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ABSTRACT: Polymer thin films containing gold nano-
particles (AuNPs) are of growing interest in photovoltaics,
biomedicine, optics, and nanoelectromechanical systems
(NEMs). This work has identified conditions to rapidly reduce
aqueous hydrogen tetrachloroaurate (TCA) that is diffusing
into one exposed interface of a partially cured polydimethylsi-
loxane (PDMS) thin film into AuNPs. Nanospheroids,
irregular gold (Au) networks, and micrometer-sized Au
conglomerates were formed in a ∼5 μm layer at dissolved
TCA contents of 0.005, 0.05, and 0.5 mass percent,
respectively. Multiscale morphological, optical, and thermal properties of the resulting asymmetric AuNP-PDMS thin films
were characterized. Reduction of TCA diffusing into the interface of partially cured PDMS film increased AuNP content,
robustness, and scalability relative to laminar preparation of asymmetric AuNP-PDMS thin films. Optical attenuation and
thermoplasmonic film temperature due to incident resonant irradiation increased in linear proportion to the order of magnitude
increases in TCA content, from 0.005 to 0.05 to 0.5 mass percent. At the highest TCA content (0.05 mass percent), an
asymmetric PDMS film 52-μm-thick with a 7 μm AuNP-containing layer was produced. It attenuated 85% of 18 mW of incident
radiation and raised the local temperature to 54.5 °C above ambient. This represented an increase of 3 to 230-fold in photon-to-
heat efficiency over previous thermoplasmonic AuNP-containing systems.
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1. INTRODUCTION

The optical and thermal properties of polymer nanocomposite
films consisting of gold nanoparticles (AuNPs) have received
increased interest in a variety of applications. Resonant
irradiation of AuNPs deposited in polymer films allows precise,
localized control of optical and thermal energy for photo-
voltaics,1−4 sensing,5−9 optoelectronic devices,10−15 and cata-
lytic reactions.16,17 AuNPs formed in microporous cellulose
acetate membranes and polydimethylsiloxane (PDMS) gels and
foams have been shown to enhance solvent flux as well as
remove aromatic solvents and sulfur contaminants from water,
respectively.18,19 Dense nonporous polymer films featuring
randomly dispersed AuNPs have been formed by in situ
reduction of dissolved gold salt and by mixing of gold into the
polymer prior to curing.20−22 However, thin films with AuNPs
at just one interface could offer improved economics and
operational benefits such as higher solvent flux and lower bulk
membrane disruption in separations. While optical and thermal
properties have been described for PDMS films featuring
uniformly dispersed AuNPs,22 these properties of asymmetric
AuNP-PDMS films remain largely uncharacterized.
This work identified conditions to rapidly reduce AuNPs into

a partially-cured PDMS thin film at a single interface by
introducing hydrogen tetrachloroaurate (HAuCl4, TCA)
solution via solution diffusion. Effects of TCA concentration
over a two-log range were examined. Two key benefits of

asymmetric AuNP-PDMS thin films relative to films in which
AuNPs were dispersed throughout were superior photon-to-
heat conversion and scalability of AuNP deposition. Zhang et
al. first fabricated asymmetric AuNP-PDMS films by exposing
fully-cured PDMS films to TCA for up to one week at constant
TCA concentration and variable cross-linker ratio.23 The
present work showed that partial curing of PDMS film allowed
reduction of dilute, aqueous TCA into AuNPs within 24 hours
via solution diffusion into an exposed film interface. Adjusting
the dilution concentration, pre-cure time, and diffusion time
influenced the resulting penetration depth, Au structure
morphology, optical properties, and thermal properties. An
alternative approach was examined in which a thin (∼25 μm)
TCA-containing PDMS superstrate was spin coated onto a
thicker, Au-free PDMS substrate. This latter approach
produced asymmetric AuNP-PDMS films at a narrower range
of comparable optical properties, but with inferior physical
properties and scalability.
Incorporating nanoparticles into polymer films has been of

significant recent interest. For example, Shi et al. demonstrated
a method to print patterned gold film onto a PDMS-based
dielectric layer in organic thin-film transistors by utilizing the in
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situ PDMS cross-linking process and analyzed the resulting
electrical and surface properties.11 AuNPs incorporated into the
active layer of polymer solar cells were recently shown to
enhance light absorption.2 Organic gels doped with dispersed
gold nanoparticles were studied for improved catalytic
activity.17 Recently, the effects of nanoparticle shape and
concentration on the resulting thermophysical properties of
nanoparticle-polymer systems were also examinated.24 Nergiz
et al. demonstrated that the manipulation of pH allowed the
tuning of structure and plasmonic properties of gold nano-
particles absorbed on an ultrathin polymer film.6 Increased
charge transfer via improved nanoparticle dispersion and the
resulting spatiotemporal structure of semiconducting nano-
particle-polymer blends were recently investigated.10 These
reports characterize a range of physical, electrical, and
spectroscopic properties of polymer nanocomposites that
incorporate nanoparticles either on the surface or distributed
throughout. This work extends this range to include fabrication
and characterization of AuNP-containing asymmetric thin films
and shows important advantages relative to uniformly
distributed particles via sub-surface introduction of AuNPs at
just one interface of a polymer.
Characterization of multiscale morphological, optical, and

