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ABSTRACT 

Embedding soft matter with nanoparticles (NPs) can provide electromagnetic tunability at sub-
micron scales for growing number of uses in healthcare, sustainable energy, and chemical 
processing. But use of NP-embedded soft material in temperature-sensitive applications has been 
constrained by difficulty in validating prediction of rates for energy dissipation across thermally 
insulating to conducting behavior. This work improved embedment of monodisperse NP to stably 
decrease inter-NP spacings in polydimethylsiloxane (PDMS) to nano-scales. Lumped-parameter 
and finite element analyses were refined to apportion effects of structure and composition of NP-
embedded soft polymer to rates for conductive, convective, and radiative heat dissipation. These 
advances allowed rational selection of PDMS size and NP composition to optimize measured rates 
of internal (conductive) and external (convective and radiative) heat dissipation. Stably reducing 
distance between monodisperse NP to nano-scale intervals increased overall heat dissipation rate 
by up to 29%. Refined fabrication of NP-embedded polymer enabled tunability of dynamic thermal 
response, the ratio of internal to external dissipation rate, by a factor of 3.1 to achieve a value of 
0.091, the largest reported to date. Heat dissipation rates simulated a priori were consistent with 
130 µm resolution thermal images across 2- to 15-fold changes in NP-PDMS geometry and 
composition. Nusselt number was observed to increase with the fourth root of Rayleigh number 
across thermally insulative and conductive regimes, further validating the approach. These 
developments support model-informed design of soft media embedded with nano-scale spaced NP 
to optimize heat dissipation rates for evolving temperature-sensitive diagnostic and therapeutic 
modalities as well as emerging uses in flexible bioelectronics, cell and tissue culture, and solar-
thermal heating. 

1. INTRODUCTION

Electromagnetically-active nanoparticles (NP) embedded in soft matter exhibit enhanced thermal 
properties1–7 and efficiencies8,9 that augment energy and mass transport in numerous systems.10,11 
Soft abiotic material containing nanoparticles has been shown to induce hyperthermia in 
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photothermal12 and chemo-thermal13 therapy, photosensitization to inactivate bacteria,14–16 
targeted drug release,17,18 contrast in medical images,19 and gene transfection.12 In particular, 
resonant laser irradiation of NP in soft polymers results in characteristic dissipation of thermal 
energy as heat.20–22 Functional descriptions of heat dissipated from pulsed or continuous resonant 
excitation23 are relevant for use in designing and optimizing cancer ablation,24–27 catalytic 
reaction,28 membrane separation,29microfluidic flux,30 and photothermal therapy.31–38 

Rigorous comparison, however, of simulated data with measured energy output by irradiated NP 
has largely considered heat dissipated at thermal equilibrium as a function of NP 
size/shape/composition in one of two scenarios: (i) monodisperse NP(s) suspended in fluid, 
deposited or formed on ceramic or semiconductor, or diluted into soft material such that 
neighboring NP are microns or more apart; or (ii) polydisperse NP reduced by biological or 
chemical means into soft material to achieve high NP density.  As a result, NP-transduced heating 
in soft matter like gels and tissues for temperature sensitive applications e.g., clinical diagnostic 
and therapy, remains limited by lack of data for non-equilibrium (transient) rates of heat 
dissipation18 which are critical to biological outcomes39,40; scant evaluation of heating from 
monodisperse NP embedded in soft matter below micron-scale spacing; and scarcity41  and 
difficulties42,43 comparing simulation with experimental data to evaluate effects of soft matter size, 
shape, density, thermal conductivity or NP concentration on transient heat dissipation at nano- to 
micron scales. 

Landau damping of localized surface plasmons induced by resonant irradiation of NP dissipates 
energy via charge-transfer and/or heating of surrounding media via conduction, convection and 
radiation.44 To date, simulation of phase change,45,46 ultrafast dynamics,47–49 and light-to-heat 
conversion8,50–54 in nanocomposites has characterized primarily steady-state components of energy 
flux, e.g., radiative heat transfer,44,55–58 phonon transport,59 thermal conductivity,60–62 and 
Brownian dynamics61,63,64 or total energy dissipation.23,50,65 Yet predictability of even steady-state 
temperature in homogeneous media embedded with evenly-dispersed, uniformly-sized NP remains 
challenging.54,66 For example, increasing NP concentration was recently reported to paradoxically 
result in tumor regrowth42 despite increased temperatures due to reduced depth of laser 
penetration.67 Such anomalies due to optothermal aspects that differ from conventional bulk, 
radiant, or resistive modes call for rigorous comparison of measured optothermal heat dissipation 
with conventional conductive, convective and radiative mechanisms.  

The transient (dynamic) rate of temperature increase, i.e., heating rate, is a critical factor 
influencing a variety of biomedical outcomes. A heat rate not less than 1ºC per minute has been 
advised for superficial hyperthermia clinical trials.39 The heating rate of NP-containing material 
was reported to vary nearly 3-fold depending on the configuration of NPs.68 Heating transients can 
influence rate of drug release from polydimethylsiloxane (PDMS) films40 and phase change 
materials.69–72 Biocompatibility, optical transparency, and thermal properties support use of NP-
embedded soft polymer like PDMS in targeted drug release,40 photoacoustic imaging,19 gene 
transfection and photothermal therapy.12 PDMS is widely used as a tissue phantom, i.e., surrogate, 
to characterize spectral and thermal features of tissue73 in hyperthermia,39 photodynamic therapy, 
and optical coherence tomography.  
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Heat dissipated at steady-state by plasmon resonant NP dispersed into various polymer films of 
micro- to nano-scale thickness was recently observed to scale with the amount of incident optical 
power extinguished.74,75 This was demonstrated by finite element simulation of heat dissipation 
that integrated relations for Fourier conduction, Rayleigh convection and Stefan-Boltzmann 
radiation to conservation of energy in the film.50 Steady-state, micro-scale profiles of dissipated 
heat were dependent on micro- versus nano-scale film thickness and super- versus sub-wavelength 
inter-NP separation. Interestingly, both Maxwell Garnett effective medium theory and coupled 
dipole approximation showed temperature increase per NP ultimately diminished at high loadings. 
The reported consistency between measured heat dissipation and corresponding simulated values 
at steady state indicates finite element analysis could also distinguish effects of geometry of soft 
matter and embedded NP size/shape/composition on transient rates for heat dissipation via internal 
(conduction) and external (convection and radiation) processes. 

