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This study focused on the processing and photothermal healing of gold nanoparticle (Au NP) and polystyrene (PS) hybrid

DOI: 10.1039/x0xx00000x

films. Effects of Au NP contents were investigated using hybrid films with the NP content from 0 to 1 wt% via a solvent-

assisted approach. The as-synthesized Au NPs showed an average diameter of 4-5 nm with a face-centered cubic structure.

The Au NP agglomeration deteriorated as the content increased and the interparticle distance decreased. The film

transparency and flexibility also decreased with the NP content. The Au-PS films demonstrated desirable photothermal

healing behaviors, which required more energy with the defect size increase. The simulated temperature distribution on the

hybrid films during the photo-induced healing showed good agreement with the experimental results, with particle

agglomeration degrading the healing properties. The developed hybrid films can be used in functional devices and coatings

with high flexibility and healed using photon energy sources.

Introduction

Functional nanoparticles and a flexible polymer matrix,
when integrated at the single nanometer level, are an exciting
class of hybrid materials. Their properties can be tailored to
combine the desirable characteristics of multiple species,
realize new functionality, and create new features.
Nanoparticle (NP)-polymer hybrid materials, especially when
processed into thin films, are one class of hybrid materials that
can yield various novel properties such as electrical, optical,
mechanical, thermal, dielectricc and magnetic behaviors.1*
Also, any processing methods used to produce polymers can be
adopted for the hybrid materials with small modifications.> ©
This advantage also implies low production cost of the polymer
hybrids. Their potential applications range widely from energy
conversion to memory storage and to foldable screens.”

With the continuous understanding and advancement of
NP-polymer hybrids, two important aspects need to be
addressed. One is flexibility and the other is defect repair
(healing) ability of the hybrid films. Repeated bending and
shape distortion of the films during lifetime can result in
premature failures and shortened component life. To create
highly flexible hybrid films, nanoparticles must decrease to a
certain size and their distributions in the hybrid film need to be
uniform. Appropriate flexibility assessment is also needed in
order to compare the characteristics of different hybrid films
and accurately predict their behaviours in device uses.
Currently, the flexibility of polymer nanocomposites is either
measured by manually bending a film® or by testing its bending
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radius.? 19 There is a lack of study of the effect of cyclic bending.
In flexible electronics, bending fatigue assessment is needed for
reliability and property change understanding.11-14

When hybrid films are damaged by external distortion
forces,'>17 healing ability for the damaged films is much needed
in order to maintain the performance and extend the lifetime of
the corresponding devices.'’-1? Intrinsic self-healing polymers
can be obtained through reversible molecular interactions from
the polymer matrix.1”> ¥ However, the majority of their self-
healing reactions occur at high temperatures, or the networks
themselves exhibit undesirably low glass transition
temperatures.?® To meet the requirements of many device use
conditions, extrinsic healing polymers have been more
attractive.? Several healing agents have been utilized:
encapsulation of reactive agents and crosslinking reactants,?!
3D microvascular networks filled with reactive crosslinkers,?2
shape memory self-healing polymers?3,
nanoparticles (NPs) with superparamagnetic or photothermal
properties.1 24-27

Inorganic particles with the photothermal effect can be a
source for defect/damage healing. Among them, NPs such as
gold and silver can heal polymers with selective wavelengths by
converting electromagnetic radiation to heat.2% 28 With the
illumination of an incident electromagnetic beam, a localized
surface plasmon resonance (LSPR) effect takes place;
confinement and collective oscillation of these polarizable
electrons lead to absorption of visible light.2°32 The particle
temperature can rise up to 700 °C, which in turn heats the
surroundings.3337 The polymer matrix of the hybrids then flows
when the temperature rises above the glass transition
temperature. The damaged spots in the hybrid films can be
filled back with flowing polymers without requirement of
external contact with the films or any other
structural/functional alternation. For example, when the glass
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transition temperature of a polymer is ~495 °C, its healing can
be sufficiently accomplished by the photothermal effect of Au
NPs.38 Additionally, Au NPs with sizes larger than 2 nm can reach
100% of light-to-heat conversion efficiency.?® Such small,
hybridized Au NPs in the films can also improve other functional
properties such as power conversion efficiency in solar cells.3?