thermoplasmonic properties of the asymmetric AuNP-PDMS
thin films showed significant effects as TCA concentration
increased. An asymmetric gold layer was formed in a ∼50-μm-
thick PDMS film at TCA contents ranging from 0.5 to 0.005
mass percent as aqueous TCA was solubilized by, and diffused
into, one exposed interface of partially-cured PDMS thin film.
Optical and electron microscopy showed that increasing TCA
concentration substantially changed polymer structure and
nanoparticle morphologies as well as interfacial thickness in the
AuNP-containing layer of the asymmetric AuNP-PDMS thin
films. At 0.005 mass percent TCA, dispersed particles were
embedded to a depth of about 3 μm in a planar PDMS surface.
At 0.05 mass percent, irregular Au networks appeared
distributed to a depth of about 3 μm throughout an undulating
PDMS surface. At 0.5 mass percent, densely packed nano-
particles appeared to a depth of 7 μm on a cratered PDMS
surface. However, most AuNPs observable by TEM were
nanospheroids ≤ 20 nm, despite these other microscopic
morphological changes in polymer and Au structures. This
resulted in a spectral feature with relatively constant bandwidth
and energy whose intensity increased with TCA content.
Temperature increases in diffusive and laminar asymmetric

films were induced by laser excitation near the localized surface
plasmon resonance (LSPR) of AuNPs. A photon-to-heat
conversion of up to 3000 °C/watt was demonstrated in the
diffusive films, which represented a 3−230× increase over
previous AuNP-functionalized systems. Optical attenuation and
temperature change increased in parallel with the log10 of TCA
solution concentration. Optical and thermoplasmonic re-
sponses were examined with and without an adjacent mesh
support, which increased attenuation but decreased thermal
response. With these observations in mind, the potential for
employing asymmetric AuNP-PDMS thin films in thermoplas-
monic pervaporation was considered.

2. EXPERIMENTAL SECTION
2.1. Polymer Preparation. PDMS (Sylgard 184 silicone

elastomer kit #4019862) was purchased from Dow Corning (Midland,
MI, USA). Hydrogen tetrachloroaurate(III) (TCA; HAuCl4·3H20,
G4022) was purchased from Sigma-Aldrich (St. Louis, MO, USA). All

processes were performed at ambient temperature and pressure, unless
noted otherwise. A speed mixer (DAC 150SP, FlackTek, Inc.,
Landrum, SC, USA) was used to mix the PDMS and curing agent
mixture at 3035 rpm for 4 minutes. The mixture was degassed for 20
minutes to ensure gas bubbles were not present within the mixture.

2.2. Diffusive Method. TCA solution obtained from the
manufacturer was diluted with distilled, deionized (DD) water to 25
mass percent TCA. Mass percent was calculated as the mass of pure
TCA relative to the mass of the entire dilute solution. This solution
was diluted further with DD water to the desired TCA content. Au-
free PDMS, made with a cross-linker to monomer ratio (η) of 0.10,
was spin-coated on a 1 in. × 1 in. × 0.04 in. glass substrate at 1000 rpm
for 90 s and then cured at room temperature for 24 h. Each PDMS
film was approximately 0.03 g. This partially-cured PDMS thin film
was exposed to TCA solutions from 0.005 mass percent (0.00015 M)
to 0.5 mass percent (0.15 M) for 24 hours in a sample box (1 in. × 1
in. × 0.25 in.) wrapped in parafilm to prevent evaporation. Enough
TCA solution (approximately 2 mL) was used to ensure that the
PDMS surface was completely submerged in the TCA solution. The
Au-reduced film was fully cured for 15 minutes on a hot plate at 180
°C. As a control, Au-free PDMS thin films were fabricated using the
same approach, except DD water was used instead of the gold solution.

2.3. Laminar Method. This method produced asymmetric AuNP-
PDMS thin films by sequentially spin-coating a Au-free PDMS
solution followed by a TCA-containing PDMS mixture onto a glass
substrate. The initial layer of Au-free PDMS was spin-coated on the
substrate for 90 s at 1500 rpm, then cured at 180 °C for 10 min. A 1.2
mass percent TCA mixture was prepared by mixing 0.0223 g of 25
mass percent aqueous TCA and 0.4855 g of PDMS. This mixture was
spin-coated on top of the Au-free PDMS film at 4000 rpm. The
resulting mixture was a dark purple, indicating that significant AuNP
reduction occurred during mixing. The laminate was then fully cured
for 15 minutes on a hot plate at 180 °C, which provided cohesiveness
between the two layers.

2.4. Sample Imaging. Surface and cross-sectional images were
taken with a digital camera (Infinity 1-5, Lumenera Corporation,
Ottawa, CA) integrated with a light microscope (Eclipse LV100,
Nikon Instruments, Melville, NY, USA) in brightfield reflection mode.
Cross-sectioning was performed by cutting small sections of the film,
and placing it between two glass microscope slides. Dimensions within
the thin films and asymmetric AuNP-containing layer were
characterized using image analysis software (Infinity Analyze,
Lumenera Corporation, Ottawa, CA). A digital camera was used to
take the unmagnified images of the different thin films. Scanning
electron microscopy (SEM) was performed using a Philips XL40 FEG.
Transmission electron microscopy (TEM) was performed with a XFI
Titan 80-300 HRTEM.