The present work examined changes in the transient rate for heat dissipation as inter-NP separation 
was reduced from greater than 5 microns to sub-micron intervals while varying the 3D geometry 
of a polymer and its NP density 2- to 15-fold. It validated use of a compact structure-function 
relation for a priori design and optimization of thin PDMS films embedded with increasing 
number of monodisperse gold (Au) NPs to transition the films from thermally insulating to 
conducting behavior. Rates for heat dissipation estimated a priori using both the analytic structure-
function relation and finite element simulation were consistent with measured values across 
significant parameter variations: film thicknesses from 0.7 to 1.5 mm, Au content from 0.001 (2.34 
x 1011 NP cm-3) to 0.015 mass % (35.2 x 1011 NP cm-3), two forms of AuNPs (monodisperse 
spheres vs. randomly reduced polydisperse NP), and two sizes of monodisperse AuNPs: 16 nm 
(non-scattering) and 76 nm (scattering and absorbing). Rates for bouyant heat convection were 
observed to depend on the fourth root of the Rayleigh number, validating the structure-function 
relations across thermally insulating to thermally conducting behavior. A refined fabrication 
approach allowed NP-to-NP spacings to be reduced to nano-scale values approaching the resonant 
wavelength. Such proximity enhanced apparent Nusselt number, i.e., the ratio of convective to 
conductive heat transfer, by up to 29% and increased dynamic thermal responses by 3.1-fold to 
achieve the largest reported value for dynamic thermal response to date. Together these advances 
support rational design and optimization of NP-embedded soft material with high dynamic thermal 
responses for use in diagnostics, therapeutics, and sustainable energy, particularly in heat-sensitive 
circumstances. 

2. MATERIALS AND METHODS

2.1 Film Fabrication and AuNP Addition. A previously reported method65 to fabricate AuNP-
PDMS films was refined to increase NP content while eliminating observable gas/vapor 
entrapment and NP aggregation. The refined method increased AuNP content 15-fold up to a mass 
percent in PDMS of 0.015% while at the same time decreasing inter-NP spacing to the nano-scale 
without detectable aggregation. Briefly, dried, poly(vinylpyrrolidone) (PVP)-coated AuNPs 
(Nanocomposix Inc., San Diego, CA) were dispersed into isopropanol (IPA) to 1 mg mL-1. 
Monodisperse AuNPs of 16 nm and 76 nm mean diameter (see supporting information (SI) for 
size distribution and absorption spectra) were dispersed into PDMS (Sylgard® 184 silicone 
elastomer kit #4019862, Dow Corning, Midland, MI) at 1011-1012 and 1010 NP cm-3, respectively, 
using the following approach. PDMS monomer and crosslinker were mixed at a 10:1 ratio and 
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degassed for 2 hours. A volume of AuNP-IPA dispersion selected to achieve a targeted AuNP 
density was added into uncured PDMS and mixed while degassing for 1 hour. A 1.5 g mass of 
AuNP-IPA-PDMS was poured into a 25 mm x 25 mm x 1 mm polystyrene sample box and cured 
at 60 ºC for 24 hours. The box was wrapped in foil to prevent light-induced curing. Compared to 
the previous method, the method reported in this work extended the degas time of the polymer and 
cross linker; optically isolated curing samples; reduced the cure temperature; and extended the 
cure time. These changes minimized observable gas/vapor bubble formation and entrapment as 
well as polymer defects and NP conglomerates, which improved the overall structure and 
performance of the nanocomposite films. These refinements enabled AuNP content to be increased 
150-fold to 0.015% by mass in soft matter while simultaneously decreasing inter-NP spacing to
nano-scales for the first time without detectable aggregation.  Figure 1 shows frontal and cross-
section images of ca. 5 mm x 5 mm films containing (a) 16 (above) and (b) 76 (below) nm spherical
AuNP.   From left to right in each row, film color changed from dark red to slightly pink as Au
content decreased. Length and width of films varied across a range of 28  L x W  35 mm2

enabling analysis of dissipation rate sensitivity to film geometry.  Corresponding values of
measured thickness, Au content (in both NP per cm3 and mass percent) and average NP-to-NP
separation distance as measured by the Wigner Seitz radius are shown below each film.

Figure 1. Optical images of ca. 5 x 5 mm PDMS films (above facing; below side) containing 
monodisperse 16 nm (a; above) and 76 nm (b; below) AuNPs.  AuNP content decreases from left 
to right in (a) and (b) as given in the text below each film. Images of films containing polydisperse, 
reduced AuNP (rAuNP), categorized as Film II in Table, are shown in SI. 

2.2 Au Content Calculations. The total mass of monodisperse AuNPs in PDMS was determined 
by multiplying the volume of AuNP-containing stock solution added to the PDMS by (i) the 
concentration of stock solution, (ii) the volume of a single AuNP, (4πrp/3)3 where rp is AuNP 
radius, and (iii) Au density, ρAu=19.3 g/cm3. The mass percent of AuNPs in PDMS was calculated 
by dividing the mass of added AuNPs by the mass of solution (PDMS mass plus AuNP mass) and 
multiplying by 100%. Wigner-Seitz radius, rW-S, was calculated as rW-S = rp(ρAu/x)1/3 = (3V/4πN)1/3, 
where x is Au mass per cubic centimeter of host media, V is media volume, and N is the number 
of AuNPs added to volume V.  Twice the value of rW-S reduced by twice the value of rp is an 
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estimate of NP-to-NP separation distance for randomly-dispersed AuNP at a particular 
concentration. 

