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ABSTRACT: The localized-surface-plasmon resonance
(LSPR) of gold nanoparticles (Au NPs) depends sensitively
on the environmental refractive index. We found that LSPRs of
single Au NPs supported on a transparent substrate can
monitor the phase transition/separation of thermoresponsive
poly(N-isopropylacrylamide) (PNIPAM) in aqueous solution.
Both reversible and irreversible phase separations were
observed. Plasmonic-heating-induced redshifts and subsequent
cooling-induced recovery were observed on a glass substrate.
Besides reversible redshifts at lower laser intensities,
permanent redshifts were evident at higher intensities after
illumination on a sapphire substrate, which has a much higher
thermal conductivity than glass. The permanent redshifts were
caused by the formation of a PNIPAM shell around the NP. For this permanent aggregation, temperature shaping around the Au
NP by the substrate was found decisively and may find new chemistry applications based on local temperature landscapes. The
observed nanofabrication of core−shell particles is one such example.

1. INTRODUCTION

Light interacts with the conduction electrons of plasmonic
nanoparticles, resonantly exciting their coherent oscillations.
The phenomenon is known as localized surface plasmon
resonance (LSPR) and is the origin of the strong absorption/
scattering of incident light by nanoparticles such as those
composed of gold (Au NPs).1 LSPRs decay both radiatively
and nonradiatively. The former is responsible for the plasmonic
enhancement of the electric field in the near-field regime,
whereas the latter decay contributes to particle heating and
subsequent heat transfer from the particle to the surrounding
medium.2−4 Because NP volumes are tiny compared with the
bulk, heating of the medium is extremely localized; this is the
most remarkable feature of plasmonic heating.5,6 This localized
heating has made Au NPs an ideal candidate for photothermal
cancer therapy.7,8 Recently, plasmonic heating by Au NPs and
nanostructures (NSs) has emerged as an innovative method for
manipulation and fabrication at the micro- to nanoscale. For
instance, particle elongation occurs when a Au NP is exposed to
a focused Gaussian laser beam because of melting and radiation
pressure.9 A gradient force squeezes the particle perpendicular
to the laser beam, and a scattering force pulls the particle in the
direction of beam propagation. Photothermally triggered one-
dimensional self-assembly was also observed to occur for
poly(N-isopropylacrylamide) (PNIPAM)-functionalized gold
nanorods through an increase in temperature of the system.10

Various methods of plasmonic heating-based control and
chemistry have been developed.11,12

Plasmonic heating has been shown to cause phase transitions
in surrounding media such as vapor bubble formation at
ambient pressure and supercritical transition under high
pressure, which was monitored by LSPR extinction spec-
tra.13−15 Subsequently, we developed a keen interest in phase
transitions of solute molecules dissolved in solutions; phase
transitions can be driven through plasmonic heating of NPs, a
mechanism that had not been explored previously. Such
plasmonic heating-induced phase transitions of solutes can be
tested by PNIPAM which is a well-investigated water-soluble
thermoresponsive polymer. At room temperature, PNIPAM
dissolves in water in a random coil state forming a
homogeneous phase; when heated to temperatures above 32
°C (305 K), the lower critical solution temperature (LCST), a
phase transition occurs from coil to globule state.16,17 The
globular molecules aggregate because of hydrophobic inter-
actions, resulting in a phase separation with the solution turning
turbid.
Here we report reversible and irreversible plasmonic-heating-

induced phase separation/aggregation of PNIPAM monitored
using single-particle LSPR spectra. We used particles supported
on a substrate and exposed to a PNIPAM solution. This
substrate is pivotal in controlling the medium temperature field
around a Au NP and thus dictates the phase separation of
PNIPAM.
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2. EXPERIMENTAL SECTION
The single-particle scattering spectra were measured by dark-
field microscopy−spectroscopy (Scheme 1) at a wavelength