2.5. Optical Characterization. Fractional transmission and
reflection of the thin films were measured at 532 nm with an
apparatus recently described by Forcherio and Roper.25 Each sample
was affixed to the exterior of an integrating sphere (IS200-4, Thorlabs,
Newton, NJ, USA) and irradiated at normal incidence from the
opposite side of the sphere at approximately 18 mW with a 532 nm
diode laser (MXL-H-532, CNI, Changchun, CN). Each sample was
measured with the Au-free PDMS layer facing the laser. A power meter
(PM100D, Thorlabs, Newton, NJ, USA) captured forward scattering
(i.e. transmission), and a spectrometer (AvaSpec-2048, Avantes,
Broomfield, CO, USA) detected reverse scattering (i.e. reflection)
coupled by the integrating sphere. A spectrometer was used to
measure scattered intensity because in practice its accuracy and
reliability were superior to those of a power meter or silicon
photodiode. Only intensity was reported because light was incident on
the sample at a single wavelength (532 nm). Integration of a white
light source into the integrating sphere system is the subject of
ongoing work.

The difference between the sum of these fractions, transmission
(Ti) and reflection (Ri), and unity (1) represents the fractional
attenuation (Ai). Attenuation includes plasmonic absorption and bulk
losses.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4018785 | ACS Appl. Mater. Interfaces 2013, 5, 8457−84668458



= − +A T R1 ( )i i i (1)

Three trials were conducted for each sample to capture any
operational, measurement, and sample variability. The reported values
for transmission and reflection reflect the average of these trials, and
the uncertainty reflects the standard deviation from the mean. UV−vis
absorbance spectra were taken with a spectrometer (Ocean Optics,
USB-4000, Dunedin, FL, USA) and a deuterium-halogen light source
(Avalight, DH-S-BAL, Avantes, Broomfield, CO, USA).
2.6. Thermal Data Collection. Thermal data were captured using

5 mm × 5 mm samples of the films suspended vertically with the laser
spot (1.2 mm diameter) centered within the film. This method was
similar to that used in a previous report.22 The infrared thermal
imaging camera (ICI 7320, Infrared Cameras Inc., Beaumont, TX,
USA) was placed on the opposite side of the film and focused on the
film for temperature data collection. The laser power was set to 18
mW to match both the power used in the integrating sphere setup and
to keep the infrared camera within its operational temperature range
(<100 °C). Laser power was monitored before and after each trial to
make sure it did not vary significantly. The setup was enclosed in a
plexiglass environmental chamber to eliminate forced convection. The
infrared camera recorded the thermal data at 1 Hz during a 3 min
heating period with the laser on and a 3 min cool down period with
the laser turned off. The data were saved as images in which
temperature values were recorded at each pixel in the image (320 ×
240 pixels). These images were analyzed using Matlab R2012a
(Mathworks, Natick, MA, USA) to produce the temperature
distribution throughout the sample during irradiation.

3. RESULTS AND DISCUSSION
3.1. Diffusive Method for Asymmetric Thin Film

Formation via TCA Reduction. This work identified a
range of times and temperatures at which a partial cure of
PDMS allowed rapid reduction of TCA at solution
concentrations varying over two orders of magnitude.
Previously, fabrication of asymmetric AuNP-PDMS films by
exposing fully-cured PDMS film to TCA for up to one week
had been reported.23 At a constant 0.5% (m/v) TCA
concentration, it had been shown that the spectral LSPR
absorption, particle size, and penetration depth were a function
of the curing agent to monomer ratio (η). Neither the
penetration depth for each value of η nor its variation with
exposure was precisely measured. However, it was reported that
a large η value led to larger particles located almost exclusively
on the surface of the polymer. The resulting composite films
were shown to have potential in a variety of biochemical
analyses on PDMS microchips.
The faster method developed and characterized in this work

to form asymmetric AuNP-PDMS thin films was based on this
and related prior work. It had been reported that η values
greater than 0.10 should be used to keep the gold near the
polymer surface.23 However, using η values ranging from 0.15
to 0.20 in this work produced thin films prone to tearing.
Durable thin films capable of repeated use are valued for
scalable implementation. A related report indicated that the
addition of KAuCl4 resulted in brittle PDMS foams and gels,19

further demonstrating the need for fabrication conditions that
do not further compromise the structural integrity of the
AuNP-PDMS thin films. A residual cross-linker in the body of
the thin film at higher cross-linker concentrations could affect
mass and thermal transport properties in the thin films,
potentially complicating testing in applications. Therefore, the
manufacturer’s recommendation of η = 0.10 was used for all
experiments herein to alleviate each of these concerns.
PDMS cross-linking occurs as a result of reaction between

the monomer vinyl groups (Si−CHCH2) and the curing

agent comprised of silicon hydroxide (Si−H) groups.26 It has
been proposed that AuCl4