2.3 Thermal Characterization. AuNPs embedded in PDMS films fabricated using the refined 
method herein were irradiated resonantly using a 532 nm laser (MXL-FN-532, CNI, Changchun, 

China) at 25 or 100 mW. Laser power was recorded using a power meter (PM310D, Thorlabs, 

Newton, NJ). Incident laser power during the 3-minute heating period was measured to be within 
±1.05% at 25 and 100 mW. This was well within the laser manufacturer’s specification of ±1 to 
10%. The power meter was rated for a calibration uncertainty of ±3.3% at 1064 nm and ±5% at 
190 nm – 1064 um. Infrared images of the AuNP-PDMS nanocomposites were captured at 5 
images per second over 6 minutes (min): 0:10 min ambient conditions, 2:50 min laser irradiation, 
and 3:00 min cooling using an infrared thermal imaging camera (ICI 7320, Infrared Cameras Inc., 

Beaumont, TX). A laser shutter (SH05, Thorlabs, Newton, NJ) and shutter controller (SC10, 

Thorlabs, Newton, NJ) were used to open and close laser at each time interval (see SI for schematic 
of thermal setup). A K-type thermocouple recorded ambient temperature ~1 cm away from the 
nanocomposite to compare with IR camera ambient readings. Each AuNP-PDMS film was 
mounted with tweezers to position the incident laser spot at the film top center. All power incident 
on the Film I samples was contained with a laser spot with D4σ diameter of 3 mm. The thermal 
measurement apparatus was isolated from ambient light and forced convection by enclosure in an 
opaque chamber. Two or more replicates were measured. Temperature values reported are from 
one representative cooling period. 

2.4 Measured Total Dissipation Rates. Measured total time for heat dissipation, τT
-1, during 

cooling was determined using temperature data extracted from the raw thermal images using 
MATLAB R2015b (Mathworks, Natrick, MA). The MATLAB code divided the images into 
pixelated temperature heat maps.  Maximum (ambient) temperature at each pixel was evaluated 
by averaging measured temperature equilibrated at laser-heated (ambient) conditions over the final 
30 s of laser heating (final 5 seconds of cooling). Values of maximum temperature, Tmax, and 
ambient temperature, Tamb, at each pixel were used to calculate a dimensionless temperature 
driving force, θ = (Tamb – T)/(Tamb – Tmax), at every pixel, where T was the measured time-varying 
temperature during cooling after laser irradiation. Plotting the natural log of the driving force vs. 
time for a 45 s cooling period for the 16 and 76 nm films and 30 s cooling period for the rAuNP 
films yielded τT

-1 at each pixel. The value of τT
-1 was the negative inverse of the linearly regressed 

slope.  This process of measuring τT
- is illustrated in Figure 2(b). In calculating θ, values of 

temperature below Tamb were excised to eliminate imaginary results when calculating τT
-1. Mean 

values of Tmax, Tamb, T, and τT
-1 across the film face were determined by averaging pixelated values 

for maximum, ambient, and transient temperatures and thermal dissipation times, respectively.  

2.5 Predicted Total Dissipation Rates. 

2.5.1 Compact Structure Function Relation. Summing a series of consecutive thermal resistances, 
Ri, yields the overall thermal resistance, RT = Σi Ri. Here subscript i identifies components with 
distinguishable thermal resistances, i.e., internal vs. external thermal dissipation rates.  Rewriting 
this sum in terms of dissipation rates, with time constants being proportional to resistances yields23  

1
τT

= 1
∑ τii

= 1
τint+τext

(1)
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where τint and τext are the internal and external time constants for thermal dissipation respectively. 
Decomposing each time constant into independently measurable, composition-dependent 
thermodynamic and geometric parameters23 shows the total thermal dissipation rate of a plasmonic 
system is a function of its external dissipation, τext, relative to its intrinsic internal dissipation, τint, 
viz.,  

𝜏𝑒𝑥𝑡 = ∑
𝑚𝑖𝐶𝑝,𝑖

𝑈𝑖 =
𝑘𝐿𝑊𝐷

𝛼𝑈
(2a) 

𝜏𝑖𝑛𝑡 =
𝐿𝑐
2

𝛼
   (2b) 

where, mi is mass, Cp,i is heat capacity, k is thermal conductivity, L, W, and D are sample length, 
width and thickness, respectively, Lc is a characteristic thermal length of the sample (D/2 for thin 
films in current work), α is the mass-averaged thermal diffusivity calculated on a percent mass 
basis, and U is an overall heat transfer coefficient45 given by 

U≡ kcAc
Lc,𝑒

+hconvAs+Asεσ(T2+Tamb
2 )(T+Tamb) (3) 

where kc is the thermal conductivity of the heat-conductive material, Ac is the contact area 
perpendicular to conduction, Lc,e is a characteristic length for conduction to the environment, hconv 
is the heat transfer coefficient for convection, As is the surface area of the film, ε is the emissivity 
of the material, σ is the Stefan-Boltzmann constant, and Tamb is the ambient temperature. The value 
of T used in Equation 3 was the average surface temperature at hot equilibrium, Tmax. 

Films were oriented vertically to allow laser irradiation and temperature mapping from opposite 
sides.  Therefore, hconv was estimated using23

hconv= k
Lc
[0.59𝑅𝑎𝐿

1
4⁄ ]       (4) 

where k is thermal conductivity and Lc is defined as the height of the plate in the vertical direction. 
The Rayleigh number is RaL = gρ2βCp(T-Tamb)L

3/kμ where g is acceleration due to gravity, β is 

the coefficient of thermal expansion of air, ρ is the density of air, Cp is the heat capacity of air, k is 

the thermal conductivity of air, and μ is the viscosity of air. L for this system was equivalent to Lc 
in Equation 4.  