resolution of 0.5 nm. A halogen lamp with a broad (white)
spectrum was used for illumination when recording the
scattering spectra. The particles were heated by illuminating a
focused 488 nm CW laser, OBIS-488-LX-150 (Coherent, Santa
Clara, CA), beam through a microscope objective (60 × , NA =
0.70) on an inverted microscope, IX-71 (Olympus, Tokyo,
Japan). Poly(N-isopropylacrylamide) (PNIPAM) (MW:
20 000−40 000: Sigma-Aldrich Co., St. Louis, MO) and
polyvinylpyrrolidone (PVP) (K-30, MW: 40 000; Tokyo
Kasei Co., Tokyo, Japan) were used as received. Aqueous
solutions of Au NPs with nominal diameters of 100 nm
(EMGC100: BBI Solutions, Cardiff, UK) were transformed
from faceted to spherical shape by irradiating with weak-
intensity nanosecond laser pulses (≈11 mJ cm−2) of 532 nm
wavelength. The particle image acquired using a transmission
electron microscope and the corresponding size distribution
(104 ± 6 nm) are given in Supporting Information S1.
Spherical Au NPs were spin-coated onto an optically polished
0.5 mm thick sapphire substrate (Shinkosha, Yokohama, Japan)
or a 0.17 mm thick borosilicate cover glass (Matsunami, Osaka,
Japan). Au NPs were immersed in solutions of PNIPAM and
PVP in an 11 μL chamber consisting of a sapphire or glass
substrate, a 0.2 mm thick silicone rubber spacer, and a
microscope coverslip. Further details of the procedure can be
found in Supporting Information S2.

3. RESULTS AND DISCUSSION
A. Observation of Reversible and Irreversible LSPR

Shifts. First, under a dark-field microscope, we exposed a 100
nm diameter spherical Au NP on a glass substrate to focused
laser illumination of 488 nm wavelength in 1.0% aqueous
PNIPAM solution. We recorded single-particle Rayleigh
scattering spectra18 before, during, and after illumination.
Figure 1a shows the spectral changes originating from the
heating of a Au NP. Before irradiation, LSPR scattering
occurred with a spectral peak at λmax = 578 ± 4 nm. At a laser
peak power density of 0.18 mW μm−2 (1.8 × 104 W cm−2), the
spectral shift was within experimental error, whereas appreci-
able redshifts at 0.35 mW μm−2 and at 0.53 mW μm−2 were
recorded. Notably, the shifts occurred only during illumination,
and when stopped, the original spectra returned. The shifts
were accompanied by spectral intensification, suggesting that
their origin is ascribed to the increased refractive index sensed

by a Au NP.19,20 Figure 1b shows the histograms of the
scattering spectral peak positions for 10 particles to check
particle-to-particle difference. The statistical errors for the peak
positions for 10 particles were not very small for the
experimental peak-wavelength reproducibility of within 1 nm.
This may arise from the small variation in NP size (104 ± 6
nm), particle-to-particle differences in focusing the laser, and
possibly the varying geometry of the particle−substrate surface
contact because of the surface roughness. The surface
roughness of a glass substrate was measured using atomic
force microscopy (AFM), giving an average roughness of 0.19
nm and a peak-to-valley roughness of 1.1 nm. These factors
may produce differing particle temperatures for irradiations
with the same laser intensity. Nevertheless, the basic conclusion
holds: spectral shifts are greater for higher laser intensities.
Most importantly, peak shifts are reversible, and the same peak
shifts were observed for particle heating−cooling cycles at the
same laser intensity (Figure 1c). In contrast, the observation of
reversible redshifts was absent for aqueous 4.0% PVP solution
(Supporting Information S3) when Au NPs supported on a
glass substrate were exposed to illuminations of up to 5.3 mW
μm−2, a 10-fold increase in laser power density compared to
that used for 1.0% PNIPAM solution.
The phenomenon we observed is interpreted as a LCST-

induced aggregation of PNIPAM around the NP caused by the
heating of the surrounding medium through heat transfer from
the optically heated NP. Previously, the microscopically
observed phase transition resulted in microparticles forming
when PNIPAM solutions were directly heated with a focused
infrared laser.21−23 The present LSPR-based spectroscopic
sensing of the phase separation of free PNIPAM is
unprecedented. PNIPAM molecules are hydrophilic at temper-
atures below the LCST (305 K) but hydrophobic above
LCST.16 The phase transition and aggregation of PNIPAM
increase the refractive index of the medium sensed by a Au NP,
resulting in LSPR redshifts. Remarkably, we did not use
PNIPAM molecules that were chemically attached to the Au
NP. Nonetheless, we observed appreciable LSPR redshifts
greater than those observed for PNIPAM-coated Au NPs that
were heated to temperatures above the LCST.24,25 For instance,
for a colloidal solution of 8 kDa PNIPAM-Au NPs (13 nm-
diameter Au NP coated with PNIPAM), the extinction
maximum of the plasmonic band of 530 nm at 25 °C (298
K) shifted to 541 nm after heating to 40 °C (313 K).25