− ions in the aqueous TCA solution
diffuse into the PDMS matrix upon exposure.23 These diffusing
ions then react with the remaining Si−H groups, forming
AuNPs. Partially cured PDMS differs from fully cured PDMS in
that it contains a more available cross-linker (Si−H groups)
able to further cross-link the monomer’s vinyl groups.
Ellipsometry measurements verified that residual Si−H
concentration decreases at progressively longer curing
times.26 Partially cured PDMS is not visually distinct from
fully cured PDMS: both are translucent and optically
transparent (transmission of fully cured PDMS was ca. 90%).
All samples were fully cured prior to any characterization. While
higher temperatures are conventionally used to reduce curing
time, there is no indication that changing curing temperature or
time affects ultimate attainment of complete cross-linking.
Curing at ambient temperature was adopted in this work to
minimize macroscopic geometrical anisotropies in cross-linking
caused by multidimensional conduction during partial cure on a
hot plate or in a convection oven.
Partial curing yielded higher gold content when compared

with the reduction of aqueous TCA diffusing into fully cured
PDMS (15 min at 180 °C on a hot plate). These experiments,
with 24−48 h TCA exposure times, led to pale pink films with
too little gold for desirable optothermal response. Other
combinations of time, temperature, and TCA content evaluated
to speed TCA reduction via partial cure resulted in less optimal
outcomes. Insufficient pre-cure (1−8 h under ambient
conditions or 15 min at 50 °C on a hot plate) led to polymer
degradation caused by the rapid consumption of cross-linker for
gold reduction which resulted in some incurable films. Partial
curing on either a hot plate or in an oven (80°C for 10
minutes) led to visible gold reduction similar to that observed
via 24 h cure under ambient conditions, but only in the center
of the sample.
The amount of gold that can be reduced in PDMS before the

polymer loses its robustness has been reported to be limited to
about 0.75 mass percent TCA (in PDMS) at η = 0.10.27

Formation of an asymmetric AuNP-PDMS layer atop a Au-free
PDMS substrate mitigates this limit to some extent. The film
surface for the 0.5 mass percent sample remained slightly tacky
for days, but the rest of the polymer cured fully, providing
mechanical support to the more weakly cross-linked AuNP-
containing layer. This contrast suggested residual monomer
remained at the film surface, ostensibly due to rapid reduction
of TCA into AuNPs, which left regions of the surface with no
curing agent available to cross-link the remaining monomer.
Thus, a concentration of 0.5 mass percent appeared to be the
upper, functional limit for reduction of TCA diffusing into
PDMS partially cured at ambient conditions for 24 h.

3.2. Laminar Method for Asymmetric Thin Film
Formation via TCA Reduction. The laminar method resulted
in practical limitations to AuNP-PDMS layer thickness,
attainable optical properties, and scalability. This method
produced a AuNP-containing layer thickness of about 25 μm at
4000 rpm, the highest possible speed allowable by the spin-
coater that was used. The underlying Au-free PDMS layer was
about 40 μm. Use of toluene has been reported to dilute the
PDMS in order to spin-coat thinner layers at the same speed,
but it is not anticipated that the thickness of the AuNP-PDMS
layer would be less than 10−15 μm even with the toluene
dilution.28 Preliminary testing with toluene dilution of PDMS
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that was greater than in the cited work led to negligible
thickness reductions and inconsistent spin-coating.
3.3. Gold Formation Morphologies. Exposure of

partially-cured PDMS film to solutions with increasing TCA
content led to significant differences in the size, appearance,
and density of Au nanostructures formed. TEM images for the
0.05 mass percent film are shown in Figure 1. A high number of

randomly-distributed Au nanospheriods ≤ 20 nm are visible. In
addition, large micrometer-scale Au conglomerates are visible at
the polymer surfaces. These conglomerates were most common
at 0.005 mass percent as shown in Figure 2, while at 0.5 mass
percent the sample surface appeared composed almost entirely
of densely-packed, sub-micrometer sized particles. Large gold
structures formed on the 0.05 mass percent sample surface
were comprised primarily of irregular tangled networks of gold.
These structures are visible throughout the surface of the 0.05
mass percent SEM image and in its inset. These gold networks
appeared in the 0.5 mass percent sample as well, but were less
prevalent.
The relatively large Au conglomerates and tangled networks

would not be expected to contribute to photon-to-heat
conversion, although they would increase local thermal
conductivity. Thermoplasmonic activity would arise from
localized surface plasmon resonance induced by incident
resonant irradiation on the ≤ 20 nm Au nanospheroids,
whose signature dominates the spectral profile of each sample,
particularly in the 0.5 mass percent sample in which
conglomerates and irregular networks appear relatively scarce.
This is explained more fully in section 3.7, Optical Character-
ization. Data obtained thus far suggest that large micrometer-
sized particle conglomerates form less readily beneath the

surface within the densely cross-linked PDMS, possibly
precluded by the high volume fraction occupied by the existing
polymer matrix.
Intense charging effects from PDMS hampered exhaustive

characterization at 0.5 mass percent and precluded TEM of 0.5
and 0.005 mass percent films. The small surface area analyzed
by TEM did not permit a rigorous analysis of size distribution
for the entire film. However, previous work showed 13 nm
mean diameter AuNPs formed at 0.5% (m/v) using the same η
= 0.10.23 The mean particle diameter of reduced AuNPs grew
with increasing η, and the resulting particles became less
spherical. Other methods to characterize AuNP size and
distribution were hindered by the physiochemical stability of
PDMS. These included dissolution in acids such as hot
concentrated sulfuric acid. Mie theory approximations were
used to attempt to ascertain size distribution but proved largely
ineffective. Work is in progress to improve control and
predictability of AuNP size and distribution during the
fabrication process itself.