To analyze Nusselt number, Nu, dependence, estimated values of hconv were determined using 
Equation 4. Measured values of hconv were calculated from observed data as follows. Measured τint 
and τT values were used to calculate τext using Equations 1-2. From this value of τext, a measured 
value of U was obtained from Equation 3 using τext = kLWD/αU. Thermal conductivity of air made 
the conduction term in Equation 3 negligible. The radiation term was calculated using measured 
parameters.  Then hconv was obtained from Equation 2 and used in Nu = hconvLc/k where hconv, Lc, 
and k were as defined in Equation 4.  

2.5.2 Finite Element Analysis. Finite element heat transfer analysis (FEA) was conducted using 
the Heat Transfer in Solids module in version 5.2a of COMSOL Multiphysics (Stockholm, 
Sweden) as described previously.50 Briefly, concurrent internal and external heat dissipation in 
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AuNP-PDMS films was modeled using Fourier’s law for conductive heat transfer and the 
convective heat transfer coefficient for a vertical plate defined in Equation 4 coupled with radiation 
as defined in Equation 3 rightmost term. For the current work, temperature profiles of each film at 
the instant the laser irradiation ceased were imported into COMSOL. An initial 2D conjugate 
model using Heat Transfer in Solids and Gaussian Cooling (via Rayleigh convection and Stefan-
Boltzmann radiation) was applied to the model to estimate the cooling curve for each film. 
Temperature changes at each second over a 45 s period were computed using a COMSOL Dynamic 
Study function. A ‘cut plane’ was then used to extract the temperature across the entire surface of 
the film at each second. These values were imported into MATLAB where an average value for 
τT

-1 was calculated using the approach described in §2.4 Measured Total Dissipation Rates. 

3. RESULTS AND DISCUSSION

This study evaluated transient (dynamic) rates of temperature change due to spectrothermal heat 
dissipation in soft PDMS embedded with dispersed, uniformly-sized AuNP or electrochemically-
reduced, heterogeneously-sized AuNP down to inter-NP spacing of nano-scales for the first time. 
The biocompatibility, optical transparency, and thermal properties of NP-PDMS nanocomposites 
support their use in targeted drug release,40 photoacoustic imaging,19 gene transfection and 
photothermal therapy,12 and tissue phantoms.73 Beyond use in these evolving therapeutic and 
diagnostic modalities, PDMS is employed in emerging biomedical technologies that leverage 
activity of nano-scale matter. PDMS factors into synthetic extracellular matrix (ECM) to form a 
facile, biocompatible substrate for cell and tissue culture76,77 whose properties may be enhanced 
by incorporation of nano-scale materials, e.g., graphene. PDMS is key to fabricating flexible, 
stretchable electronics.78–81 

Thermal dissipation by resonantly-induced NP in soft matter differs from energy dissipation in 
such media when they are heated by conventional bulk or resistive means.  In conventionally-
heated media, micro- to macro-scale bulk, surface, or linear thermal sources drive heat flux from 
an interface into an adjacent target media in a direction opposite to a developing temperature 
gradient.82 In contrast, irradiation of optically-active NP embedded in soft media originates heat 
at point sources within the media. NP irradiation can augment energy dissipation relative to surface 
or linear sources. For example, resonant induction of plasmonic near fields on NP may induce NP 
re-radiation as well as absorptive thermal dissipation.83 Wavelength-scale inclusions (e.g., voids) 
and/or surface reflection may induce concurrent geometric scattering.9,84 Such re-radiated, 
scattered, and reflected incident photons supplement point-source plasmon heating, thereby 
changing thermal response, heat flux, and equilibrium temperature relative to values predicted or 
observed when such optical or plasmonic effects are absent.50 This potential augmentation relative 
to conventional conductive, convective and radiative energy flux due to bulk, surface or linear 
thermal sources requires quantitative consideration as well as experimental validation in order to 
accurately describe magnitudes and parametric variation of steady-state and transient energy 
dissipation in soft material embedded with spectrothermal NP.    

Soft polymer films embedded with two types of NP that were examined herein are characterized 
in Table 1. AuNP-PDMS films labeled ‘Film I’ were fabricated by a refined process to increase 
the content of monodisperse (i.e., uniformly-sized) Au nanospheres thereby reducing inter-NP 
spacing to the nano-scale and to vary film thickness while eliminating observable entrapment of 
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gas or vapor and AuNP aggregation. AuNP-PDMS films labeled ‘Film II’ were fabricated by 
electrochemical reduction of Au into polydisperse (i.e., heterogeneously-sized) NP with varying 
morphology (size/shape). Samples of Film I exhibited higher equilibrium temperature increase per 
power input (T/watt) and Au content and lower inter-NP spacing than such films fabricated 
previously.  The present work compared a greater range of film dimensions and AuNP sizes side-
by-side than had been previously characterized. The films exhibited (i) T/watt increasing 3.2-
fold, from 93.8 oC per watt (Film 6: polydisperse rAuNP at 0.0141 mass %) to 304 oC per watt 
(Film A: monodisperse AuNP at 0.015 mass %); and (ii) Film I thickness ranging up to 2.1-fold, 
from 0.64 mm to 1.45 mm. Film II thicknesses were constant at 0.68 mm.   

Table 1. Characteristics of PDMS thin films embedded with two different types of nanoparticles. 