As will be described in Section B, increasing the laser
intensity may raise the temperature of a Au NP to a level that
causes temperature-induced changes to PNIPAM. To avoid this
problem, we used a sapphire substrate with a remarkable
cooling effect on a Au NP.26 We observed reversible redshifts
for 0.5% PNIPAM solution at 0.53−2.6 mW μm−2 (Supporting
Information S4). Besides this observation, we observed
irreversible redshifts at higher laser intensities.
Figure 2a shows the scattering spectrum before irradiation in

4.0% PNIPAM solution; Figure 2b shows the spectral change
originating from irradiation at 5.3 mW μm−2 for 8 s for the
same PNIPAM concentration. The insets are particle images
from the scanning electron microscopy (SEM). The laser
irradiation permitted the observation of a permanent scattering
spectral redshift, and this was ascribed to the increase in particle
size resulting from the growth of a shell around the Au NP, as
revealed by SEM images as well as AFM particle height profiles
(Supporting Information S5). For a number of particles, we
measured the spectral peak position as a function of particle

Scheme 1. Experimental Configuration
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diameter from the SEM micrographs (Figure 2c). This result
supports the hypothesis of a core−shell formation because the
numerical simulation of scattering cross-section spectra using
COMSOL Multiphysics (Supporting Information S6) gave a
shell-thickness dependence of peak position similar to the
experiment. In the simulation, we used a model in which a Au
core−PNIPAM shell concentric structure is supported on a
substrate (see Supporting Information S6). Figure 2d shows the
peak shift as a function of exposure time at various PNIPAM
concentrations. The accumulation and aggregation of PNIPAM
on Au NP depend on the PNIPAM concentration: shell
formation can be faster at higher concentrations. Figure 2e

shows the laser peak power-dependent shell thickness
represented by a peak shift as a function of the exposure
time. The threshold was found at 3 mW μm−2 for 4.0%
PNIPAM, and the rate of shell growth was higher for higher
laser peak power density. Finally, to estimate the difference in
the rate of shell growth for PNIPAM from that for a
nonthermosensitive polymer, we compared those rates for
PNIPAM and polyvinylpyrrolidone (PVP). The PVP shell
growth rate measured by LSPR scattering peak shift (Figure 2f)
was much slower than that of PNIPAM. We actually observed
shell formation for PVP (Supporting Information S7) from
SEM micrographs. At the highest fluence of 5.3 mW μm−2,

Figure 1. In situ scattering spectral changes: before, during, and after laser illumination of a 100 nm diameter Au NP supported on a glass substrate
and submerged in aqueous solution of 1.0% PNIPAM: (a) scattering spectra during the illumination of 488 nm laser light at laser peak power
densities, 0.18, 0.35, and 0.53 mW μm−2, together with spectra before and after irradiation; (b) histograms of scattering spectral peak positions for 10
particles at the three laser peak power densities. During laser illumination, redshifts occurred for the two higher densities but shifted back after
illumination. (c) Reversibility in the LSPR peak position over the duty cycle of illumination. (CCD sampling time) × (exposure) was 0.4 s × 10. The
experimental temperature was 295 ± 1 K. (d) Calculated radial temperature distribution in water for irradiation of a 100 nm diameter Au sphere
supported on a glass substrate at experimental laser peak power densities (see Section B for details).
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particle melting or vapor bubble formation was absent during
irradiation, suggesting that the observed spectral changes were
brought about in liquid solely from the shell formation
triggered by the laser-induced aggregation of PNIPAM. We
failed to observe permanent encapsulation on a glass substrate
below 3.5 mW μm−2 (Supporting Information S8).
B. Mechanistic Aspect from Temperature Estimation.

