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ABSTRACT: The photothermally induced nanoscale dynamics of rapid
melting and resolidification of a thin layer of molecular material
surrounding a nanoparticle is examined in real time by an all-optical
approach. The method employs pulsed periodic modulation of the medium’s
dielectric constant through absorption of a low-duty-cycle laser pulse train
by a single nanoparticle that acts as a localized heating source.
Interpretation of experimental data, including inference of a phase change
and of the liquid/solid interface dynamics, is obtained by comparing
experimental data with results from coupled optical-thermal numerical
simulations. The combined experimental/computational workflow pre-
sented in this proof-of-principle study will enable future explorations of
material parameters at nanoscale, which are often different from their bulk
values and in many cases difficult to infer from macroscopic measurements.
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INTRODUCTION

At nanoscale, the dominance of interfacial effects makes the
thermodynamics of phase change processes, such as melting or
crystallization, to be strikingly different from those of bulk
matter.”” Kinetic departures from bulk characteristics can
translate into significant impact at macroscale. For instance, a
gold nanoparticle (NP) solution can efficiently produce steam
without boiling water when irradiated by light at resonant
wavelengths.” Antifreeze proteins enable the survival of various
organisms at subfreezing temperatures by leveraging interfacial
control of freezing kinetics.” Finally, because of the interfacial
energy dependence on local curvature, a life-sustaining, liquid
water can be found at temperatures well-below freezing, under
confinement in the pores of minerals and Arctic permafrost
soils.”

The fundamental knowledge concerning such scale-depend-
ent thermodynamic behavior has soared recently, powered by
advances in theory and computation and structural analysis.”’
However, fully understanding phase transformations at nano-
scale requires pathway analysis and considerations of transport
processes (heat flow, viscosity, impurity flow) and thus time-
course approaches capable of capturing dynamics with high
spatial resolution. The advent of in situ electron microscopy
(EM) has partially fulfilled this need for heavy-atom
materials;*® however, for light-atom molecular materials,
real-time in situ EM is challenged by low contrast.
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Because light-absorbing NPs can thermally initiate local
physical or chemical transformations of the medium in which
they are embedded and because thermal evolution can be very
rapid in their vicinity,'’ they represent a natural choice for
probing far from equilibrium phase transformations at
nanoscale. Moreover, NP-assisted phase changes carry broad
technological potential and environmental relevance.'' For
instance, both natural and synthetic NPs are believed to hold
(and likely will further assume) a role in atmospheric
phenomena.'” They can travel high and far in the atmosphere
and bias its feedbacks by catalyzing chemical reactions,
triggering precipitation, and modifying the albedo of snow
and ice to which they stick.'” With the increased consideration
garnered by geoengineering proposals seeking to mitigate the
effects of climate change on global ecosystems,'™" it is
important for NP-assisted thermochemical phenomena to be
understood at a fundamental level and become part of the
predictive geophysical modeling across scales. The same goes
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for NP-assisted phase changes employed in the development of
high-performance thermal IR detectors,'® of efficient ther-
apeutic delivery and cancer treatment approaches,'”'® of
materials for smart, energy-saving building construction,'” and
of solar-powered water purification systems."