The photothermal heating depends on the NP absorption
efficiency and the incident light. The efficiency changes with NP
size, shape, agglomeration state, and composition. The healing
parameters related to the incident light are intensity,
wavelength, pulse duration, and polarization.*%%2 The most
straightforward approach to increase the efficiency in reaching
a maximum temperature is by increasing the NP density (i.e. the
number of NPs in the region of interest).*3 In addition, plasmons
on distinct NPs can reciprocally influence each other, depending
on interparticle distance, with the generation of hybrid plasmon
modes, which is known as plasmonic coupling. This
hybridization takes place if the interparticle distance is roughly
less than 2.5 times of the diameter of two adjacent NPs, by
enhancing the electric fields between neighbouring particles.**
46 Therefore, NP density and distribution play an important role
in the plasmonic coupling and thermal healing of NP-polymer
films. Although numerous studies have been conducted on the
effects of particle distance and distribution on the SPR
change,*34> 4730 the effects on the photothermal heating are
rather less investigated. Among the few reported studies, 0.01—
0.04 wt% 5 nm Au NPs were added to various polymers;2> more
NPs increased the maximum temperature, up to 250 °C. Also, a
maximum temperature of 85 °C was achieved when 0.11 and
042 wt% 14 nm Au NPs were wused in a
polyethylene/poly(ethylene-co-vinyl acetate) blend film.1> Even
though both of these studies were able to achieve healing of the
considered polymers, the effects of interparticle distance and
distribution were not noted.

Numerical modelling can shed light on the theoretical
photothermal behaviours of NPs with LSPR behaviours, which
can account for many aspects of the phenomenon that cannot
be experimentally obtained. So far, there have been some
investigations on the temperature change and heat transfer at
1-2 particle level with consideration of the plasmonic
coupling.51-°¢ Even though multiple particles were involved, the
distribution of the NPs was assumed uniform.>’->® However,
when Au NPs are embedded in a hybrid film, the spatial
distribution is random, which strongly affects the SPR
efficiency.>” 8 Development of a numerical model and an
investigation in the roles of Au NPs in a polymer matrix during
photothermal processes are much needed for an improved
understanding of microstructural parameters such as particle
concentration and distribution.

This study is centred around the photo-induced healing
efficiency of the Au NP-PS systems with Au NP concentrations
up to 1 wt%. The characteristics of Au NPs, the flexibility of the
Au-PS hybrid films, and the photo-induced healing behaviours
of the films are examined. Furthermore, the effects of the Au
NP concentration, agglomeration, and interparticle distance on
the photothermal heating are analysed using two different scale
finite element models.

2 | Nanoscale, 2020, 00, 1-1

Experimental

Material preparation

An aqueous solution of hydrogen tetrachloroaurate (99.9%,
Fisher Scientific, USA) (30 mmol/L) was mixed with a solution of
tetraoctylammonium bromide (98%, Fisher Scientific, USA) in
toluene (50 mmol/L) with a ratio of 3:8. The two-phase mixture
was vigorously stirred until all the tetrachloroaurate was
transferred into the organic layer and dodecanethiol (55 wt% of
HAuCl,;, 98%, Acros Organics, USA) was then added to the
organic phase. A freshly prepared aqueous solution of sodium
borohydride (5:6 with HAuCl, aqueous solution of 0.4 mol/L
concentration) (96%, Sigma-Aldrich, USA) was slowly added
with stirring. After further stirring for 3 h, the organic phase was
separated, evaporated to the volume of 1:3 with the HAuCl,4
solution, and mixed with 40 times volume of ethanol to remove
the excess dodecanethiol. The mixture was kept for 4 h at 0 °C
and the dark brown precipitate was filtered off and washed with
ethanol. The crude product was dissolved in toluene with a
volume of 1:3 with the HAuCl, solution.

PS (molar weight at ~192,000, Sigma-Aldrich, USA) was fully
dissolved in toluene at 10 wt% concentration by magnetic
stirring for 12 h. The prepared Au solutions at different
concentrations were mixed with the dissolved PS (at 0, 0.2, 0.4,
0.6, 0.8, and 1 wt% Au concentration) for 12 h to obtain the final
hybrid suspensions. Drops of a specific Au-PS suspension were
placed on a glass slide, which was functionalized with
1H,1H,2H,2H-perfluorodecyltrichlorosilane (97%, Sigma-Aldrich,
USA) in an oven at 90 °C for 3 h and then at 130 °C for 3 h.0 A
doctor blade was used to cast the suspension drops on the glass
slide to form a liquid film. The liquid film was put into a freeze
dryer to remove any pores and then dried in a fume hood
overnight. Finally, solid films with a thickness of ~50 um were
obtained. All the samples were maintained at the same
thickness for consistency.