Film I65 Film II1

Description
Monodisperse Au nanospheres in 

PDMS
Polydisperse reduced AuNP (rAuNP) in 

PDMSa

Dimensions LxWxD (mm)
28  L x W  35 mm2

5.0 x 5.0 x 0.68
0.64  D  1.45 mm

AuNP type
 16 nm PVP coated AuNPb

rAuNP reduced from HAuCl4
 76 nm PVP coated AuNPc

Gold content (mass %)
16 nm: 0.001 to 0.015

0.007 to 0.190 
76 nm: 0.005 to 0.015

Measured overall thermal 
equilibration time, τT (s )

16 nm: 40.4 to 53.3
15.9 to 27.1

76 nm: 29.1 to 57.9

ΔTeq (K)
16 nm: 1.3 to 7.6

5.4 to 34.9 
76 nm: 2.0 to 5.2

Laser wavelength (nm) 532 532
Laser power (mW) 25 100

Laser spot size (mm) 3 ≤ 2
Irradiation time (s ) 180 180

a PDMS dielectric constant = 2.02 .  PDMS refractive index = 1.42 

b Diameter = 15.4 ± 2.4 nm (mean ± one standard deviation). Coefficient of variation = 15.3% 
c  Diameter = 76 ± 13 nm (mean ± one standard deviation). Coefficient of variation = 16.5%  

Only geometric (L, W, and D) and compositional (mass%) properties of NP-embedded soft films 
in Table 1 and relevant material properties (k, Cp, and ρ) were used in the compact relations in 
Equations 1 to 3 to estimate corresponding rates of heat dissipation. In section 3.1, these analytic 
a priori estimates were compared in Fig. 2(c) with FEA simulated heat dissipation and with values 
measured for soft PDMS films embedded with two forms of AuNPs.  The broad range of parameter 
values shown in Table 1, enabled by refined AuNP-PDMS film fabrication herein, supported 
characterization of heat dissipation rates in insulative (thicker and/or less NP) and conductive 
(thinner and/or more NP) films. Use of Equations 1-3 across this entire range was validated by an 
increase in Nusselt number with the fourth root of Rayleigh number observed in Figure 3. Section 
3.2 examined relative contributions to the overall rate of heat dissipation from internal and external 
processes. Specific application to rate-dependent cancer photothermal therapy and sustainable 
energy processes were evaluated. External dissipation via convection into adjacent fluid and 
radiation into the surroundings largely determined the overall rate of energy flow. Interestingly, 
decreasing inter-NP separation distances down to nano-scales enhanced the overall rate by as much 
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as 29% relative to estimates. However, non-negligible internal dissipation via conduction in the 
solid phase decreased the overall energy dissipation rate, as insulation by the soft polymer film 
increased with thickness and with lesser NP content.  This is illustrated in Figure 4. In section 3.3, 
geometry and inter-NP separation of soft polymer films guided by Equations 1-3 were shown to 
yield soft matter with a large range (Figure 5) of thermal dynamics and transient rates for heat 
dissipation. Improved AuNP-PDMS fabrication herein allowed decreasing inter-NP separation to 
achieve the highest dynamic thermal response measured to date. Tunability of thermal response is 
particularly important in temperature-sensitive applications.  

3.1 Total Heat Dissipation Rates of Metal-Polymer Thin Films. For refined Film I, values of total 
dissipation rate, τT 

-1, estimated a priori using either Equations 1-3 or finite element analysis were 
within 24% of experimentally measured rates across significant changes in diameter (5-fold) and 
concentration (15-fold) of uniform AuNP embedded into PDMS films of varying thickness (2-
fold).  Measured values of τT 

-1 were determined44 as the negative inverse of the slope from a linear 
regression of the natural log of the temperature driving force, θ = (Tamb – T)/(Tamb – Tmax) vs. time, 
as detailed in §2.4 Measured Total Dissipation Rates. Figure 2(a) shows a map of equilibrium 
temperature at the onset of the cooling period. Figure 2(b) illustrates a plot of natural log of the 
temperature driving force, ln θ, versus time used to determine a measured value of τT.  Estimated 
values of τT 

-1 were determined a priori from independently measured physical characteristics of 
each film by using Equations 1-3.  FEA of τT 

-1 was done using COMSOL and MATLAB, as 
detailed in §2.5 Predicted Total Dissipation Rates.  
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Figure 2. (a) Temperature map of film 1 (0.1896 % rAuNP-PDMS). (b) A single pixel 
representative plot of the measured ln(θ) vs time from film F used to calculate measured value of 
τT. (c) Total dissipation rate, τT 

-1, values obtained from measurement (closed circles), a priori 
estimates using Equations 1 to 3 (open circles), and FEA simulation (open triangles) for AuNP-
PDMS films containing 16 nm (orange symbols), 76 nm (purple symbols), and in situ reduced 
(black symbols) AuNP. Dashed and dash-dot lines show constant values of external dissipation 
rate, τext

-1, and thermal dynamic ratio, τin / τext, respectively.   

The refined fabrication method expanded the ranges of attainable Au content, inter-NP spacing, 
film thickness, and equilibrium temperature per power input (T/watt). This resulted in AuNP-
PDMS films with widely tunable external and internal thermal dynamics that spanned thermally 
conductive and  thermally insulative behavior. As shown in Figure 2(c),  the characteristic time 
for heat dissipation via radiation, convection and conduction from a film to its environment, τext, 
varied 4.5-fold across the films examined from a low near 13.0 s (τext

-1 = 0.077 s-1; measured Film 
1; closed circle near top of Figure 2(c)) to a high of 57.7 s (τext

-1 = 0.017 s-1; measured Film c; 
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closed circle near bottom of Figure 2(c)). At the same time, the characteristic time required for 
internal temperature equilibration due to conduction within the film, τint, relative to time required 
for external dissipation (i.e., τint/τext) ranged 5.8 fold from negligible (τint/τext = 0.017; measured 
Film 1; closed circle on RHS of Figure 2(c)) to non-negligible (τint/τext = 0.098; Film C; closed 
circle on LHS of Figure 2(c)). 