Here we consider the origin of the spectral shifts observed on
laser illumination, resulting in the particle heating and
subsequent medium heating. The big difference between
sapphire and glass is the heating efficiency of the Au NP
arising from sapphire’s much greater thermal conductivity,
ksapphire = 42 W m−1 K−1, than that of borosilicate glass, kglass =
1.0 W m−1 K−1. A numerical simulation was performed using

COMSOL Multiphysics 5.1 given conditions of steady-state
heating with simultaneous cooling by the medium and
substrate.26 Using the 2D temperature distribution (Figure
3a), the laser peak power density vs particle temperature
obtained (Figure 3b) is linear with a slope three times greater
for the glass substrate. From experiments with a glass substrate,
the estimated particle temperature is 302 K for 0.18 mW μm−2,
308 K for 0.35 mW μm−2, and 315 K for 0.53 mW μm−2

obtained from Figure 3b. These estimated temperatures suggest
that the phase separation of PNIPAM can occur for 0.35 and
0.53 mW μm−2 at which the particle and the medium
immediately surrounding the NP are heated above the LCST
of PNIPAM, i.e., 305 K. From the medium layer thickness
where temperatures are above 305 K, we estimated the

Figure 2. (a, b) Single-particle scattering spectrum with corresponding SEM image (inset) of (a) pristine Au NP and (b) subsequent changes arising
from laser illumination after irradiation at 5.3 mW μm−2 for 8 s. (c) Correlation of scattering peak position with diameter for PNIPAM obtained
from SEM images. (d−f) Scattering peak shifts (from averages of 15 particles) as a function of exposure time in various experimental conditions: (d)
at various PNIPAM concentrations under the same illumination, (e) with the same PNIPAM concentration at various laser intensities, and (f) under
different illuminations to compare shell growth rates of PNIPAM and PVP. The threshold laser peak power density for particle melting was 10.6 mW
μm−2. The solid curves in c−f are drawn as visual guides. Excitation wavelength: 488 nm.
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thickness of the phase-separated PNIPAM aggregates (Table 1)
assuming a core−shell supported on a substrate (Supporting
Information S6). The steady-state medium temperature profiles
(Figure 1d) suggest that the phase-separated PNIPAM
thickness is 32 nm at 0.35 mW μm−2 and 50 nm for 0.53
mW μm−2. A calculation based on numerical simulation
suggests that a 100 nm Au NP core with a PNIPAM shell

(refractive index: 1.5227) thickness of 32 nm would give a 72
nm redshift in water. Likewise, a shell thickness of 50 nm would
give a shift of 93 nm. Table 1 data show that the simulated peak
shifts overestimated the experimental values because we
assumed a dense PNIPAM shell such as that observed in the
SEM images in Figure 2. In reality, the PNIPAM shell structure
for the reversible phase separation can be sparsely distributed
around a Au NP rather than densely packed.
For the experiments with glass substrates, we assume that

PNIPAM aggregates form within the hot region surrounding
the Au NP because the temperature is localized. As heat
transfer only occurs near the particle, temperatures further
outside the region are cooler than the LCST (Figure 1d).
Hence, the PNIPAM molecules are dissolved and are freely
mobile as random coil states. Therefore, the temperature-
induced phase separation and confinement is the main reason
for the LSPR shifts observed for the glass substrate. Previously,
the Tsuboi group demonstrated with optical microscopy the
plasmon-enhanced optical trapping of PNIPAM using a Au
twin-nanopyramid structure.28 They could trap a random coil
form (hydrodynamic diameter, dH = 11 nm) at a laser intensity
of 103 W cm−2 (0.01 mW μm−2) through plasmonic light
enhancement, although a high laser intensity of >107 W cm−2