Photothermal (PT) microscopy is a method uniquely
adapted to the study of NP-assisted thermal phenomena.”
In PT microscopy, a nanoparticle embedded in a transparent
medium is irradiated by a time-modulated beam at a
wavelength that is strongly absorbed by the NP but not the
medium. Within microseconds, the heat resulting from optical
absorption dissipates over a radius of the order of 100 nm into
the medium. In the absence of a phase transformation, the
density and the index of refraction of the medium change
smoothly as a function of the temperature. Propagation of a
probe beam passing through the heated zone over the duration
of the transient thermal lens is influenced by it, with the result
of a modulation in the detected power of the probe which is
recorded and mapped as a function of spatial coordinates.
Thus, in PT microscopy contrast is a function of the optical
properties of the nanoparticle, as well as the thermo-optical
properties of the material surrounding it. A particular
implementation of PT imaging, photothermal heterodyne
imaging (PHI) microscopy’' has been widely employed due
to its high spatial resolution’”** and sensitivity.”*~*° Most
implementations employ a harmonically modulated heating
beam and phase-sensitive detection (lock-in amplification).
The sensitivity of the method comes from probing the thermo-
optical response of the system in a narrow window around a
single frequency, which is reasonable for a response that is
known to be linear and nearly instantaneous with respect to
the modulation kinetics.”” However, when phase change
phenomena are present, the transient scattering of the probe
beam is not solely caused by smooth changes in the index of
refraction due to temperature but also by the formation of
sharp interfaces between phases of different density. The latter
is expected to contribute significantly to the overall
optothermal modulation of the probe-beam detected power.
For instance, in water dn/dT ~ 107*/°C, while An = n,, —
fyaer = 107" In this case, if conventional single-frequency lock-
in detection were employed, information contained in the
harmonics of the signal would be lost. Thus, to study kinetics
of transient phase change processes such as melting/refreezing
in the vicinity of a NP, a methodology is required which (i)
faithfully captures kinetics beyond steady-state regimes of
thermal transport and phase changes and (ii) employs
modeling feedback for data interpretation from thermo-optical
numerical simulations that include a traveling solid/liquid
front.

Previous studies of PT NP-assisted phase transitions dealt
with microbubble formation in the liquid medium surrounding
a light-absorbing NP.** The estimated size of the microbubbles
was about 1 pm, and their lifetime was less than ~1 us. This
instance of rapid reversible microscopic phase change was later
employed to increase the sensitivity of photoacoustic diagnosis
and to aid in the therapeutic photothermolysis of tumor cells.””
The change in the refractive index due to the phase
transformation in this case being substantial, a less-sensitive
broader bandwidth, lock-in free detection scheme can be
employed for real-time observation. Hou et al. have shown that
it is possible to follow in real time the formation and decay of
nanobubbles of 100—200 nm estimated radius through an
approach employing continuous heating of a single 80 nm NP
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in water, modulated at 10% duty cycle.”® Expansion and
contraction of the nanobubble occurred over tens of
nanoseconds, a time scale that highlights the requirement for
sharp temporal resolution. While nanobubbles have been
already fairly intensely studied in relation with their potential
for photothermal therapies,31_36 no complete optothermal
modeling has been put forward that could be directly
compared against the observed optical transients. Nevertheless,
such comparisons would be invaluable for the study of
nanoscale thermokinetic parameters such as the Kapitza
thermal boundary resistance, which was predicted to be a
dominant factor at the onset of the new phase.””

Because of the large difference in the dielectric constant of
the condensed phase and its vapor in the above studies, the
question arises if differences between two condensed phases
would be also detectable in real time. Parra-Vasquez et al. have
taken advantage of the large index of refraction change
occurring at a thermotropic liquid-crystalline phase transition
to detect the PT induced phase change around 28 nm Au
particles.”® In a similar vein, an all-optical light modulator was
introduced that uses a nanoparticle-assisted, photothermally
induced phase transformation in a nematic liquid crystal film.*”
In a different approach, Zahedian et al. showed that the phase
angle difference between the detected scattering and the
heating modulation is a sensitive indicator of solid—solid phase
transformations.*’ However, in these studies, kinetics of the
phase change were obscured since detection was still via time-
harmonic modulation and conventional lock-in detection.
Therefore, until now it has remained unclear (i) whether the
time evolution of a phase change from a solid to a finite-size
liquid shell and back could be recorded using an optical
approach similar to the one in ref 30 and (ii) if it would be
possible to extract various parameters of the phase trans-
formation (extent, nucleation, hysteresis, melting front
velocity, etc.) from comparisons with simulations of the
time-evolution of the optical signal. The work presented here
seeks to begin answering these questions.

Using low-duty-cycle pulsed heating and a lock-in free
optical detection scheme, we show that heat dissipation from
Au NPs embedded in a stearic acid film induces the transient
melting of a thin shell of the molecular material surrounding
the particle. We follow the time evolution of the melting and
refreezing process with better than 1 us time resolution. To
interpret the observed time evolution of the optical scattering
signal, we employ coupled thermo-optical numerical simu-
lations wherein the detected optical scattering power is
calculated at each time step from the distribution of
temperature and phase-dependent dielectric constant. The
latter is obtained from numerical modeling of heat transport
with phase change as a function of time.