Material characterization

The size distribution of the Au NPs in suspension was
measured using the dynamic light scattering (DLS) technique
(Zetasizer Nano ZS, Malvern Panalytical, United Kingdom) at a
fixed light scattering angle of 173°. This size was again
confirmed under a transmission electron microscope (TEM;
JEOL 2100, JEOL, Japan) at an accelerating voltage of 200 kV. A
phase analysis was performed on the synthesized Au NPs using
X-ray diffractometer (XRD; Panalytical B.V., Almelo,
Netherlands) with Cu (K@) radiation at 45 kV and 40 mA and a
scan rate of 0.03°/s. The surface morphology of the hybrid film
was characterized using scanning electron microscopy (SEM;
Quanta 600 FEG, FEI Inc., Hillsboro, OR). The transparency of the
films with different Au NP concentrations were compared using
samples with a uniform size of 1.5 cm X 2cm X 50 um and
confirmed through ultraviolet-visible spectroscopy (UV-Vis;
HR2000CG-UV-NIR, Ocean Optics, USA), where the pure PS film
was used as a reference.

For the flexibility testing, a lab-made device was used as
shown in Fig. 1. It adopted the free arc bending test method

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. (a) A schematic diagram of the flexibility testing device and (b) actual photograph of the device used in this study.

reported elsewhere.'* The device consisted of a stepping motor
(TS-37GB330, Tsiny Motor Industrial Co. Ltd, China) and a fixed
stage, with the motor shaft surface and the stage surface on the
same horizontal level. The hybrid film was securely fixed on the
shaft surface of the stepping motor and the fixed stage surface
using adhesive tapes to minimize stress concentration near the
clamps. One end of the flexible film/specimen was fixed to the
clamp and the other end (shaft) was allowed to move linearly at
a speed of 23.5 mm/s. Through the motion control of the motor,
the bending radius of the hybrid film was varied at different
values. This arrangement provided repetitive compression by
inner bending followed by tension during straightening. The
bending cycles for each hybrid film were counted using a step
counter (C1301-01, Inpelanyu, China). The thickness of the films
was about 100 pum with a width of 7 mm. The bending radii were
6, 4, and 2 mm with a film length at 32, 30, and 28 mm,
respectively. To determine the bending radius for the films with
different lengths, tests were first conducted by bending the
films with the highest concentration of Au NPs (1 wt%), as they
were the most brittle samples. During the flexibility testing, the
films were bent until they were cracked, then the bending
radius before cracking was selected for the bending tests. The
position of the clamp was adjusted to change the bending radii
for the films with different lengths, while the rest of the
components were fixed.

Before the photo-induced healing tests, a series of diamond-
shaped indents with diagonal lengths of 30, 55, and 80 um was
created on the film with 100 um thickness using a Vickers
hardness indenter (900-390A, Phase Il, USA) by applying 0.098,
0.245, and 0.490 N loads, respectively. The depth of the indents
introduced to the films at the same load was almost identical
regardless of the Au NP concentration. For instance, the depth
was 15.4 and 15.1 um for the films with 0.2 and 1.0 wt% Au NPs,
respectively. For the healing tests, a frequency doubled Nd: YAG
laser with 532 nm wavelength and 50 mW power at the laser
output was used, which was a part of a Raman system (Alpha
300 RSA+, WIltech, Germany) with an optical microscope for
imaging. This system was equipped with a 20x objective lens
with 0.4 NA, of which the ideal focused beam diameter was
calculated as 665 nm based on the Abbe diffraction limit.
However, at this focused position, the power density of the
laser was too high and the films were burnt. Therefore, the
sample stage was moved 90 um away from the focused position
to reduce the laser power by defocusing. As a result, the spot

