2011, 3, 945–951

ACS Applied Materials & Interfaces LETTER

increase in the refractive index, which augments the plasmon
coupling effect.49

To probe the reversibility of the observed tunable plasmonic
effects, we exposed the nanoparticle chains on the responsive
polymer to cycles of pH 2 and 7. The peak position of the coupled
plasmon band follows the changes in the pH (Figure 5A). The peak
position exhibited a large shift (∼90 nm) when the pristine sample
was exposed to pH2 and subsequent cycles showed smaller shift
(∼40 nm). AFM images discussed above also support this observa-
tion (see Figures 1A�C and 4A�E). The linear chains in the
pristine sample are comprised of nearly 20�30 nanoparticles. Upon
exposure to pH2, the nanoparticles chains break to mostly non-
interacting isolated nanoparticles. Subsequent exposure to pH7
resulted in the formation of chains comprised of 5�10 nanoparticles,
which are significantly shorter compared to the pristine sample. A
small blue drift (5�10 nm) in the peak position was observed in the
first two cycles due the decrease in the length of the chains. Figure 5B
shows the intensity ratio of individual plasmon band and coupled

plasmon band. The intensity ratio of both the bands also shows clear
variation between the two distinct values with small variation
(<20%) over four consecutive cycles. The cycling results clearly
demonstrate the reversibility and stability of the plasmon tuning that
can be achieved by the ultrathin adsorbed responsive polymer layer.

In conclusion, we have demonstrated tunable, reversible and a
highly sensitive surface plasmonic response of linear chainlike Au
NP aggregates adsorbed on an ultrathin responsive polymer film.
The simple and efficient method suggested here enables large
tunability in optical properties, obviating the need for complex
nanofabrication such as layer-by-layer assembly, template as-
sisted assembly, polymer brushes or any chemical modification of
nanostructures. We believe that the un-cross-linked nature of the
polymer chains is critical for large changes in polymer chain
conformation and hence large tunability of the plasmonic proper-
ties. The observed plasmonic tunability of AuNP chains can be
extended to other shape-controlled nanostructures such as
nanorods, nanocubes, and bipyramids. The approach suggested

Figure 4. AFM images of Au NP adsorbed P4VP after exposure to (A, B) pH 7 and (C, D) pH 2 (E) Histogram showing the number of particles in
nanoclusters after exposure to pH 2 and pH 7. (F) Schematic showing coil to globule transition of the adsorbed polymer chains and the associated change
in spacing between the nanoparticles in the chain aggregates.
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here can find important applications in developing highly
sensitive chemical and biological sensors, optoelectronic devices
and adaptive materials.

’EXPERIMENTAL SECTION

Gold nanoparticles were synthesized according the procedure de-
scribed in the literature.50 In brief, 1.0mL of a 1% sodium citrate solution
(in nanopure water (18.2 MΩ cm)) was quickly injected into 100 mL of
boiling 0.01% aqueous HAuCl4 solution. The solution was kept under
boiling conditions for 10 min and continuously stirred for an additional
15 min. Gold nanoparticle solutions were stored at room temperature in
a dark area and used within 3 weeks. These nanoparticles bear a modest
negative charge under normal pH conditions and remain stable in
solution for several weeks.
Glass substrates were cut into approximately 1 � 2 cm2 rectangular

slides and cleaned in piranha solution (3:1 (v/v) mixture of H2SO4 and
30% H2O2) followed by extensive rinsing with Nanopure water (18.2
MΩ cm). Adsorption of P4VP was achieved by immersing a glass

substrate in 4% P4VP solution in ethanol for 60min followed by washing
with copious amounts of ethanol. Au NP solution (20 μL) was drop-
casted on P4VP film and evaporated naturally under room conditions.
Sample was washed with Nanopure water to remove weakly adsorbed
nanoparticles and any large vertical aggregates that formed during the
course of evaporation. It is worth noting that the amount of AuNP drop
casted is critical for achieving the large optical response observed here.
Smaller amounts resulted in very few chains and mostly individual
particles, which is not ideal for responsive plasmonics. On the other
hand, larger amounts resulted in isotropic and large number of vertical
aggregates, which exhibited poor response to pH. An alternate approach
involving spin-casting composite polymer solution (100 μL AuNP
solution in 0.5 mL of 4% P4VP in ethanol) resulted in microscale phase
separation with no sign of nanoparticle chains (see the Supporting
Information, Figure S3).

UV�vis extinction spectra were collected using Shimadzu 1800
spectrophotometer. The extinction spectra of the AuNP chains were
measured in wet state by immersing the substrate in solution at different
pH. Solutions with different pH were prepared by adjusting the pH
(dropwise addition) of nanopure water using diluteHCl (0.1M) or 0.1%
NaOH and used immediately after preparation. AFM images were
collected in tapping mode using standard silicon nitride cantilevers
using Dimension 3000 AFM (Veeco). The thickness of the polymer film
was measured by using scratch test, which involved making scratch on
the polymer film using a sharp scribe followed by scanning along the
edge of the scratch (see the Supporting Information, Figure S2).

’ASSOCIATED CONTENT

bS Supporting Information. AFM images showing the sur-
face morphology of the P4VP layer adsorbed on silicon surface,
AFM scratch test showing the thickness of the adsorbed P4VP
layer to be approximately 1 nm and the representative AFM
images of the spin-cast composite solution. This material is
available free of charge via the Internet at http://pubs.acs.org.
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