3.4. Film Appearance and Morphology. Microscopic
images of the fabricated samples shown in Figure 2 indicate that
film appearance and morphology evolved as TCA mass percent
increased. However, the majority of AuNPs observable by TEM
were ≤ 20 nm. These AuNP produced a localized surface
plasmon (LSPR) spectral feature with relatively constant
bandwidth and energy whose intensity increased as TCA
content increased on a log10 scale, as shown in Figure 3. At the
lowest TCA concentration, 0.005 mass percent, PDMS film
appeared slightly less transparent than the Au-free PDMS thin
film, with a slight pinkish tint. This was the only concentration
of TCA that yielded an essentially optically transparent AuNP-
PDMS film. Transparency is exhibited by the UV−vis
absorbance spectra for the 0.005 mass percent film in Figure
3, which has a baseline extinction value similar to Au-free
PDMS outside of the LSPR region near 532 nm. In contrast,
the 0.5 and 0.05 mass percent extinction spectra exhibit
significantly higher extinction values across the entire spectrum.
As TCA concentration increased, the film hue deepened from a
reddish-pink to a deep, opaque purple, indicative of more
optically active AuNPs. Surfaces of the 0.05 and 0.5 mass
percent samples were slightly reflective, even without
magnification. Reflectivity appeared not to originate from
gold film or bulk gold at the surface, but rather from changes in
surface morphology occasioned by increasing Au content, as
described next. Deepening hue and apparent reflectivity with
increasing TCA content were similar to changes previously
reported.23

SEM images in column 1 of Figure 2 show surface
morphology of the AuNP-PDMS film evolved from planar to
hilly to cratered as gold content increased from 0.005 to 0.05 to
0.5 mass percent, respectively. Craters are hypothesized to
occur due to washout of uncured residual monomer following
the 24 h ambient exposure period at higher TCA contents
which consumed more cross-linker in partially-cured PDMS
film. Degeneration of planar PDMS surface morphology at
increased TCA content had not previously been reported. This
suggests its origin may arise from the use of partial, rather than
fully, cured PDMS. A possible benefit of surface cratering could
be an increase in effective surface area of the thin film. This
could enhance interfacial interactions such as pervaporation in
future applications.

3.5. Nanoparticle Formation. The size and shape of
surface gold structures reduced from TCA in the respective

Figure 1. TEM images of 0.05 mass percent sample. Top picture
shows large conglomerates visible in SEM images and AuNPs
distributed throughout. Bottom picture shows AuNPs both on the
polymer surface (top-left) and where the top surface has been
removed (bottom-right).
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samples resulted from an interplay between kinetics and
thermodynamics of underlying nucleation and growth of
existing structures. Respective rates of nucleation and growth
determine particle size, morphology, and distribution. Nucle-
ation results from molecules in solution first associating into a
cluster (a small nanoparticle). This cluster may then dissociate
or congeal and grow. At low concentrations, rapid nucleation

coupled with growth can reduce the initial gold concentration
past a critical point for new particle nucleation. At this point,
growth and Ostwald ripening, the process where small particles
redissolve in solution and attach to existing particles, become
dominant. The appearance of micrometer-scale conglomerates
could result from relative thermodynamic favorability of particle
growth on the polymer surface at lower TCA concentrations.
The exact causes of the irregular networks in the 0.05 mass
percent in PDMS are unknown, but analogous structures were
reported for calcium phosphate nanoparticles blended into a
poly(3-hydroxybutyrate) (PHB) polymer.24 It was reported
that the polymer matrix structure influenced nanoparticle
clustering and caused similar network formation on the
nanoscale. Given the visible effects the reduction had on the
surface, it is possible that the internal polymer structure was
also affected, thus influencing subsequent nanoparticle
formation.
Manipulation of nucleation and growth rates has been

performed in order to control nanoparticle formations both in
solution and in polymers. Homogenous growth of gold
nanoparticles was performed by inhibiting secondary nucleation
by adjusting temperature, TCA to seed particle concentration,
and pH.29 The rates of nucleation and growth of metallic
nanoparticles formed via photoreduction were shown to be
strongly affected by initial metal concentration.30 Shape-
controlled synthesis of hematite (iron) nanostructures was
achieved by controlling the local iron ion availability for
reaction with the use of different ligands, resulting in particles,
rods, and chain structures similar to the networks seen here.31

Figure 2. The differences in physical characteristics between the three different TCA dilution concentrations. Each row represents a single TCA
concentration. The columns represent a single imaging method consistent across each sample with SEM surface images with an inset of a single large
gold structure (left), optical microscopy surface images with an unmagnified inset (middle), and an optical microscopy cross-section displaying the
approximate thicknesses of the Au-free PDMS and AuNP-containing containing layers.