RESULTS AND DISCUSSION

To ensure that we could produce enough heat to study phase
transitions, we have used Au NPs 100 nm in diameter. In
addition, at this size, NPs can be readily examined with wide-
field epi- or dark-field microscopy prior to and after
photothermal probing and addressed individually by the
galvomirror steered heating and probe beams. See the
Supporting Information Figure S1 for a schematic description
of the setup.

For the embedding medium we chose stearic (octadecanoic)
acid (SA), a saturated fatty acid frequently studied as a model
organic soil pollutant in clays*' and for thermal energy storage
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Table 1. Thermal and Optical Properties of Stearic Acid (C;,H;sCOOH)

physical density heat capaci thermal conductivity melting latent heat of fusion
state [kg/m™] K]/ (kg-K)?, [W/(m-K)] optical refractive index temperature [°C] [kJ/mol]
solid 940.8* 1.9075% 0.41* 1.534 — (2397 x 107 x T [°C])¥ 69.3% 61.208"
liquid 847.0" 226" 0.173% 1.457 — (3.528 x 107* x T [°C])" 69.3* 61.208"
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Figure 1. Calculations of the temperature evolution for SA in its homogeneous solid phase. (A) Time profile of the change of temperature,
dT, at different radial distances, r. Each profile has been separately normalized so that its maximum is unity. (B) Spatial distribution of
temperature changes during heating (red) and cooling (blue) at different times. The plateaus for 0 < r < 50 nm are due to the nearly constant
temperature through the NP. The dT values here are all scaled by the maximum temperature rise of the NP, dT,,,,,.
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Figure 2. Comparison of transient thermal and optical responses in homogeneous SA (no phase change). (A) Experimental PT signal in solid
(red) and liquid (blue). Heating time profile is in green. (B) Calculated PT signal for the same experimental conditions. (C) Time profile of
the temperature change (dTyp) in solid (red) and liquid (blue) at the NP/SA interface (r = 50 nm). (D) Change of optical refractive index at

the same location.

materials applications.”” Because of its technological relevance,
its physical properties including optical and thermal transport
are reasonably well-known."”’ Conveniently for our experi-
ments, SA is transparent in the visible spectrum, and in crystal
form it has a well-defined bulk melting temperature, Table 1.
In calculations we have used Ty, = 69.3 °C, which is the
reported melting temperature for a crystalline solid, although
depending on sample purity and crystallinity, a temperature
range of 67—70 °C is to be expected.”” With SA as a medium
melting/refreezing experiments can be conveniently done in
the vicinity of room temperature, whereas other temperature
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ranges and materials would require increasing the complexity
of the setup to mitigate the effects of condensation and/or
strong static temperature gradients. The equilibrium (initial)
temperature was controlled in experiments through the use of a
microscopy stage with double-sealed nitrogen-filled chamber
walls.

Figure 1 provides an initial look at simulation results,
showing the typical evolution of temperature-change profiles in
a homogeneous phase (solid SA) subjected to a square heating
pulse of 2 ys duration. For simplicity, a small heating effect of
the probe beam has been ignored here. The variable dT is

https://doi.org/10.1021/acsnano.2c09212
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Figure 3. Comparison between the time-resolved PT signals measured at 1, 3, S mW (solid lines) and amplified signals by multiplying the
signal at 1 mW by 3 and § (dashed lines), in homogeneous liquid state SA, (A) from the simulation and (B) from the experiment.

defined as the temperature rise above the equilibrium
temperature. The thermal response is much slower at several
hundreds of nanometers from the NP than that near it (where
it is submicrosecond), Figure 1A. Consequently, after 2 us the
approach to a steady state is evident near the NP, while far
from the NP the dT values are still growing. These
observations are useful for interpreting our results qualitatively.
Because the change in total detected power due to the
photothermal effect comes from scattering at different
locations within the dynamic thermal lens and peripheral
locations in the probe beam receive the heat from the source
with a time lag, the detected signal is initially expected to come
mainly from locations close to the NP (and at the center of the
probe beam) while contributions from the larger shell volume
at the periphery of the probe beam become significant later.