Overall, the magnitudes of a priori estimates of τT 
-1 calculated with Equations 1 to 3 remained 

consistent with both measured and FEA-simulated values across significant variations in internal 
(τint, 20.2-fold), external, (τext, 4.5-fold) and overall (τint/τext, 5.8-fold) thermal dynamics. Figure 
2(c) compares values of τT 

-1 that were measured (closed circles), calculated a priori with Equations 
1 to 3 (open circles), and simulated by FEA (open triangles) for 16 nm (orange), 76 nm (purple) 
and reduced (black) AuNPs. Lines with dashes and dash-dots indicate constant values of external 
dissipation rate, τext

-1, and overall thermal dynamic ratio, τint/τext, respectively. The dash-dot line 
for constant τint/τext ~ 0.05 divides Figure 2(c) into two regimes: an insulative regime as τint/τext 
increases to 0.1 or greater and a conductive regime as τint/τext decreases to 0.01 or less.  In the 
insulative regime, the rate for internal heat dissipation via conduction becomes significant relative 
to external heat dissipation, which occurs primarily via convection and radiation. This lowers the 
overall rate for NP-induced optothermal heat dissipation relative to τext 

-1. The internal dissipation 
rate, dominated by geometric (characteristic film thickness, Lc) and compositional (thermal 
diffusivity, α) parameters, reduces the overall rate.  In the conductive regime, the overall rate for 
optothermal heat dissipation approaches the rate for external heat dissipation.  The relative effect 
of internal dissipation diminishes. Significantly, for τint/τext ≥ 0.01 both internal and external rates 
for heat dissipation must be considered to accurately characterize the overall rate for optothermal 
dissipation. 

The Rayleigh number (Ra) dependence of convective heat transfer coefficients obtained from 
measured heat dissipation rates was evaluated to validate use of Equations 1 to 3 to describe AuNP-
PDMS films.  The Nusselt number (Nu) has a ¼ power dependence on the Ra.82 This dependence 
is indicated by the dash-dot line in Figure 3. Ra is the product of Grashoff (Gr) and Prandtl (Pr) 
numbers. Heat transfer coefficients obtained from measured heat dissipation rates (filled symbols) 
distributed normally around theoretically expected values for both 16 (orange) and 76 nm (purple) 
AuNP as well as for reduced AuNP (black symbols, inset). Nu, Ra, and heat transfer coefficient 
were calculated as described in §2.5.1 Compact Structure Function Relation.  
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Figure 3. Measured (filled symbols) versus estimated (open symbols) Nu calculated using 
Equation 4, plotted vs. GrPr1/4 for monodisperse 16 nm (orange), 76 nm (purple), and polydisperse 
reduced AuNPs (inset, black). Normal variation of measured data around the mean supports utility 
of Equations 1 to 3 for characterizing overall rates for optothermal heat dissipation. 

3.2 Tunable Total Dissipation and Dynamic Thermal Response. The compact structure-function 
relations in Equations 1 to 3 directly apportion variations in composition and geometry of the 
AuNP-polymer films to changes in internal and external dissipation rates as shown in Figures 2(c) 
and 3. This provides insights that are valuable for applications ranging from sustainable energy to 
human health.  

Overall, Figure 2(c) and Equation 1 show that decreases in overall heat dissipation rate occur 
nonlinearly and with increasing magnitude as the rate of internal temperature equilibration due to 
conduction within the film approaches the rate of external heat dissipation due to heat transfer with 
the surroundings. Such decreases are most prominent for films with higher external heat transfer 
rates, e.g., for τext

-1 = 0.077 as opposed to τext
-1 = 0.017.  For example, a value of τint/τext = 0.1 yields 

a 10% decrease in overall heat dissipation as a result of slow conduction with the film.  

The utility of the intuitive understanding of relative effects of internal and external dissipation 
rates provided by Equations 1 to 3 is illustrated by considering a recent reported on 
nanocomposites in sustainable energy. Kosuga et al. reported that heat dissipation lowered the 
temperature induced after 100 s of artificial AM 1.5G (i.e., 1 sun) incidence on ca. 0.2 mm 
transparent polyethylene naphthalate (PEN) films. Measured temperatures for films embedded 
with fixed beads (FBs) decorated with Au and silver (Ag) NP decreased from 120 °C (expected) 
to 43.4 °C (measured) and 40 °C (expected) to 36.8 °C (measured), respectively.52 From the 
cooling curves reported for PEN films embedded with AuNP-FBs and AgNP-FBs, we calculated 
corresponding total thermal dissipation rates by the method in §2.4 Measured Total Dissipation 
Rates to be 0.036 and 0.031 s-1, respectively. Interestingly, these overall rates for thermal 
dissipation were similar to those of Films b, 6 and 7 (all ca. 0.7 mm thick; see Figure 2(c)), although 
the PEN films were 29% as thick. Setting Lc = 0.1 mm and using the bulk thermal diffusivity of 
PEN film, internal dissipation rate could be estimated to be 5.88 s-1.  This internal dissipation rate 
was higher than values from Film 2 on the RHS of Figure 2(c). Relative to the high NP-FB-film 
internal dissipation rate, the external dissipation rate for the PEN films was thus <1%.  The 
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structure-function relations in Equations 1 to 3 illustrated by Figure 2(c) identify three specific 
possible approaches to increase the induced temperature of a PEN film so that it approaches a 
higher expected value: (i) decrease internal dissipation rate (i.e., increase Lc or reduce α); (ii) 
decrease external convection (i.e., reduce hconv); and/or (iii) decrease external radiation (e.g., 
reduce emissivity, ε). 

