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ABSTRACT

The formation of high-density silver nanoparticles and a novel method to precisely control the spacing between nanoparticles by temperature
are demonstrated for a tunable surface enhanced Raman scattering substrates. The high-density nanoparticle thin film is accomplished by
self-assembling through the Langmuir −Blodgett (LB) technique on a water surface and transferring the particle monolayer to a temperature-
responsive polymer membrane. The temperature-responsive polymer membrane allows producing a dynamic surface enhanced Raman scattering
substrate. The plasmon peak of the silver nanoparticle film red shifts up to 110 nm with increasing temperature. The high-density particle film
serves as an excellent substrate for surface-enhanced Raman spectroscopy (SERS), and the scattering signal enhancement factor can be
dynamically tuned by the thermally activated SERS substrate. The SERS spectra of Rhodamine 6G on a high-density silver particle film at
various temperatures is characterized to demonstrate the tunable plasmon coupling between high-density nanoparticles.

Metallic nanoparticles have been the subject of extensive
research in the past several years.1 In particular, noble metal
nanoparticles (e.g., Au and Ag) with their associated strong
plasmon resonance have generated great interest in fields
such as nanoscale photonics and biological sensing. The fact
that particle plasmon allows direct coupling of light to
resonant collective electron plasmon oscillation leads to
tremendous efforts to design and fabricate optical compo-
nents that can focus and manipulate light at spatial dimension
far below the classical diffraction limit.2,3 Silver colloidal
nanoparticles are probably the most studied and best
established systems, and a variety of procedures have been
developed to produce monodispersed nanoparticles charac-
terized by relatively small size variations.4 A great challenge
that remains is to develop effective ways to organize the
nanoscale particles into functional structures and devices.
Of particular interest is a general method for fabricating high-
density nanoparticle films with controllable spacing on solid
substrates.5-8 In this report, we demonstrate a procedure for
the fabrication of high-density nanoparticle film by self-
assembling hydrophobic Ag nanoparticles on a water surface,
transferring the particle monolayer onto a temperature-
sensitive polymer substrate, and reorganizing the particles

by temperature-controlled polymer shrinkage. A very uni-
form, high-density nanoparticle film is generated by pushing
the particles together as the polymer substrate shrinks at a
certain temperature. We show that the plasmon peak red
shifts when the particles get closer, in response to the
temperature rise of the substrate. The high-density silver
nanoparticle films can then serve as superb substrates for
surface enhanced Raman spectroscopy (SERS) studies, and
they have the temperature-responsive enhancement to the
Raman scattering intensity of Rhodamine 6G. It has been
found that the highly ordered nanoparticle film formed at a
certain temperature can generate the optimal signal intensity.
The thermally active high-density nanoparticle film substrate
reported in this paper will have wide applications in label-
free, ultra-sensitive, molecule-specific detections which
utilize vibrational signatures9 since it provides an ability to
control precisely the spacing between nanoparticles and to
find the optimized plasmon coupling distance.

Silver nanoparticles (20 nm) were prepared using oley-
lamine and oleic acid as the capping reagents, which can
help the dissolution of reactant salt and prevent particle
aggregation, oxidation and degradation, as well as render
particle surface hydrophobic.10,11 In a typical synthesis, 0.1
g silver nitrate (AgNO3) is dissolved in 1 mL oleylamine.
The solution is left overnight and then diluted with 6 mL of* Corresponding author. E-mail: lplee@socrates.berkeley.edu.
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1,2-dichlorobenzene (DCB). In a 250 mL three-neck flask,
0.3 g of 1,2-hexadecanediol in 10 mL DCB is heated to 182
°C. A 0.12 mL portion of oleic acid is then added in the hot
solution. The system is kept at 182°C for 5 min under
magnetic stirring. The AgNO3/oleylamine/DCB mixture is
rapidly injected into the hot solution. A light-yellow color
appears right after the injection and becomes dark brown
within 1 min. The product solution is extracted after heating
5 min at 182°C. All the synthesis is done in an argon
atmosphere. To wash the sample, 3 mL of product solution
is added with 5 mL of methanol, followed by 5 min
centrifugation at 4000 rpm. The precipitate is redispersed in
3 mL of chloroform.