We next examine the limiting cases of homogeneous states
(all solid or all liquid SA). To this end, experiments were
performed at different stage chamber temperatures, either well
below the melting temperature or above it. Figure 2A,B
presents the time evolution of experimental and computed PT
signals for the two homogeneous media. The plotted PT
signals are defined as the change in the detected power of the
probe beam, Ppmbe(t), normalized by its value before the
heating pulse: [Ppmbe(t) — Ppmbe(O)] / Ppmbe(O) , with the distant
detector subtending a small angle about the forward direction.
The duty cycle was chosen so that after each heating pulse
there was enough time to reach the equilibrium defined by the
specific initial temperature. We used 30 °C for solid SA and 80
°C for liquid SA. The heating power was P, = 1 mW, which
corresponds to an estimated maximum temperature rise at the
NP surface, ATSS™, of 17.5 and 40.5 °C when the surrounding
SA is in solid and liquid phases, respectively. The connection
between Py and AT goes through Qy, the rate at which the
NP absorbs energy from the heating beam. Qy, is calculated by
treating the beam as a scalar, Gaussian wave and using Mie
theory for an absorption cross-section. The relation between
Q, and ATE™ is determined by using the analytic, steady-
state temperature profile. Our heat pulses are too short for the
system to reach a full steady state so the AT acts as an
upper bound on the NP temperature rise. In a single phase
system with spherical symmetry one has the approximate, but
explicit, simple result:*’

(1)

where « is the SA thermal conductivity and R is the NP radius.
A more detailed description of this analysis is given in the
Supporting Information.
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Because of the negative thermorefractive index coeflicient in
both solid and liquid states, the local rise in temperature
induces the formation of a spherical diverging nanolens.”>>"*>
In our experiments, the focal plane of the probe beam is
located in front of the NP (which sits also beyond the focus of
the heating beam). Thus, the effect of the thermal nanolens is
to make the rays impinging on the detector more divergent,
yielding a reduced Ppmbe(t) and a negative PT signal. This
prediction was confirmed by both the thermo-optical
simulation and experiment, Figure 2A,B.

Considering first the simulation results, we found that dTyp
for the liquid phase was always greater than dTyp for the solid
phase. This behavior is due to the lower thermal conductivity
of the liquid (see Table 1). In support of this claim, note that
at the end of heating the ratio of dTyp values (liquid over
solid) is 2.31, which is close to the inverse ratio of the thermal
conductivities, 2.37. The reason for this coincidence comes
from assuming near steady state conditions and applying eq 1
for a common value of Q, to the two separate phases.”” Since
liquid SA also has a stronger temperature dependence of its
optical refractive index than the solid, see Table 1 and Figure 2
D, it follows that the ratio of dn/dT values (liquid over solid)
is 3.528/2.397 = 1.47. One might then expect that the ratio of
the PT signals (liquid over solid) at 2 ys would be close to 2.37
X 147 = 3.48. However, from Figure 2B the ratio from
simulations is only 2.05. We attribute this discrepancy to the
assumption of a full steady state having been reached
everywhere at 2 us, which increasingly fails for material farther
away from the NP. This feature is also implied by the slower
varying PT signals compared to the much more abrupt kinetics
of the temperature and index of refraction changes at the
surface of the NP (Figure 2C,D). The lack of steady state
behavior also differs between the phases as shown in Figure 2B
where the liquid’s PT signal exhibits less saturation at t = 2 us
than the solid’s. These observations reiterate the idea of the PT
signal representing a weighted average of optothermal changes
through the entire probe volume, as discussed earlier.