Figure 3. UV−vis absorbance spectra for the 0.5 mass percent (blue),
0.05 mass percent (red), and 0.005 mass percent (green) AuNP-
PDMS films and Au-free PDMS. Absorbance peaks are at 532 nm, 535
nm, and 535 nm, for the 0.5, 0.05, and 0.005 mass percent samples,
respectively.
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Increasing the ratio of reducing agent concentration relative to
TCA concentration was shown to increase average particle size
in the prior work utilizing diffusion of TCA into PDMS.23

Exposure time was seen to have a strong effect on particle size
in these prior investigations, but time was kept constant for all
the samples in this work.
3.6. Characterization of Au Layer Formed via

Diffusion. The measured AuNP penetration depths measured
in microscopic cross-sections were orders of magnitude less
than predicted by equations for unsteady diffusion at solid-
liquid interfaces. This indicated the penetration depth was not
controlled primarily by either aqueous or ionic gold diffusivities.
Optical microscopy in the right-most column of Figure 2 shows
that the thickness of the AuNP-containing layer is about 3 μm
for both the 0.005 and the 0.05 sample and about 7 μm for the
0.5 mass percent. AuNP-containing layer thickness was greatest
with the 0.5% sample, consistent with previous work indicating
that the penetration depth of the gold nanoparticles increased
as the ratio of cross-linker to TCA decreased.23

The penetration depth of reduced TCA into PDMS is about
0.001 of the diffusion depth expected for water into PDMS.
Using a diffusivity of water in PDMS of approximately 2 × 10−9

m2/s,32 diffusive penetration of water into a semi-infinite
PDMS slab would reach approximately 5 cm after 24 h.
Penetration depth is defined as the point where the
dimensionless concentration of water is 1% of that outside
the PDMS. Diffusivities of various gold ionic species and
AuNPs in aqueous media reportedly range from 10−9 to
10−11m2/s.33 Even at the lowest diffusivity of 10−11 m2/s, the
predicted penetration depth would be about 3 mm. This
suggests TCA is largely reduced into nanostructures within the
asymmetric AuNP-containing layer before further penetration

via diffusion is possible. At the same time, reduction of AuNP at
local sites is restricted by the availability of Si−H groups as well
as TCA. Therefore, the penetration depth of AuNPs appears
limited by a complex balance of thermodynamic driving force,
local reduction potential, AuNP nucleation, and growth, rather
than by diffusion alone. Development of a working description
that would support predictable control of penetration depth
within tens of nanometers is the subject of ongoing work.

3.7. Optical Characterization. UV−vis absorbance spectra
for each sample are shown in Figure 3. Each spectrum exhibits a
broad, localized surface plasmon resonance (LSPR) feature that
peaks near 532 nm, the incident laser wavelength. The irregular
networks, conglomerates, and microscopic particles appearing
in Figure 2 minimally influence the peak wavelength of optical
extinction. Specifically, LSPR features in Figure 3 spectra of the
0.5, 0.05, and 0.005 mass percent samples peaked at 532, 535,
and 535 nm, respectively. The 3-nm redshift in the latter two
samples would not significantly affect optothermal conversion
at 532 nm, nor would it permit LSPR absorption at red or IR
wavelengths to heat the system.
An integrating sphere was employed with a bi-directional

spectroscopic apparatus to measure reflection and a power
meter to simultaneously measure transmission of the
asymmetric thin films. The film fabricated with a 0.5 mass
percent TCA solution was observed to attenuate 0.8515 ±
0.0122 of normally incident resonant laser light. This
represented a 70% improvement over a 130-μm-thick PDMS
film with uniformly dispersed, reduced AuNPs from 0.6 mass
percent TCA and 470% improvement compared to a 680 μm
film consisting of 0.005 mass percent organic coated 16 nm
AuNPs.22,25 Attenuation for each diffusive thin film increased
linearly in proportion to log10 increases in the initial TCA

Figure 4. Measured fractional transmission (T), reflection (R), and attenuation (A) for AuNP-PDMS films with and without the support mesh. The
triangle (△) represents the support mesh. Dotted green arrow lines represent the relative contribution of the support mesh by connecting each film
with its corresponding data with the stainless steel mesh. The inset shows the linear relationship in the diffusive method between the log10 of TCA
dilution concentration with attenuation and temperature change.
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dilution concentration, as shown in the inset of Figure 4. The
0.05 and 0.005 mass percent samples attenuated 0.5241 ±
0.0122 and 0.1257 ± 0.0138 of incident irradiation,
respectively, as illustrated in the triangular diagram of Figure
4. Attenuation of the laminar film was 0.5121 ± 0.0254,
comparable to 0.05 mass percent. For comparison, the Au-free
PDMS attenuated 0.0492 ± 0.0239. These results are
consistent with the images of the film surfaces in Figure 2
that indicated the 0.005 mass percent film is highly transparent,
while the higher concentrations have increased formation of
optically active gold indicated by a deepening purple. Increasing
TCA concentration in embedded films was previously shown to
reduce the optothermal efficiency of the film on a per gold mass
basis.22 Determination of total gold content within the diffusive
thin films in this work is the subject of future analysis of the
diffusion reaction during reduction.
Measured fractional far-field transmission, reflection, and

attenuation for individual components and paired systems are
shown in the equilateral triangle diagram of Figure 4. Top,
right, and left vertices in this figure correspond to unity (1)
values of T, R, and A, respectively. Each point in the triangle
represents a system with a unique, independent combination of
measured T and R, and the related dependent value of A.
Measured components and AuNP-PDMS/support mesh
systems are distinguishable by color and shape and cross-
hatch pattern (mesh support). Purple hues represent increasing
mass percentages of TCA in the PDMS thin films. The
reflection values decreased with increasing TCA concentration.
This is consistent with previous work that showed reflection
decreased as more gold was embedded throughout the
polymer.25 Switching the orientation of the thin film did not
have a measurable effect on the measured transmission and
reflection values. This was consistent with SEM and optical
images in Figure 2 that indicate neither solid gold film nor large
gold particles accumulate preferentially at the polymer film
surface.
Introduction of the stainless steel support mesh led to an