This journal is © The Royal Society of Chemistry 20xx

size of the beam was determined to be 100 um, which was 8 um
larger than a theoretical beam diameter calculated based on the
Gaussian beam properties. Also, the lowest laser power to heal
the indents was checked by trial and error. The power of the
laser irradiated to the indents was 12.25, 6.10, 3.86, 4.90, and
4.25 mW for the hybrid films with 0.2, 0.4, 0.6, 0.8, and 1.0 wt%
Au NPs, respectively. During the healing process, the energy
needed to heal the indents was calculated by the laser intensity,
indent size, and irradiation time as energy (J)
= intensity * indent area x time. The film temperature
during irradiation was measured using an infrared camera (AX5,
FLIR Systems, USA). Due to the relatively low resolution of the
camera, the diameter of the laser spot was enlarged to a few
millimeters so that the camera could recognize the heated area.
As the laser intensity decreased with increasing laser spot size,
the temperatures at the high intensities used in the healing
tests were extrapolated using linear fitting by assuming the
evolved temperature and the laser intensity had a linear
relationship.

Simulation method

Finite element simulations of the electromagnetic response
and heat transfer of the Au NP/PS hybrid films were performed
using COMSOL Multiphysics. Two different scales were
considered: 1) a nanoscale model to analyze the
electromagnetic response, 2) a macroscale model to estimate
the temperature distribution in the hybrid film.

Electromagnetic response and heat transfer

When the incident laser is irradiated on Au NPs, which are
in proximity to each other, the scattering field on one particle
can interact with that on the other particle. Therefore, the
electric field strength E should be the sum of the incident
electric field Ejc and the scattering field Escq of the
neighbouring particles:6*

E=E;+ Es, (1)
When the incident laser travels along the positive X-direction
and polarized along the z-direction, the incident electric field is
expressed as,

Eipe = XEqe /w27 mes 2)
where Ey, €, ky,, and nps are the incident electric field, electron
charge, wave number, and refractive index of PS, respectively.

Nanoscale, 2020, 00, 1-3 | 3
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Fig. 2. Nanoscale models with 1 wt% Au NPs (a) in a random distribution and (b) in an agglomerated distribution with 6=0.90. (c) A macroscale model with a hybrid film

and a steel plate.

In a region with a constant permittivity and no charge, the near-
field can be calculated using Maxwell’s equation as Helmholtz
equation:62 63

VXV XEg,— wzeo.uOErEsca =0 (3)
where w, &, and Ko are the angular frequency, vacuum
permittivity, and magnetic permeability in vacuum,
respectively. The solution to the Helmholtz equation provides
the electromagnetic behaviours of the Au NPs including electric
field enhancement and absorption cross-section Gaps.

The temperature distribution in the hybrid films owing to
the photothermal effect is modelled by solving heat transfer
equations. The individual NPs are regarded as heat sources. The
temperature changes in the film are dependent on the energy
of the Au NPs that is absorbed and dissipated during the laser
emission. The heat source (absorbed power) by the Au NPs is
given as,5% 56,58

Oabs!

Q=7 (4)
where I and V 4y are intensity of the incident field and volume
of one nanoparticle, respectively. The heat dissipated from the
Au NPs generates the local temperature field in the PS matrix as
a function of time, which is governed by the heat equation as,

T ps
ppsCps—; = V(kpsVTps) +Q (5)

where pps, Cps, Tps and Kps are the density, heat capacity,
temperature, and thermal conductivity of PS, respectively.

Model

Two different types of the nanoscale model, one with a
random distribution and the other with an agglomerated
distribution of the Au NPs, were generated in order to consider
the particle distribution effects. The agglomeration in this study
means a non-uniform spatial distribution of the Au NPs and

Table 1. List of symbols used and their values with a brief description.

Symbol Value (unit) Description

A 532 (nm) wavelength of laser

Ey sqrt(21/cogo) (V/m) incident electric field

1 P/A (W/m?) intensity of incident field

P varies with Au concentration (W) power of incident field

A 100 (um) area of laser spot

w 2mco/ A angular frequency

€0 8.542187817 X 1012 (F/m) vacuum permittivity

Ho 41 x 107 (N/A2) magnetic permeability in vacuum
m 0.54386 refractive index of Au at 532 nm (real)
kau 2.2309 refractive index of Au at 532 nm (imaginary)
Pau 19.32 (g/cm3) density of Au
Chu 129 (J/Kg-K) heat capacity of Au
Kay 314 (W/m2-K) thermal conductivity of Au
Nps 1.5983 refractive index of PS at 532 nm (real)
Prs 1.05 (g/cm3) density of PS
Cps temperature dependent heat capacity of PS
Kps 0.16 (W/m2K) thermal conductivity of PS
Prs 7.85 (g/cm3) density of steel
Cps 475 (J/Kg-K) heat capacity of steel
Kps 44.5 (W/m2-K) thermal conductivity of steel