Figure 2A,B shows good qualitative agreement between the
optothermal numerical simulation and experimental results in
homogeneous media. In terms of signal magnitude, the
difference between calculated and the experimental values for
the solid phase is only 5%. For the liquid state, however, the
difference in magnitude is more pronounced (41%). The origin
of this quantitative discrepancy is unclear at the moment. It
could be due to SA thermal and optical parameters differing
from those in Table 1 or due to particle size/shape
experimental uncertainties. A further possibility that we have
considered is that in our simulations we have neglected the
thermal contribution of the substrate glass. When SA is in
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Figure 4. Comparison between the time-resolved PT signals measured at P, = 1, 3, S mW (solid lines) and amplified signals obtained by
multiplying by 3 or § the PT signal at P, = 1 mW with a starting temperature of 30 °C mW (dashed lines): (A, B) from a starting

temperature 30 °C; (C, D) from a starting temperature of 40 °C.

liquid state, particles are adsorbed onto the glass substrate. The
substrate should primarily lower the liquid PT signal, which is
the opposite of the observed increase with respect to the
simulation. The thermal conductivity of glass is ~2.5 times that
of solid SA and 6 times that of liquid SA. In terms of heat flow,
the glass provides a thermal “short circuit”. Therefore,
including the effect of the substrate in the calculations is
unlikely to solve this discrepancy. In terms of kinetics, we note
that during cooling, the PT signal falls in similar relative
amounts in computations as well as experiment for both liquid
and solid phases. At this point we consider the qualitative
agreement sufficiently encouraging to warrant moving to the
next step, which is to determine whether a finite phase
transition can be observed in an experiment where one starts
with a solid medium, delivers enough heat for melting, then
lets it cool and solidify back to the initial state.

When thermal parameters are temperature independent, the
time evolution of heat diffusion can only vary linearly with the
magnitude of the absorbed optical power. This result is why we
did not need to state the incident power used in producing
Figure 1. However, the optical scattering has a linear
dependence on Q only if the scattering is weak, ie., only if
the PT signal is small. We first examined the extent that this
behavior holds for liquid SA, when the power of the heating
pulse is swept from 1 to 6 mW. For Figure 3 (and successive
figures), we made several additional changes in the
experimental conditions. All the data were collected using a
single NP, and the heating pulse length was increased to 10 ys.
To enhance PT signal strengths, the probe focal plane was
moved farther (13 um) from the NP and its incident power,
P, raised to 17.4 mW. Although its wavelength is far from the
gold NP absorption resonance, the larger value of P, makes its
heating effect comparable to that of the heating beam with Py =
1 mW. The probe beam is not pulsed so in each cycle for
Figure 3 the system starts and ends with the steady state
solution in the liquid characterized by AT = 21.64 °C due
to the probe beam. For comparison, the heating beam with Py
= 1 mW has by itself a AT = 29.97 °C. The combined
effect of the two beams when P, = 6 mW has a bound of
AT = 188.7 °C. The calculations of these temperature
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bounds and the reversibility of experimental observations
ensure us that the temperature never reaches the SA boiling
temperature (361 °C) during the measurements.

To test the invariance of dynamics with the optical absorbed
power, we compared the PT signal measured at different
heating powers (say n mW) with an “amplified” signal obtained
by multiplying the PT signal at 1 mW by n. Results from this
algorithm are shown in Figure 3A,B. Note that the discrepancy
between PT signal magnitudes in simulations and experiment,
discussed above for Figure 2A,B, has grown to be about five.
Hence we concentrate on the qualitative comparisons between
the two, basically ignoring the vertical axis scales. At low
heating powers, in both simulations and experiments, the
extrapolated and measured PT signals overlap to a satisfactory
extent. At the highest power, the overlap between experimental
(but not simulated) waveforms is less. Since a strong overlap is
an indication of linearity of both optical and thermal responses,
it follows that, if the medium is not described by a linear
model, the overlapping should not happen. Such nonlinear
behavior could be caused by the temperature dependence of
the thermal parameters, by effects arising from finite optical
apertures (at high power), and by phase transitions. We are
interested in revealing the last.