(1064 nm) would have been required for trapping in bulk D2O
solution. The Tsuboi group also observed trapping of a phase-
separated globular aggregate with dH = 100 nm at enhanced
intensities >3 × 103 W cm−2 where a temperature increase of
10 K was estimated. In our system, using a glass substrate, an
optical trapping force may not be of prime importance for
aggregation around a Au NP for the following reasons. The Au
nanopyramid structure has an |E|2 enhancement factor of 103−
104, whereas a single 100 nm spherical Au NP has an
enhancement factor of less than 20. Therefore, our laser
intensities of 104 W cm−2 may not be feasible for optical
trapping.
Recently, Orlishausen and Köhler observed the dynamic

formation of PNIPAM aggregates that formed around laser-
heated Au NPs.29 The heating of a 250 nm diameter single Au
NP in a 8−9 wt % PNIPAM solution with a focused
illumination at a constant laser power of 51.9 mW (50−100
mW μm−2) of wavelength 532 nm enabled the growth of the
phase-separated aggregate from d < 10 μm at 0.3 s to d ∼ 100
μm at 500 s. After laser heating was stopped, the aggregates
dissolved from the outside. Their aggregates are much larger
than ours (10−100 μm vs ∼200 nm) for a laser peak power
density 10−100 times higher than for the current study. In such
circumstances, the melting and evaporation of Au NP, as well as
vapor bubble formation around the heated NPs, are likely.30

Hence, we infer that complicated high-temperature-induced

Figure 3. (a) 2D temperature distributions for water-immersed 100
nm Au NP on glass (left side) and on sapphire (right side), under
optical illumination from a CW laser. Experimentally, we used up
beam to illuminate a Au NP present on the top wall (ceiling) of the
sample chamber. (b) Calculated particle temperature as a function of
applied laser peak power density for a water-immersed 100 nm Au NP
on sapphire (red line) and glass (black line) substrates. Note that the
water temperature is the same as the particle temperature at the NP
surface. To calculate temperature, we used the thermal conductivity of
water because the PNIPAM contribution is minor. (c) Calculated 1D
temperature profiles along upper (z = 0) and lower (z = −100 nm)
sides of the particle (100 nm diameter), showing that a Au NP
supported on sapphire substrate is cooler on the upper side (laser peak
power density: 5.3 mW μm−2).

Table 1. Experimental and Simulated Peak Shifts Dependent
on Laser Peak Power Densitya

laser peak power density/mW μm−2 0.18 0.35 0.53

particle temperature (estimated)/K 302 308 315
shift (experimental)/nm 7 ± 6 34 ± 8 56 ± 9
shift (simulated)/nm 0 72 93

aThe experimental peak shifts were determined from averages of 10
Au NPs. In simulations, a 100 nm diameter Au NP core with PNIPAM
shell was assumed be supported on a glass substrate and surrounded
by a water medium. The numerical estimates of the temperature were
performed using COMSOL Multiphysics 5.1 (http://www.comsol.
com).
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processes may proceed in their system, and their observation is
not compatible with ours.
We now focus our attention on the permanent encapsulation

of Au NP by PNIPAM on a sapphire substrate. The observation
recalls the recent study by Enders and co-workers who have
demonstrated the encapsulation of Au NP by polyethylene
glycol (PEG) or sodium dodecyl sulfate (SDS), forming a gold
core−organic shell structure on laser illumination of Au NP.31

However, an appreciably reduced laser intensity, approximately
one-third, suffices for the permanent aggregation of PNIPAM
on a Au NP compared with PEG or SDS, presumably because
of the PNIPAM thermoresponse. For the mass transport
mechanism in solution under thermal fields, three possible
scenarios, thermophoresis, thermal convection, and Marangoni
flow, can be postulated.
In thermophoresis, particles respond to the force of a

temperature gradient by moving toward either colder or hotter
regions.32 The direction is determined by the thermal diffusion
coefficient DT, which when scaled by the common diffusion
coefficient D yields the Soret coefficient ST = DT/D.