Across the data for all films in Figure 2(c), the overall rate for heat dissipation was increased 3.6-
fold from 0.017 to 0.063 s-1 by varying the diameter (5-fold) and concentration (15-fold) of 
uniform AuNP embedded into PDMS films of varying thickness (2-fold). The corresponding 
compact, a priori description of total heat dissipation rate allows design of NP-induced 
thermalization. This has broad utility, as illustrated by considering results from Tang et al. who 
showed Au nanorods (NRs) coated with a shell of platinum (Pt) nanodots (Au@Pt) were more 
efficient photothermal therapy (PTT) agents than bare AuNRs, killing >80 % of cancer cells vs. 
<50 %, respectively, both in vitro and in vivo.24 From cooling curves and physical properties 
reported for Au@Pt and AuNRs, measured total thermal dissipation rates were calculated as in 
§2.4 Measured Total Dissipation Rates to be 0.0031 and 0.0025 s-1, respectively, for coated and
bare AuNR. These rates are ~7-fold lower than values measured herein for nanocomposite films.
These rates are comparable to values reported previously for aqueous Au nanosphere suspensions,
estimated using the compact description (Equations 1 to 3 in §2.5.1 Compact Structure Function
Relations).23 Correspondence between rates for heat dissipation from tissue-embedded and
aqueous-suspended AuNPs appears attributable to the primarily aqueous content of cells. Notably,
overall rates for heat dissipation appeared slightly lower for the less efficient AuNR PTT agents,
i.e., bare AuNRs. That greater heat dissipation rate improved PTT efficiency is consistent with
clinical assessment of superficial hyperthermia which advises a heat rate not less than 1ºC per
minute for clinical trials.39 It indicates that a geometry- or composition-dependent influence on
dynamic thermal dissipation rate that is detrimental to PTT could be mitigated using alterations
guided by the structure-function relations of Equations 1 to 3.

Comparing estimates from Equations 1 to 3 with measurements in Figure 2(c) identifies 
opportunities to further enhance optothermal transduction. For example, measured values of 
external dissipation rate for AuNP-PDMS films with higher AuNP content for both 16 and 76 nm 
particles exceeded estimates, with the exception of film A. Thermal dissipation from films with 
more concentrated AuNP and/or larger NP appeared more likely to be enhanced by resonant optical 
reflection or scattering.65 Such effects are not accounted in the compact description for dynamic 
thermal response in Equations 1 to 3.  As a second example, total heat dissipation rate for PDMS 
films into which AuNP had been reduced in situ (black symbols) varied primarily with Au content. 
Au content in these films increased from 0.007% to nearly 0.2% (from left to right in Figure 2(c); 
the geometry of these films was kept constant. In contrast, total dissipation rates for 16 nm (orange 
symbols) and 76 nm (purple symbols) varied with both geometry and Au content. Exchanging the 
global value of Tmax for its local pixelated value did not appreciably change measured or estimated 
total dissipation rates. 

Accounting for internal (τint
-1) as well as external (τext

-1) contributions to heat dissipation improves 
a priori description of the overall rate for heat dissipation (τT 

-1).  Figure 4 compares estimated 
rates for total heat dissipation (filled circles; left y-axis) and external heat dissipation (open 
triangles; right y-axis) from 16 nm (orange) or 76 nm (purple) AuNP embedded in PDMS films 
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with corresponding measured values (x-axis). Across the range of heat dissipation rates measured 
for the films (0.017 to 0.035 s-1), estimates for most films (A,B,F,a,c,and d) were nearer measured 
values when τint

-1 as well τext
-1 were used to calculate τT 

-1 via Equation 1.  As examples, estimated 
τT 

-1 for Films a and B (filled circles) shown near the dot-dash line in Figure 4 were within 2.6 and 
1.4 % of measured values, respectively. Adding internal (τint

-1) contributions to heat transfer 
lowered the estimated value of  τT 

-1 relative to its measured counterpart in films for which apparent 
Nu exceeded its a priori estimate by Equation 4, as shown in Figure 3. In these films (C,D,E, and 
b), resistance to internal dissipation appeared negligible and the estimate for τext

-1 in Equation 2(a) 
agreed better with τT 

-1 measured from the overall sample. Notably, Film E had measured and 
estimated dissipation rates near that of Film a despite a 14.2-fold higher AuNP concentration 
(4.7x1011 NP cm-3 in E vs 0.33 x1011 in a) and a 4.8-fold smaller AuNP size (16 nm for E vs. 76 
nm for a) resulting in a 7.5-fold lower mass percent Au (0.002% in E vs. 0.015% in a). Measured 
thicknesses for Films E and a were 1.25 and 1.24 mm, respectively. This underscored primary 
control of dissipation rate by film thickness at relatively low gold content (i.e., the insulative 
regime). 

Figure 4. Estimated rates for total heat dissipation (filled circles; left y-axis) and external heat 
dissipation (open triangles; right y-axis) compared with corresponding measured values (x-axis). 
Results shown are for thin PMDS films embedded with 16 nm (orange) or 76 nm (purple) spherical 
AuNP. 

3.3 Thermal Dynamics of Metal-Polymer Thin Films. The rate at which thermal energy was 
dissipated from a system to its environment relative to the rate of internal thermal equilibrium was 
characterized by the ratio τint/τext, termed the dynamic thermal response. Higher dynamic thermal 
responses are indicative of highly insulative films for which internal dissipation rate must be 
accounted to accurately estimate the overall rate for heat dissipation a priori. Lower dynamic 
thermal responses are indicative of more conductive films. There the external dissipation 
dominates and internal dissipation becomes negligible in Equation 1. In Figure 5, effects on 
dynamic thermal response of geometry and composition for nanocomposite thin films evaluated 
in this work are examined by taking the ratio of Equation 2(b) to 2(a) using parameters identified 
in Figure 2.1 and described in §2.5 Predicted Total Dissipation Rates. Figure 5 distinguishes the 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.



15 

two thermal response regimes identified in Figure 2(c): an insulative regime as τint/τext approaches 
0.1 where internal dissipation rates less than about 1 s-1 result in the overall rate for optothermal 
dissipation rate being lowered as film thickness increases; and a conductive regime as τint/τext 
approaches 0.01 where internal dissipation rates greater than about 1 s-1 result in the overall rate 
for energy dissipation being increased by a larger Au content. 