To this end, in the following we compare the measured PT
signals, under conditions where a solid—liquid phase change is
expected to occur reversibly, to the amplified signals using P}, =
1 mW with a starting temperature low enough that the SA does
not melt. Thus, it represents the thermal time evolution in the
absence of a phase change. In these phase change experiments,
the temperature before the heating pulse is everywhere below
the melting temperature, while enough energy is absorbed to
exceed the SA melting temperature at the NP surface for Py,
above a threshold. For example, with an initial temperature of
30 °C, the bound on the probe beam’s effect on the solid phase
is AT() = 9.13 °C, while the combined effect of Q = Q+Qy
with Q, = 1 mW on the solid phase is AT = 2178 °C.
Both of these bounds are less than 69.3 — 30 = 39.3 °C so
there will be no melting. A phase transition does not become
possible with this initial temperature until P, exceeds 3 mW. At
the other extreme, to satisfy our conditions when P, = 6 mW,
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Figure 6. Calculated thickness of the melted layer as a function of time for a 10 ys square heating pulse at (A) 50 °C and (B) 60 °C.

we must keep the starting temperature less than 69.3 — 9.13 =
60.17 °C.

Figure 4 shows applications of our algorithm for initial
temperatures of 30 and 40 °C. Simulated comparisons of
measured and amplified PT signals at 10 ps for different
heating powers predict maximum deviations of ~5% at P, = 3
mW and ~15% at P, = S mW for a starting temperature of 30
°C. These maximum deviations nearly double in size for a
starting temperature of 40 °C. However, the observed
deviations in the experiment are opposite to those predicted
by simulations when the starting temperature is 30 °C but
nearly absent when the starting temperature is 40 °C. In
addition there are significant deviations at long cooling times
for both starting temperatures. All of these experimental
deviations have a smaller or similar magnitude (<10%) to
those observed in Figure 3 for the homogeneous liquid SA. It is
worth noting here that with 3 or 4 mW of heating power, the
maximum thickness of the melted liquid layers was calculated
to be 11.5 or 30.3 nm, respectively. Compared to the size of
the probed volume (several um?®), these liquid volumes are
very small. As a consequence, it is reasonable to assume that
the differences between amplified waveforms and the data have
the same origins as those discussed in regard to the liquid state
in Figure 3.

When the gap between the environmental temperature and
the melting temperature is narrower and therefore when the
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phase transition is more generously allowed, the differences
between the homogeneous medium reference and the actual
data become larger, Figure S. Specifically, signals calculated
with accounting for phase changes and an initial temperature
of 50 °C (Figure SA) predict (i) a lack of overlapping with
their corresponding extrapolated reference waveforms and (ii)
a larger magnitude for the phase-change signals than that of
their homogeneous medium reference waveforms. Indeed the
measured PT signals (Figure SB) are consistent with both
these predictions. At 60 °C, the trends become even more
obvious. Note too that even with P, = 1 mW there is a lack of
overlap for both starting temperatures, consistent with our
estimates of when a phase transition is possible. There is
qualitative agreement between simulation and experiment.
Thus, based on the much larger magnitude of deviations (20—
30%) than in the previous cases (Figures 3 and 4), we attribute
the breakdown of the linear response behavior to a reversible
phase change. Figure S4 in the Supporting Information shows
similar behavior for a starting temperatures of 50, 60 °C with
P, =2, 4, 6 mW.

We note that despite overall good agreement between
simulations including a phase change and experimental PT
data, there are also some discrepancies, which are specific to
the phase change regime (i.e., are not present in the
homogeneous medium PT experiments, Figure 2). Specifically,
it takes longer to recover the base level in the experiment,
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Figure 5. This discrepancy is potentially due to the omission of
supercooling/nucleation effects in our calculations. Improving
the model as well as obtaining quantitative agreement between
experiment and simulations will have to be addressed in the
future. However, within the demonstrated limits of our
approach, one can still gain an idea about the overall
characteristics of phase change dynamics by examining the
simulated melting as a function of time, Figure 6.

We consider two initial temperatures (50 and 60 °C) used in
experiments with heating powers between 1 and 6 mW and
plot L, the thickness of the melted layer, versus time. The
liquid shell (assumed spherical in the simulations) forms
rapidly (~0.1 m/s) at the beginning of the pulse. Its growth
slows as it approaches a steady state thickness value which
depends on the heating power and the initial temperature.
Under the same heating power, we expected the maximum
value of L to be greater for a starting temperature of 60 °C, as
the system requires less energy to reach the melting point. An
expression for the steady state value of L is given in the
Supporting Information. At cooling, the larger the value of L
that has been reached by the end of the heat pulse, the slower
is the return to the initial (solid) state. This behavior is most
evident in Figure 6B. The qualitative reason for the slower
freezing rate for larger L values is the need for the SA to release
a greater amount hot-liquid thermal energy and latent heat.