Langmuir-Blodgett (LB) is a powerful technique that can
be used to assemble large-scale monolayers of hydrophobic
silver nanoparticles on a water surface.12,13 The technique
consists of spreading a thin film of a colloidal solution of
Ag nanoparticles in an organic solvent on a water surface,
which has a controlled convex curvature, and allowing the
solvent to evaporate. As the solvent evaporates, a monolayer
of silver nanoparticles nucleates at the raised center of the
water surface and grows smoothly outward. These mono-
layers can be transferred to a smooth substrate by bringing
the substrate parallel to the water surface and lightly touching
the substrate to the nanoparticle film. Multiple layers of Ag
nanoparticle could be achieved by repeating this process.
Figure 1 shows the structures of capping reagents (oleylamine
and oleic acid), Ag nanoparticles, and the process of
transforming an Ag particle film onto a polymer film. The
TEM image of the Ag nanoparticles is also shown.

In a typical LB process, the film is usually pressurized to
form a close-packed particle film in which particle spacing
is determined by the particle diameter and the length of the
surfactant molecules.14 A critical factor of producing an
organized, high-density particle film is that the pressure
applied on the monolayer should be precisely controlled to
avoid the formation of not only microscopic holes (at low
pressure) but also multilayer aggregations (at high pressure).
However, a perfect particle film could also be broken when
the film is transferred from water surface to solid substrates.
Therefore, it is not trivial to obtain a large area close-packed
particle film on solid substrate by directly transferring LB
film. In our process, we introduced a thermal sensitive
polymer layer as the shrinkable substrate to further densify
the particle monolayer, allowing the formation of high-
density film of nanoparticles. Figure 2A shows the discon-
tinuous Ag particle film obtained by directly transferring the
LB monolayer to a polymer substrate without applying any
pressure.

Poly (N-isopropylacrylamide) (PNIPAM) exhibits a low
critical solution temperature (LCST) transition from 30 to
40 °C.15 This response is based on the fact that in one state
the network polymer chains are fully solvated and polymer
has good compatibility with the solvent. As temperature goes
higher than LCST, the polymer-solvent interaction is
disrupted and the polymer-polymer interactions dominate,
resulting in the aggregation of polymer chains. The PNIPAM
thin film is prepared by photopolymerization of PNIPAM

monomers, with 2,2′-diethoxyacetophenone (DEAP) as pho-
toinitiator and a small amount ofN,N-methylenebisacryla-
mide (bis-AMD) as crosslinker. In a typical procedure, 1.6
mmol of N-isopropylacrylamide (NIPAM) and 30µmol of
bis-AMD are mixed with 2 mL ultrapure water. Then 0.4
µmol of ′DEAP is added into the solution as a photoinitiator.
The resulting solution is dropped on a glass substrate and
spread through the whole surface as it is covered with a thin
glass slide to prevent oxidation. The samples were polym-
erized over 30 min at room temperature using attenuated UV
light. After the polymer was cured, the top glass slide was
removed and the polymer film in the thickness of∼100µm
could be used as the substrates to “pick up” silver nanopar-
ticle film.

This polymer film is an ideal substrate to control nano-
particle spacing due to its ability to swell and shrink in
response to temperature. As the polymer shrinks at temper-
atures higher than the transition temperature, most particles
far away from each other can be brought together since the
polymer film has about 10% or higher shrinkage. The
interparticle distance became smaller and exhibits “spread
out” effect in the dark-field image. Originally, there are some

Figure 1. (A) Schematic structures of oleic acid and oleylamine
and a silver nanoparticle capped with these surfactant molecules.
(B) Schematic illustration of the experimental process of the
deposition of silver nanoparticle monolayer on thermo-responsive
polymer film. (C) Schematic illustration of nanoparticle monolayer
on thermo-responsive polymer film. (D) A TEM image showing
the size distribution of the 20 nm Ag nanoparticles.
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small aggregations of silver particles that could also be
brought closer by the film and thus larger particle aggregation
may be present on the film at high temperature. Figure 2B
shows the optical microscope image of high-density silver
nanoparticle film as the result of shrinkage of the polymer
substrate at 40°C. As compared with Figure 2A, the voids
and spacing are greatly reduced. Below 34°C, water is a
relatively good solvent for PNIPAM polymer and polymer
chains are mostly extended, therefore, the polymer film looks
transparent. In the transition regime, water becomes a poor
solvent as polymer-polymer interaction becomes stronger
and PNIPAM undergoes conformation changes, including
both intrachain “coil-to-globule” transitions and interchain
self-association. The transition leads to the volume shrinkage
of the whole polymer film. As a part of reduction, the
polymer surface will shrink in all directions and carry the
silver particles on its surface to a closer contact. Due to the
hydrophobic nature of the nanoparticle surface, the interac-
tion between nanoparticles and the polymer substrate is so
strong that the nanoparticles can reorganize to get rid of the
empty spaces among broken monolayers. Though the link
between particles and the film is not a chemical bond, the

mobility is caused by the interaction force between polymer
molecules, and it is strong enough to bring the silver particle
to move with them. The polymer film contains some water,
and it takes 4 to 5 h for the film to be dry. After the film is
dry in air, it cannot switch between hydrophilic and
hydrophobic states.