overall increase in attenuation for each film. This result is
significant because the support mesh must be present to protect
PDMS films against collapse into a permeate vacuum during
operation of the plasmonic pervaporation system. The mesh
increased reflectivity slightly, but reflection of each pair of thin
film/support mesh was still relatively small. Transmission
decreased substantially and in proportion to increasing log10
TCA concentration, corresponding to an overall increase in
attenuation upon the addition of the reflective support mesh.
The resulting attenuation values were 0.9501 ± 0.0231, 0.7854
± 0.0107, 0.5052 ± 0.0149, and 0.4436 ± 0.0150 for the 0.5,

0.05, and 0.005 mass percent and PDMS respectively, as Figure
4 illustrates. The mesh used for this work is finer and has a
more rigid structure than that used in previous work, leading to
different reflective and transmissive properties.25

3.8. Thermal Properties. The magnitude of thermal
response in the asymmetric thin films was higher than in
three other methods for preparing thermoplasmonic nano-
composite media tested previously by our group. As
summarized in Table 1, the thermal response in 0.05 mass
percent AuNP-PDMS asymmetric film was 3× higher than
previous measurements in AuNP-PDMS thin films in which
AuNPs were uniformly distributed throughout the film prior to
curing. The thermal response was 11× higher than when
AuNPs were thermally transformed from electroless-plated Au
thin film, and it was 230× higher than AuNPs suspended in
aqueous solution. The 0.5 mass percent sample reached an
average temperature in the laser spot 54.5°C above the ambient
temperature of 23 °C, while the 0.05 mass percent, 0.005 mass
percent, and Au-free PDMS samples reached 29.9 °C, 8.2 °C,
and 0.7 °C above ambient, respectively. The laminar film had
an average temperature change of 28.2 °C.
Temperature increased in each asymmetric film in linear

proportion to attenuation both with and without the support
mesh. Figure 5 shows the measured average temperature
increase of each asymmetric film. Figure 6 displays the heat
maps for each diffusive thin film after being allowed sufficient
time to reach a steady-state temperature range. This increase in

Table 1. Photon-to-Heat Efficiency of Thermoplasmonic Nanocomposite Alternatives

physical description system dimensions (mm) gold content
laser power

(W)
equilibrium ΔT

(°C)
ΔT (°C) per

watt

PDMS film in pervaporation
system27

radius = 7.5, thickness =
0.135

0.6 mass percent TCA, reduced; uniformly
dispersed

0.75 10 13.33

680 μm PDMS film in air22 5 × 5 × 0.68 0.1896 mass percent TCA, reduced; uniformly
dispersed

0.1 72 720

fluid-filled AuNP-plated
capillaries34−36

4 × 0.2 × 14 thermally annealed AuNP from EL gold film 0.1 26 (air) 260
16 (butanol) 160
14 (water) 140

AuNP colloidal solution in
cell36,37

4 × 0.2 × 15.9 7.9 μL AuNP suspension of 920 g/m3 in water 0.17 2.2 12.94

this study: 0.5 diffusive film 5 × 5 × 0.05 0.5 mass percent TCA, diffused 0.018 54.5 3028
this study: laminar film 5 × 5 × 0.065 1.2 mass percent TCA, reduced 0.018 28.2 1567

Figure 5. The relationships between attenuation and temperature
change for the thin films with and without the stainless steel mesh.
The triangle with cross-hatching (△) represents the support mesh.
Circles with cross-hatching represent coupled data from each thin film
of the corresponding color when paired with the reflector.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4018785 | ACS Appl. Mater. Interfaces 2013, 5, 8457−84668463



thermal response relative to previous aqueous, silica, and
PDMS samples appears to result from an increase in
nanoparticle density relative to insulating PDMS, insulation
of the heated layer by a thicker, adjacent gold-free PDMS, and
reduction of radiativity of the PDMS relative to planar
substrates. Preliminary modeling results indicate each of these
three factors contribute significantly to the improvements over
the previous work with uniformly distributed AuNPs.22 These
promising early results are the subject of an ongoing
investigation.
Supporting the asymmetric Au-PDMS thin film with the

stainless steel mesh reduced the thermoplasmonic temperature
increase by about 50% in general. As Figure 5 shows, the 0.5
mass percent sample reached an average temperature in the
laser spot 28.9°C above ambient, while the 0.05, 0.005, and
PDMS samples reached 14.9°C and 5.0 °C, respectively. The
laminar film reached an average of 14.8°C above ambient. The
temperatures of the composite system appeared to follow the
same linearity with attenuation as was demonstrated without
the mesh; however, the overall temperature changes are
considerably less. The support mesh acted as a radiator,
conducting thermal energy away from plasmonically-heated
AuNP-PDMS films into the surrounding environment. Incident
irradiation of the mesh alone caused a temperature increase of
2.1 °C. The temperature change of the Au-free PDMS
supported by the mesh was near this value (1.9 °C).
The parallel increases in attenuation and temperature suggest

that photon-to-plasmon-to-heat transduction efficiency remains
constant as Au content increases in the asymmetric AuNP-
PDMS films. Modeling of the thermal behavior for comparison
with previous work modeling thermal characteristics of isolated
AuNPs in planar and uniform polymer geometries as well as in
regular assemblies38−40 is in progress. Reported studies also
considered uniform molecular coating and local thermal
properties.41 These prior studies relate temperature distribu-
tions from uniform AuNP distributions to optical and physical
properties of thermoplasmonic elements. The heterogeneous

AuNP morphologies, asymmetric 3-D distribution, and multiple
associated phases require further development of available
models to correlate AuNPs properties in PDMS to kinetic and
equilibrium thermoplasmonic temperature changes.