Putting together the results discussed so far leads to the
following picture, Figure 7. When the heating is turned on at t

300
O’ 200
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Figure 7. Temperature time evolution at r = 50 (red), 100 (green),
and 200 (blue) nm and time-dependent thickness of the melted
layer (L), for 6 mW of heating with 60 °C initial temperature.

= 0, the temperature at the surface of the gold NP immediately
starts increasing rapidly. Farther from the particle, the increase
is more gradual (contrast temperatures in Figure 7 at r = SO
nm and r = 200 nm). As temperatures begin to exceed the bulk
melting point, the phase change initiates and the solid/liquid
interface starts moving outward at initial speeds of tens of cm/
s. Depending on the location, a kink can be observed in the
temperature versus time curves. See Supporting Information
Figures S5 and S6 for a closer look at several examples. This is
usually due to the solid/liquid interface passing through that
specific position. Before that time the heating rate there has
been reduced due to latent heat being absorbed and
temperature paused at locations nearer the NP. After the
solid/liquid interface moves beyond the position, the temper-
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ature rise accelerates because latent heat effects no longer limit
heat flow to the location plus the material there is now liquid,
which has a smaller thermal conductivity than solid SA. When
the heating pulse stops, cooling starts as heat dissipates
through the medium. The initial cooling is very rapid, with
rates of ~10° °C/s, and is mostly due to the hot liquid.
However, once freezing begins, cooling slows down as latent
heat is released during resolidification. This leads to a shoulder
in the dT vs t curves and a roughly linear decrease of L back to
zero. In the absence of supercooling, the solidification front
was calculated to travel back toward the nanoparticle at an
estimated 10 cm/s. Cooling of the restored solid phase is
marked first by the sudden drop in the dT curves, since latent
heat is no longer being released, followed by a slow decay of
dT in the solid SA back to the steady state produced by the
probe beam. Many of these described structures in the dT
curves do not carry over to plots of PT signals versus time; see
Figure S7 in the Supporting Information. This is again a
consequence of the PT signal being determined by scattering
throughout the domain of temperature changes.

The phase change kinetic model on which the above picture
is based is the simplest conceivable. It does not take into
account nucleation, supercooling, interfacial thermal resistance,
the curvature (Gibbs—Thomson) effect, the influence of
impurities on the liquid—solid interface shape, and velocity.
Nevertheless, together with the experimental/computational
workflow presented here, it provides a groundwork from which
to start building better models that will allow studying these
interesting phenomena.

CONCLUSION

We have introduced a combined theoretical and experimental
methodology to investigate the time behavior of phase
transformations induced in a medium by light absorbing
nanoparticles. The experimental approach involved low-duty-
cycle pulsed heating of nanoparticles embedded in a
transparent medium and averaging over many pulses the
periodic change in the optical power of a focused probe beam
due to photothermal effects. As a proof of principle, we have
studied the kinetics of transient melting and refreezing of
stearic acid in the vicinity of spherical Au nanoparticles. We
estimated the rates of resolidification and cooling by
comparing experimental data with simulations. Because of
interfacial and geometric effects, kinetics of such phase
transitions promoted by nanoparticles could be starkly
different from bulk behavior. The approach should prove
helpful in measuring such differences, in studies seeking a
better understanding of nonequilibrium phase changes at
nanoscale.