4 | Nanoscale, 2020, 00, 1-1
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Fig. 4. XRD pattern of the synthesized Au nanoparticles.

represents the agglomeration of Au NPs. For the random
distribution, the spherical Au NPs having a diameter of 5 nm
were distributed in a three-dimensional cube with an edge
length of 200 nm using the random sequential adsorption
algorithm.%* In this algorithm, when a newly added particle
spatially overlapped with previously generated ones, it was
deleted and then another particle was generated at a different
location. This procedure continued until the volume percent of
the NPs reached 0.011, 0.022, 0.033, 0.044, and 0.055%, which
corresponded to the weight percent of 0.2, 0.4, 0.6, 0.8, and
1.0%, respectively, used in the experiments. In total, five models
with randomly distributed NPs were constructed. The particles
were avoided at the cube boundaries for simplicity. The typical
geometry of the nanoscale models with a random Au NP
distribution is shown in Fig. 2(a).

For the agglomerated Au NP distribution, the particle
content was fixed as 1 wt%. First, three subdomains were

This journal is © The Royal Society of Chemistry 20xx
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generated in a cubic space, of which the local particle volume
fraction was higher than the outside regions of the subdomains.
The outside un-agglomerated region had a lower particle
volume fraction than the average. An agglomeration parameter
& was introduced to characterize the agglomeration degree as
6=V./V:, where V:and V; were the particle volume fraction in
the agglomerated region and total volume, respectively. 6=0.15,
0.30, 0.45, 0.60, 0.75, 0.90 were considered. The minimum
distance between the particles was set as 1 nm. A typical 3D
snapshot of the Au agglomeration model with 6=0.90 is shown
in Fig. 2(b).

For the heat transfer analysis, a two-dimensional
axisymmetric macroscale model consisting of a hybrid film with
a thickness of 100 um and a steel plate (the same configuration
as in the experiments since the films were placed on the steel
plate during the tests) was generated, which is shown in Fig. 2(c).
The hybrid film was sectioned into two parts based on the
diameter of the laser spot on the film; the part near the
symmetric axis was an area where the laser was irradiated. The
steel plate was included in the model because there might be
heat transfer from the films to the plate causing the
temperature change, however, even the different materials for
the plate did not affect the temperature distribution.

The nanoscale models involved a controlled cubic volume
called perfectly matched layer, with a size 20 times larger than
the diameter of the NPs, which was adopted to prevent the light
reflection. The incident electric field with a wavelength of 532
nm was linearly polarized along the z-axis with the propagation
parallel to the positive X-axis. The absorption cross-section
obtained after the electromagnetic analysis of the nanoscale
model was used to calculate the heat source (absorbed power
by the Au NPs) by Eqg. (4). The heat transfer analysis involved
two steps. First, the heat source from Eq. (4) at each NP was
used to evaluate the volume-averaged heat source of the whole
nanoscale model. Then, this volume-averaged value was used
as the input to the macroscale model to investigate the
temperature distribution at the steady-state condition. The
constants and material properties are shown in Table 1.
Although the hybrid film in the macroscale heat analysis was
composed of the Au NPs and PS, the volume fraction of the Au
NPs was significantly small enough to neglect the effects on the
other properties of the hybrids. Therefore, the properties of PS
were used for the hybrid film.

Result and discussion
Hybrid film characteristics

The volume-averaged size distributions of the Au NPs
measured by the dynamic light scattering are shown in Fig. 3.
The average size of the as-synthesized Au NPs is 4.3 nm. After
co-dispersing with PS, the size increases slightly to 4.9 nm. The
polydispersity index was 0.15 and 0.38 for the as-synthesized
Au NPs and Au NPs in the PS suspension, respectively. The small
difference is due to the disturbance of the dissolved PS polymer

Nanoscale, 2020, 00, 1-3 | 5
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Fig. 7. Number of bending cycles before failure of the Au-PS hybrid films as a function of
the bending radius.

chains after co-dispersion. The high-magnification TEM image in
Fig. 3 shows the NP size and distribution, which again confirms
that the NPs are less than 5 nm and have a narrow size
distribution.