The dependence of the absorption spectra as a function
of the temperature was recorded with a UV-vis spectrom-
eter. Figure 3A shows a typical series of UV-vis spectra at
different temperatures. Figures 3B and 3C highlight the
absorption spectra of the same particle film from 400 to 900
nm at 24 and 38°C. As temperature increases from 20 to
40 °C, the plasmon peak of silver nanoparticles in the visible
light region shifted from 480 to 590 nm at a temperature
around 35°C. This is mainly due to the near-field coupling
between adjacent Ag particles when the Ag particles are
brought together by the substrate film16, and the refractive
index change of the polymer at transition temperature cannot
induce such a drastic peak shift. Furthermore, an absorption
peak around 800 nm appear in Figure 3C, and such near-
infrared plasmon mode is also reported by others recently.17

By comparing Figure 3B with 3C, the intensity of the
plasmon peak in the visible light region increases more than
20 times, which can be partly attributed to the increase of
the particle density in addition to the particle couplings. The
phase transition of the polymer film also plays a role in the
increase of absorption. The phase transition turns the polymer
chain from hydrophilic to hydrophobic and breaks the
interaction between the polymer chain and water molecules.
The polymer film is no longer a homogeneous system,
instead, it becomes a heterogeneous system composed of a
hydrophobic polymer bone and small water drops. The
polymer film appears semi-transparent white after phase
change, thus also increases the absorption of the system,
though the induced change has no spectral preference.

To estimate the relation between the average interparticle
distance and temperature by analyzing the temperature-
dependent absorption spectra, we simulated the absorption
spectra of a monolayer cluster of 1000 (20 nm) Ag
nanoparticles given various interparticle distances. We made
a discrete dipole approximation to the Ag nanoparticles and
numerically solved Markel’s couple dipole equations.18 We
used the tabulated dielectric constants of Ag at different
wavelengths.19 The simulation results are shown in Figure
4A. When the interparticle distance is larger than 24 nm,
the absorption peak is around or below 400 nm, which is
similar to the absorption peak of single Ag nanoparticle with
a thin layer of coating. With the decrease of the interparticle
distance, the absorption peak begins to red-shift due to the
interparticle plasmon coupling. When the interparticle dis-
tance decreases to less than 12 nm, the absorption peak in
the visible light region moves to the red light region, and
the peaks in the near-infrared region appear. If the nano-
particles get too close to each other (<4 nm), the cluster
can be considered as a bulk Ag film and the coupled dipole
approximation does not apply for this case. Next we extract
the absorption peak wavelengths of the Ag film at different
temperatures from the measured visible light absorption

Figure 2. Optical dark-field microscope images of Ag nanopar-
ticles on polymer film, poly(N-isopropylacrylamide). (A) The
particle film obtained by directly transferring from the water surface
at 20°C. (B) The same film after the polymer substrate is heated
to 40 °C.
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spectra (Figure 3A) and plot them in Figure 4B as a function
of temperature. The interparticle distances at different
temperature regions are estimated according to our simulation
results and denoted in Figure 4B.

The high-density particle film is expected to have high
local electromagnetic (EM) field enhancement and can be
served as SERS substrates for molecular sensing with high

sensitivity and specificity. The Ag nanoparticles are “float-
ing” on the surface of the temperature-sensitive polymer
layer, not embedded in the layer, so most of the Raman signal
should come from the molecules adsorbed on the surface of
Ag nanoparticles. Figure 5 shows a set of SERS spectra of
10-5 M Rhodamine 6G (R6G) molecules adsorbed on a high-
density Ag particle film (785 nm, 40 mV) at various
temperatures. The observed Raman bands that are assigned
to R6G includeν(C-H) out-of-plane bend mode at 774
cm-1, ν(C-H) in-plane bend mode at 1129 cm-1, ν(C-C)
stretching mode at 1363 cm-1, 1509 cm-1, 1650 cm-1.20 The
coated oleic acid and oleylamine layer is only 1∼2 nm thick,
and their Raman scattering cross-sections are smaller than
R6G molecules, so their Raman peaks are not as prominent
as those of adsorbed R6G molecules that are still within the
range of scattering near-field of Ag nanoparticles. The peaks
such as 1020 and 1181 cm-1 are assigned to the coated
molecules. A minor background signal from the polymer and
glass substrate has been subtracted in the presented figures.
The intensity of the R6G Raman signal dramatically in-
creased when the temperature goes higher than the LCST.
This is due to coherent capacity coupling between adjacent
particles in the high-density particle film. Calculation of