3.9. Evaluation for Use in Plasmonic Pervaporation.
The scalability, heating capability, and asymmetry of these
AuNP-PDMS films show significant potential in plasmonic
heating applications, particularly in a plasmonic pervaporation
system recently described.27 Morphological, optical, and
thermal characteristics distinguished in this work suggest that
the AuNP-containing layer thickness can be reduced by factors
of 10 or more relative to prior work, while providing improved
thermoplasmonic heating. Efficient optoplasmonic conversion,
providing localized heat, is an important aspect of the thin films
as separation membranes.
The thermodynamic driving force in pervaporation is the

difference in partial pressure between the feed and permeate
sides of the membrane. Increasing the temperature at the
permeate interface using asymmetric AuNP-PDMS thin film
would increase this driving force. The asymmetry of the thin
films is desirable because the effect of the AuNPs on the mass
transport properties of PDMS remains largely uncharacterized.
Placing the Au-free PDMS layer in contact with the
pervaporation feed side and making the AuNP-PDMS layer
as thin as possible should result in transport characteristics and
performance of the thin films in membrane separation more
analogous to Au-free PDMS, a commonly-used dense,
hydrophobic membrane. A prior work illustrates pervaporation
and mass transport across the membrane schematically in
Figures 1 and 2.42 The implementation of the films generated
in this work to pervaporate liquids is ongoing and will be the
subject of a future report.
Reduction of Au in partially cured PDMS via solution

diffusion appeared superior to either reduction of Au in fully
cured PDMS or laminar formation of asymmetric Au-PDMS
thin films. A thinner Au layer was produced quickly with a
wider range of attainable optical and physical properties and
superior curability. The diffusive method produced AuNP-
containing layers 3−7 times thinner than the laminar method,
and further thickness reduction is anticipated by reducing
exposure time or increasing pre-cure time. The possibility of
further thickness reduction in the AuNP-containing layer with
the diffusive method is intriguing since flux is inversely
proportional to membrane thickness. Significant improvements
to Au layer thickness and optothermal conversion are not
anticipated for the laminar method. The practical limit to spin-
coating PDMS appears to be about 10−15 μm, and this is
possible only by using high concentrations of toluene which
further complicate characterization of the thin films.28

Significant optothermal efficiency improvements in the laminar
method are not anticipated because the 1.2 mass percent TCA
used in the AuNP-containing layer appears near the allowable
limit for the PDMS to cure properly. Recently, an approach to
obtain ordered arrays of layered sheets of ordered AuNP chains
was presented.43 While optical and thermal characteristics of
the resulting nanocomposites were not quantified, this
approach or a similar method could have significant potential
in future work.

4. CONCLUSIONS
Reduction of aqueous hydrogen tetrachloroaurate (TCA) in a
partially cured polydimethylsiloxane (PDMS) thin film rapidly
formed an asymmetric film containing AuNPs only at the TCA-

Figure 6. Temperature distributions for PDMS exposed to increasing
concentrations of hydrogen tetrachloroaurate (TCA): 0.0 mass
percent TCA (0.0%), 0.005 mass percent TCA (0.005%), 0.05 mass
percent TCA (0.05%), and 0.5 mass percent TCA (0.5%) at 18 mW of
incident irradiation.
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exposed interface. Multi-scale morphological, optical, and
thermoplasmonic characterization of resulting asymmetric
films showed substantial benefits for heating applications such
as plasmonic pervaporation. Reduction into a partially cured
PDMS film via solution diffusion outperformed lamination of
AuNP-containing films in terms of optothermal response,
robustness, and scalability. Metallic nanoparticles, networks,
and conglomerates were formed via reduction as the amount of
dissolved TCA increased across a log10 scale. Increasing TCA
concentrations caused polymer surface cratering, leading to a
larger effective surface area. Both optical attenuation and
thermoplasmonic temperature rise increased linearly with log10
increases in TCA content. In particular, the asymmetric AuNP-
PDMS thin film formed from 0.5 mass percent TCA was 52-
μm-thick with a 7 μm AuNP-containing layer, attenuated 0.85
of incident radiation, and produced an average temperature
change of 54.5 °C at only 18 mW of incident resonant
irradiation. The thermoplasmonic response of this asymmetric
gold film was 3000 °C/watt, which was 3-, 11-, and 230-fold
larger than comparable results using reduced TCA, annealed Au
films, or suspended AuNP samples, respectively. Reduced
thickness and improved heating capacity in asymmetric Au-
PDMS thin films obtained by reduction of TCA that is diffusing
in partially cured polymer could lead to a substantial increase in
solvent flux during pervaporation.
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