METHODS

Sample Preparation. A borosilicate cover glass (catalog no.
72210-10, Electron Microscopy Sciences) was coated by the drop
casting method with 20 uL of citrate-stabilized gold-nanospheres
solution (OD 1, diameter = 100 nm, product no. 15711-20, TED
PELLA, Inc.) diluted 1:4 with purified water (Direct-Q 3,
MilliporeSigma). An approximately S mg flake of stearic acid (CAS
57-11-4, 90% purity, Sigma-Aldrich) was placed on top of the coated
cover glass which was then gently transferred into a nitrogen-filled
temperature-controllable sample stage (HCS321Gi-mK2000, IN-
STEC, Inc.). The sample stage is a double-sealed chamber, which
enables accurate control of the ambient temperature with high
precision (0.01 °C) and 0.05 °C of long-term stability, within a range
from —80 to 250 °C. The cover glass was heated up to 80 °C until the
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SA flake melted completely, while the melting process was monitored
with bright-field microscopy. The liquid SA was then covered with
another cover glass for protection from external contamination and
uniform thickness of the SA layer. It should be noted that a fraction of
the SA initially put on the bottom cover glass flowed out of the
sandwiched layer, so the thickness of the SA layer was measured
afterward. From the axial positions of the illumination objective lens
along with the optical axis at which it provides the maximum
reflectance of the heating beam from the interfaces, we measured the
thickness of the SA layer (~100 pm). Lastly, the sample was cooled
down to room temperature slowly (—1 °C/min) for solidification of
the SA. The spatial and size distributions of the NPs were evaluated
using photothermal heterodyne imaging (PHI) with the intensity
histogram of the PHI signal measured with a lock-in amplifier and a
sinusoidally modulated heating beam at 30 kHz. (See Figure S2 for an
example of PHI map used to obtain intensity histograms of single
particle signals.)

Time-Resolved Microscopy. The experimental apparatus for the
measurement of the PT signal was based on a home-built laser-
scanning microscopy (Figure S1). This analytical method employed
two CW laser light sources at wavelengths of 532 and 785 nm as the
heating and probe beams, respectively. The wavelengths were chosen
to be close to or far from the strongest peak of the absorption
spectrum of the gold NP, for efficient plasmonic excitation by the
heating beam or for possibly less heating by the probe beam. The
intensity of the heating beam was modulated in time to be a
rectangular pulse by an acousto-optic modulator (35250-.2-.53-XQ,
Sintec Optronics). The time duration of each heating pulse was 2 or
10 ps, with ~S0 ns of rise and fall times, repeated at a frequency of
200 Hz. The beams were combined and then guided by a
galvanometer mirror scanner (GVSO012, Thorlabs, Inc.) for lateral
scanning of the backscattered dark-field imaging or the epi-detected
PHI. Owing to the spatial gap between the sample and the outer
window of the sample stage (5.27 mm), we used a long working
distance objective lens (Plan Apo 100X LWD, NA 0.7, WD 6 mm,
Mitutoyo) for focused illumination of the beams. Transient changes
of the intensity of the probe beam were monitored by a fiber-coupled
fast detector (SV2-FC, Thorlabs, Inc.) in the forward direction, which
allowed real-time optical measurements with 150 ps of rise/fall time.
Finally, the time-resolved PT signals were collected and averaged over
2000 pulses by a fast digital oscilloscope (WaveSurfer 432, 2 GSa/s,
LeCroy) for improvement of the signal-to-noise ratio. More details of
the optical setup are available in the Supporting Information. A
particular challenge of our detection scheme was finding a NP that did
not shift its lateral location (modifying the detected probe signal) over
the course of the many melting/refreezing cycles.

Numerical Simulation. We built two numerical simulation
models based on the finite element method in COMSOL Multi-
physics. The first was for the calculation of transient conductive heat
dissipation with the NP as a source, with or without phase changes
being possible in the surrounding material. Its key approximation was
the assumption that the NP is in a spherically symmetric environment,
completely surrounded by SA, while the experimental configuration
had the NP sitting on a cover glass with a second cover glass ~100
um above it. This assumption implies that the temperature
distribution could only depend on the radial coordinate, which
significantly shortened calculation times and reduced data storage. We
also ignored the ~11% density difference between solid and liquid SA.
Although these assumptions have quantitative implications, the
important features observed in the experiments were qualitatively
reproduced by the simulations. The second model solved Maxwell’s
equations for the scattering and propagation of the probe beam,
providing the real-time change of the beam’s power onto the detector.
The time, space, and phase dependent distributions of SA optical
properties needed for this model were found by combining the data in
Table 1 for the temperature and phase dependence of SA’s indices of
refraction with the results from the heat diffusion model. See the
Supporting Information for more details of these models.
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