Figure 3. (A) UV-visible absorption spectra of a monolayer of
silver nanoparticles on thermoresponsive polymer film at various
temperatures. (B) and (C) highlight the absorption spectra of the
same particle film from 400 to 900 nm at 24 and 38°C, respectively.
As the temperature increases from∼20 to above 34°C, the
absorbance peak in the visible light region shifts from 480 to 590
nm and the intensity increases for more than 20 times. An absorption
peak around 800 nm appears when the temperature is above 34
°C.

Figure 4. (A) Simulated absorption spectra of Ag nanoparticle
clusters with different interparticle distances. (B) Absorption peak
wavelength vs temperature. The interparticle distances in different
temperature regions are estimated according to the simulation
results.
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particle aggregation shows that the coupling between par-
ticles is quite short-ranged.21 The electromagnetic field in
the particle junctions is not a simple coherent sum of the
fields from each individual particle. Instead, as the particles
approach each other, there is a dramatic enhancement factor
increase of more than 10 times and even 100 times for certain
bands (i.e., 1650 cm-1). The maximal SERS enhancement
is achieved around 37°C, at which temperature the inter-
particle distance makes the plasmon resonance peak of the
nanoparticle cluster closer to the laser excitation wavelength.
This result has good correlation with our estimation on the
interparticle distance at different temperatures. Additionally,
the area of active SERS substrate is increased by bringing
the nanoparticle closer and minimizing the voids on the Ag
film since the SERS effect is sensitive to the defect on the
Ag film. When the temperature is lower than the transition
temperature, the interparticle distance is larger than 12 nm
and the plasmon peaks are in the blue and green light region;
conversely when the temperature rises and becomes higher
than the transition temperature, the interparticle distance is
shorter than 12 nm which, makes the plasmon peak red shift
to the far red and near-infrared light region. The observed
temperature-dependent SERS spectra can be well correlated
to the factors described above since a 785 nm laser excitation
is used.

In conclusion, hydrophobic nanoparticles-Ag particles
capped with oleic acid and oleylamine have been fabricated
and used as the building components for LB technique. The
as-obtained Ag nanoparticles on water surface are transferred
onto a thermoresponse polymer surface. As temperature
increases, the polymer undergoes a phase transition and the
polymer film shrinks in all direction. The Ag particles are
pushed closer by the polymer film and the particle spacing
can be tuned by adjusting temperature. Highly ordered high-
density particle film can be obtained by heating the film to
temperature above the polymer’s LCST. We have studied
the optical response of the Ag nanoparticles on thermo-

response polymer film as a function of temperature depen-
dence. The Raman spectra of R6G molecules on the Ag
nanoparticles are also investigated. Raman enhancement of
this tunable SERS substrate shows temperature dependence
and optimal temperature and interparticle distance exist for
given laser excitation line. Although comparable sensitivity
has been reported, the use of our particle film as SERS
substrates has the advantage of tunability. First, high-density
particle film can be easily obtained. Our method can use
discontinuous or broken particle film as the starting materials,
and change them into dense particle film. Second, the spacing
between nanoparticles can be controlled by adjusting tem-
perature for tunable SERS substrates for optimal signal
amplifications. The particle distance can be optimized to
approach strongest coupling between adjacent particles and
match the plasmon resonance wavelength to the laser
excitation wavelength. Hence, our high-density particle film
and an ability to control precisely the spacing between
nanoparticles by temperature can have significant applica-
tions in label-free biomolecular detections, environmental
monitoring, and biological warfare agents sensing.
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Figure 5. SERS spectra of Rhodamine 6G (R6G) on Ag nano-
particle film at different temperatures. The R6G concentration is
10-5 M. The spectra are recorded using a Raman spectrophotometer
(785 nm 40 mW laser excitation) and the integration time is 5 s.
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