33 Given
that their Soret coefficient is ST > 0,34,35 PNIPAM molecules
are supposed to migrate from hot to cold regions. Previously, it
was demonstrated that polymers with a positive Soret
coefficient such as polystyrene in toluene can be repelled
from the immediate vicinity of a Au NP when the particle
dispersed in the polymer solution was heated to a stationary
temperature by laser irradiation.36 In our system with sapphire
substrate, the calculated 2D radial temperature distribution
around the Au NP is expected to be noncentrosymmetric
(Figure 3a, right) because of a greater cooling effect of the
substrate. Because of this, temperatures in the area below the
particle appear to be appreciably higher than those above the
particle, (z = −100 nm is the horizontal line below the particle,
z = 0 nm the horizontal line above the particle, i.e., the water−
substrate interface), as shown in Figure 3c. Nevertheless, the
temperature gradients are directed (increase) radially from the
outside medium toward the particle (Supporting Information
S9), and PNIPAM molecules are expelled supposedly from the
particle as stated in ref 36. Thus, for PNIPAM molecules to be
attracted to Au NP, ST should be negative. Sign changes as a
function of temperature have been reported for PNIPAM in
ethanol.37 At this moment, whether thermophoresis is the only
mechanism driving PNIPAM molecules to aggregate around
the Au NP is hard to discern because DT has not been
determined at high temperatures of 340−360 K with extremely
high temperature gradients of ∼1 K nm−1, which are expected
in the water/sapphire system. Note that thermophoresis may
not occur for a glass substrate because of its centrosymmetric
2D temperature distribution (Figure 3a, left).
Next, the effect of convective flow is considered. Marangoni

convection flow is a local mass flow created through
nonuniform surface tension within a liquid and is proportional
to the surface tension gradients.38 Such gradients can be
generated by a local change in variables such as composition
and temperature. Because the surface tension of water
decreases with temperature (dγ/dT ≃ −0.144 mN·m−1·K−1),
the gradient in γ around the hot particle induces a thermal
Marangoni flow, or thermocapillary flow. As shown in Figure 3a
and 3c, temperature decreases along the interface between the
particle and the medium, from below the particle and toward
the substrate. Thus, Marangoni flow can be generated from the
area below the particle toward the interface area of the particle
and substrate (Figure 4). Besides the Marangoni flow, a

buoyancy-driven toroidal thermal convective flow can be
induced by the temperature gradient between the upper
interface near the particle and bulk water below the particle.
This flow is relatively slow31 but can continue to supply solute
PNIPAM to the area near the particle, thus contributing to
assist the Marangoni flow. Although quantitative treatment is so
far not feasible, the synergetic effect of the two flows can
promote the accumulation of PNIPAM around the top of the
particle−substrate interface.
For the PNIPAM shell to form around a Au NP, the

molecular flow must not only be adequate but also a certain
attaching mechanism is required. A capillary phase separation of
polymer solution has been shown to occur at the interface,39,40

and in our case, the interface between the substrate and Au NP
can act to promote this separation, aggregating the polymer.
Under our experimental conditions, the particle temperatures
are estimated to be from 340 and 360 K, well above the LCST,
for power densities 3.5−5.3 mW μm−2. With such high
temperatures, the PNIPAM molecules around the NP can
undergo not only phase separation but also vitrification
resistant to remixing.41 Such an assumption can be supported
by the Raman spectroscopic measurement as shown in
Supporting Information S10. The spectrum of the PNIPAM
shell suggested that the heating-induced carbonization of the
polymer was absent although isopropyl groups were partly
eliminated. Accordingly, Both LCST- and capillary-assisted
phase separation of PNIPAM must be responsible for the
encapsulation around the Au NP on a sapphire substrate.

4. CONCLUSION
We demonstrated the optical sensing of temperature-induced
phase separation of free PNIPAM molecules in solution
exploiting a single Au NP immobilized on various substrates.
We found the phase separation to be reversible or irreversible
depending on the particle temperature and temperature
shaping. With reversibility, single-particle LSPR has proven to
be a powerful technique for in situ spectroscopic monitoring of
the temperature-induced phase separation event. For PNIPAM,
distinguishing spectroscopically the coiled and the globular
states has been difficult in the past. For irreversible phase
separation, encapsulation of a Au NP by various polymers can
be useful in nanoarchitecture fabrication.

Figure 4. Schematic illustration of encapsulation. (I) Plasmonic-
heating-induced phase transition of PNIPAM. (II) Generation of
plasmonic-heating-induced Marangoni convective flow. (III) Deposi-
tion and aggregation of PNIPAM on a Au NP surface. (IV) Permanent
phase separation of PNIPAM on a Au NP surface.
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