Fig. 4 shows the XRD patterns of the synthesized Au
nanoparticles. The well-defined diffraction peaks are consistent

6 | Nanoscale, 2020, 00, 1-1

with previously reported peaks of face centre cubic Au crystal
structure.®>

The transparency of the hybrid films with an Au NP
concentration from 0 to 1 wt% is shown in Fig. 5. The pure PS
film is totally transparent. Since the Au NPs have a dark, almost
black color, the color of the hybrid films becomes darker with
the Au NP concentration increase, which leads to a decrease in
the film transparency. This result follows transmittance curves
of each film obtained from the UV-Vis tests (Fig. S1 in the
Supplementary information). The films with lower Au NP
contents show higher transmittance at the visible light range.
This means that the higher contents are more effective in
photon trapping and plasmonic coupling, consequently leading
to an increase in the visible light absorption.

The interparticle distance can provide further
understanding of the Au NP distribution in the Au-PS hybrid
films. If we assume that the Au NPs are homogeneously
distributed in the PS matrix, the ideally appropriated volume
space, Vree, for a specific Au NP and its surrounding PS matrix
can be calculated as:%6

Vau—ps—Vps)/Vau=n (6)
VAu—PS/n = Vfree (7)
where Vu — psis the volume of a collection of Au NPs and the
surrounding PS matrix under an idealized distribution condition,
Vps the volume of the PS domain that can be assigned to a
population of Au particles 1, and V 4, the volume of one Au NP,
respectively. With Egs. (6 and 7), the Au NP surface-to-surface
distance d can be determined by assuming a cubic lattice model
for the Au NPs:%6

1

d=L—2r ="V’ —2r (8)
where 7 and L denote the radius of the Au NPs and the edge
length of the cubic lattice, respectively. The calculated
interparticle distances are shown in Fig. 6. The distance
decreases in the order of 80.8, 63.1, 54.5, 49.1, and 45.2 nm as
the Au NP concentration increases from 0.2 to 1 wt%. The
interparticle distance decreases by ~44% when the
concentration changes from 0.2 to 1 wt%. Considering the small
Au NP size (<5 nm), the particles would still have ample space
to stay separated.

Fig. 7 shows the numbers of cycles before the Au-PS films
fail at different bending radii. With an increase in the bending
radius from 2 to 6 mm, the number of cycles also increases. For
example, the number of cycles for the 0.2 wt% Au-PS sample

This journal is © The Royal Society of Chemistry 20xx
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changes from 715 to 2041 when the bending radius increases
from 2 to 6 mm. As the Au content increases, the number of
cycles steadily decreases. At the highest Au content of 1.0 wt%,
the number of bending cycles before failure increases from 207
to 1261 when the bending radius increases from 2 to 6 mm. The
results mean that these hybrid films are very flexible and can
sustain repeated use. Even though the number of cycles
decreases with the Au NP concentration, in general a larger
bending radius leads to a higher number of cycles before failure.
The number of cycles decreases only slightly with the Au
content up to 0.8 wt% but more significantly at 1.0 wt%.

Photothermal healing

An increase in the Au NP concentration means an increase
in the number of heat sources by the photothermal effect,
which can result in high efficiency in the damage- and defect-
healing of the hybrid films. For instance, when the laser with an
intensity of 300 W/cm? was irradiated on a film having an acrylic
resin matrix and 0.04 wt% Au NPs, the temperature of the film
owing to the photothermal effect was 247 °C, while the
temperature was 76 °C for the film with 0.005 wt% Au NPs.?>

For the Au-PS films in this work, without the Au NPs, no
healing is observed regardless of the laser irradiation power or
time (Fig. S2 in the Supplementary information), which
demonstrates that the photothermal effect is caused by the
plasmonic resonance of the Au NPs. Figs. 8 and 9 show the
surface morphology of the continuously healed films with 0.2
and 1.0 wt% Au NPs, respectively, for 80 um-sized indents as
the laser healing time increases from 0 to 15 s. For the healing
of the Au-PS hybrid films, the laser power has to be varied with
the Au concentration for the healing to occur. The power used
for the film with 0.2 wt% Au NPs (12.25 mW) is about 2.9 times
larger than that used for the film with 1.0 wt% Au NPs (4.25
mW). Again, this demonstrates the photothermal effect from
the Au NPs. With more Au NPs in the Au-PS hybrids, more
photothermal heating is induced, which enables the healing of
the PS film with less laser power. At both Au concentrations, the
indent size gradually decreases from its edges to the center
owing to the flow of the melting PS. From the DSC analysis, the
glass transition temperatures of the hybrid films were observed
at 97~99 °C, which is about 5 °C lower than that of the pure PS
film (103 °C), similar to the previously reported trend.®’ This
means that the healing process occurs above their glass
transition temperatures. The indents are almost completely
healed after 15 seconds of laser irradiation. The measured and
extrapolated temperatures of the films during irradiation are
presented in Fig. S3. The temperature range is from 190 to
304 °C with increasing Au NP content, which is higher than the
glass transition temperature of PS.