For larger insulating films, Au content was increased to  0.015% (35.2 x 1011 NP cm-3) to achieve 
nano-scale inter-NP separations. Film geometry exhibited a predominant influence on τint/τext. 
Samples from Film I and Film II groups had thicknesses that increased 2.1-fold and area cross 
sections that increased 1.1-fold.  This yielded an overall increase in dynamic thermal response by 
a factor of 3.1 (0.091/0.029), the largest reported to date. The structure-function relation in 
Equation 1 more accurately predicted rates for heat dissipation from such insulating films than 
previous methods. This occurred because modest increases in sample thickness in insulative films 
rapidly raised internal dissipation times to values that were non-negligible relative to external 
equilibration times due to the stochastic nature of temperature dissipation. In other words, 
insulating films with non-negligible internal dissipation rates are ‘thermally thick’. For example, 
increasing the thickness from 1.0 to 1.5 mm yielded a 2-fold increase in internal dissipation and a 
>1.5 fold increase in dynamic thermal response. Decreasing the thickness from 1.3 to 0.7 mm
resulted in a 4-fold decrease in internal dissipation and a >1.5-fold decrease in dynamic thermal
response.

Figure 5. Dynamic thermal response increases as internal dissipation rate decreases for films with 
16 nm (A-F, open orange circles), 76 nm (a-d, open purple circles), and heterogeneous (open black 
circles) AuNP. All labels start at highest AuNP concentration and go toward lowest AuNP 
concentration.  

In contrast, thinner films into which Au was reduced exhibited a 3-fold decrease in dynamic 
thermal response as Au content increased 27-fold from 0.007 to 0.19 mass %. The time for internal 
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thermal equilibration was lower than characteristic time for external heat dissipation in these films 
resulting in ‘thermally thin’ behavior. Thus the thermal response was determined primarily by Au 
content, rather than film thickness. This difference occurred despite compositional similarities with 
the thicker films. These results were consistent with previous reports for AuNP reduced onto 
conductive SiO2 substrates that exhibited negligible internal dissipation rates, τint << τext, and 
corresponding low dynamic thermal responses.23 Note that values for NP cm-3 could not be 
determined for AuNP-reduced films because particle size and size distribution of reduced NPs was 
not known.9 Also, accounting for temperature dependence of PDMS geometric and 
thermodynamic parameters resulted in less than 2.5% differences in values calculated for dynamic 
thermal response. 

Importantly, a priori estimates of rates for optothermal heat dissipation in Figures 2 through 5 
were obtained with Equations 1 to 3 using only geometric (L, W, and D) and thermodynamic (k, 
Cp, and ρ) parameters for material with embedded nanoparticles at ambient conditions. Figure 2 
shows good correspondence between a priori estimates calculated analytically or simulated by 
FEA and values measured for soft PDMS films embedded with two forms of AuNPs across a broad 
range of parameter values. Figure 3 shows the compact structure function relations in Equations 1 
to 3 provide consistency with fundamental description of convective, conductive and radiative heat 
transfer.  Figure 4 illustrates the importance of considering both internal and external dissipation 
rate in evaluating overall rate for heat dissipation in a AuNP-polymer nanocomposite.  Embedding 
NP – particularly small, non-scattering nanoparticles - in soft matter at concentrations that yield 
nanometer-scale separation distances was likelier to exhibit transient rates of heat dissipation that 
exceed estimated values after accounting for internal conduction as well as and external 
conduction, convection and radiation. Figure 5 identifies a large range of thermal dynamics and 
transient rates for heat dissipation possible in similar nanocomposite films as a result of variations 
in geometry and composition. This range spanned insulative and conductive regimes, in which 
trends in dynamic thermal response arose primarily due to film thickness and AuNP content in 
thermally thick and thin films, respectively. The compact structure function relations in Equations 
1 to 3 thus provide a facile tool by which changes in the transient overall rate for heat dissipation 
from optothermal NP can be quickly, directly and scalably attributed to specific parameter(s). 
These relations and the refined fabrication method exhibit usefulness in specifying the geometry 
and composition of NP-embedded films that demonstrably impact rates for heat dissipation in 
photothermal energy, tissue ablation, membrane separation, or catalytic reaction. 

4. CONCLUSIONS

Effects of geometry and composition on the transient rate for optothermal dissipation from 
resonantly irradiated NP were examined in soft PDMS thin films using compact structure function 
relations and finite element analysis.  A refined fabrication method that stably reduced inter-NP 
distance to nano-scale intervals increased energy dissipation by up to 29%. For both 16 and 76 nm 
diameter AuNP embedded in PDMS at 0.015 mass % (35.2 x 1011 NP cm-3) or less, film thickness 
controlled dynamic thermal response and total dissipation rate when non-negligible internal 
dissipation rates approached 10% of external dissipation rates, i.e., the insulative regime. 
Increasing film thickness from 0.7 to 1.5 mm reduced total measured dissipation rate from 0.063 
to 0.017 s-1 and increased dynamic thermal response from 0.029 to 0.091.  The latter value was the 
highest increased dynamic thermal response observed to date. Measured total dissipation rates 
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across the entire film were within 24% of estimates from the compact description across a range 
of sample thicknesses from 0.64 to 1.45 mm, Au content from 0.001 (2.34 x 1011 NP cm-3) to 0.015 
mass % (35.2 x 1011 NP cm-3) for 16 nm and 0.005 (0.109 x 1011 NP cm-3) to 0.015 mass % (0.328 
x 1011 NP cm-3) for 76 nm, and area from 28 to 35 mm2. Good correspondence between a priori 
estimates by the compact structure function relation or finite element analysis and measures from 
refined AuNP-PDMS films across an expanded range of geometric and thermodynamic parameters 
demonstrates important progress toward rational design and development of optothermal 
nanocomposites with tunable dynamic thermal responses. 
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