Fig. 10 shows the amount of energy required to heal the
indents of different sizes (30, 55, and 80 um) in the hybrid films.
As the indent size increases, the healing energy required to
close the indent also increases. The increased energy is
attributed to the increasing depth of the indent, since the
energy transmitted to the film decreases as the laser size
increases, which depends on the distance between the laser

This journal is © The Royal Society of Chemistry 20xx
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source and the target. From a different perspective, the energy
decreases with the Au NP concentration up to 0.6 wt% Au NPs,
which reflects the increased efficiency of the healing process
owing to the increasing number of heat sources from the Au NPs
and thus more significant plasmonic coupling effect. For
example, the energy needed to heal the 80 um indent is 159.3

Fig. 8. Morphological evolution for an 80 um-sized indent in the hybrid film with 0.2 wt%
Au NPs.

Fig. 9. Morphological evolution for an 80 um-sized indent in the hybrid film with 1.0 wt%

Au NPs.
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Fig. 10. Laser energy required to heal different size indents vs. the Au content in the Au-
PS hybrids. The inserts are the indent SEM images at different Au contents.
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mJ for the films with 0.2 wt% Au NPs, while only 45.3 mJ for the
hybrid film with 1.0 wt% Au NPs.

Fig. 10 also shows that the Au content plays a more
significant role than the indent size in required energy for
healing at low Au content levels (< 0.6 wt%). The required
energy to heal the same indent size, however, remains almost
the same when the Au NP content is 2 0.6 wt%. This behavior is
new and contrary to the general notion that more Au NPs
should lead to a higher photothermal heating effect. One
reason is that since the concentration of the Au NPs is relatively
high compared to the previous study (0.04 wt%),?®
agglomeration of the Au NPs takes place in the film. The
inhomogeneous distribution of the NPs may deteriorate the
photothermal properties, which is directly related to the
interparticle distance between the NPs. This agglomeration
phenomenon can be seen as shown in the inserts of Fig. 10 for
0.2 wt% and 1.0 wt% Au-PS hybrids. At 0.2 wt% Au
concentration, no agglomeration of Au NPs is observed.
However, at 1 wt% Au content, Au NP agglomeration can be
easily observed by the lighter color domains. The impact of the
Au NP agglomeration on the photothermal effect and thus
healing ability is also further demonstrated through the
simulation results below.

Photothermal simulation

The finite element simulations conducted include efforts to
study the effects of the volume fraction and particle
agglomeration on the temperature rise induced by the
photothermal effect. Fig. 11 shows the maximum temperature
of the hybrid films with randomly distributed Au NPs after the
laser irradiation. Also, the estimated temperatures obtained
from the experiments (Fig. S3) are plotted for comparison. The
estimated temperatures are higher than those from the
simulation except for the 0.8 wt% Au NP film because of the
linear fitting assumption made during the temperature
extrapolation. The trend difference from the 0.8 to 1.0 wt% Au
NP films is attributed to a lack of consideration of the
agglomeration effect during the temperature extrapolation.
The laser intensity used for each analysis is also plotted, which
is kept the same as that used in the healing tests. The maximum
temperature slightly decreases from 164 to 151 °C for the films
with 0.2 to 0.6 wt% Au NPs, even with the large decrease in the
laser intensity. This result corresponds well to that from the
healing tests in Fig. 10. Although the laser intensity decreases
with an increase in the concentration of the Au NPs, the healing
still occurs. This is because a lower energy is required due to the
large number of heat sources (increasing Au NP population). For
the higher concentrations ( = 0.8 wt%), the simulation results
show that the healing temperatures are above 260 °C. We
believe that this temperature is higher than the actual
temperature in the Au-PS hybrid film because the models here
represent idealized phase dispersion in the Au NP-PS hybrids.
This means that the hybrid films with 0.8 and 1.0 wt% Au NPs
are assumed to possess a highly homogeneous microstructure
with no agglomeration of the NPs. In the actual samples, Au NP
agglomeration has been observed as shown in the insert of Fig.

8 | Nanoscale, 2020, 00, 1-1

10. Regarding the large temperature difference between the
samples at <0.6 wt% Au content and at 20.8 wt% Au content,
the films with 0.8 and 1.0 wt% Au NPs could be affected by the
localized spatial distribution of the NPs. Concentrated Au NPs
can cause local over-heating under the laser irradiation even
though the temperature across the large scale of the Au-PS film
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Fig. 11. Laser intensity applied during the healing process and simulated temperature in
the hybrid films as a function of the Au NP concentration with the experimental
temperature for comparison.
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is actually low. Comparing with the experimental results, the
laser intensity for the photothermal healing should decrease
with the Au concentration increase from a theoretical point of
view. However, the actual Au-PS films with 0.8 and 1.0 wt% Au
NPs require a higher intensity than the lower Au content films
for the indent healing. This also supports the agglomeration
effect on the local photothermal behaviors.

Fig. 12 shows the effect of the Au NP agglomeration on the
maximum temperature of the hybrid films. Two different
interparticle distances of 5 and 1 nm are set in the
agglomeration models. For the agglomeration models with 5
nm interparticle distance, the maximum temperature decreases
from 262 to 254 °C, shown as black square markers in Fig. 12.
The agglomeration of the NPs reduces the photothermal effect
even though the magnitude is insignificant. On the other hand,
the films with the agglomerated Au NPs at 1 nm interparticle
distance show a different behavior (the line with circle markers).
The temperature in the hybrids decreases with the Au NP
concentration from 261 to 231 °C. This is because the plasmonic
coupling depends on the distance between the NPs.%8 Especially,
if the distance becomes shorter than the particle size, the
coupling is more significant.5® Since the main difference
between the two models is the interparticle distance, the
coupling in-between the Au NPs (the actual particle-particle
separation distance) significantly influences the photothermal
effect.

The electric field enhancement effect of the Au-PS hybrid
films with 5 and 1 nm interparticle distances is shown in Fig. 13.
No strong plasmonic coupling is observed for the 5 nm
interparticle distance condition (Fig. 13(a)). Small enhancement
is located at the top and the bottom of the NPs. This distribution
is the same as the one from the models without the Au NP
agglomeration. On the other hand, strong plasmonic coupling is
found near the NPs, especially along the polarization axis (Z).
For the 1 nm interparticle distance condition, the plasmonic
coupling is significantly enhanced as shown in Fig. 13(b). The
maximum plasmonic enhancement of the film with 1 nm Au
interparticle distance is 1.56 times larger than that with the 5
nm interparticle distance. This large difference can be
understood from the laser absorption cross-section difference.
Since the photothermal heating effect is a function of the
absorption cross-section, laser intensity, and volume of single
Au NPs, when the latter two factors are kept the same, the
agglomeration affects the absorption cross-section of the NPs.
The average absorption cross-sections of the films with 5 and 1
nm interparticle distances are calculated as 11.2 and 10.1 nm?,
respectively. This difference demonstrates the changes in the
amount of heat energy generated in the hybrid films during the
laser irradiation. As a result, the agglomeration of the Au NPs
lowers the efficiency of the photothermal healing.

Conclusions

In this study, the synthesis and photothermal healing
properties of the Au-PS hybrid films are investigated. The hybrid
films with the Au NP concentration up to 1 wt% are successfully
fabricated. The Au NP distribution in the hybrids is a strong

This journal is © The Royal Society of Chemistry 20xx
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function of the Au NP concentration. The hybrid films show
great flexibility and transparency, which decrease with the Au
NP concentration. Laser irradiation can successfully heal
different size indents created in the hybrid films, as a function
of the Au NP contents and indent sizes. The simulation results
have good agreement with the experimental results and
demonstrate that the photo-induced heating is influenced by
the NP agglomeration and interparticle distance along with
plasmonic coupling. Because of the agglomeration, a proper
selection of the Au NP concentration will lead to high self-
healing efficiency, high flexibility, and high transparency with
less agglomeration, eventually a more viable hybrid film. The
developed hybrid films can be utilized for functional electric
components requiring high flexibility and no contact healing.
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