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Nonequilibrium Thermodynamics of Colloidal
Gold Nanocrystals Monitored by Ultrafast
Electron Diffraction and Optical Scattering
Microscopy

Burak Guzelturk,” James K. Utterback, Igor Coropceanu, Vladislav Kamysbayev, Eric M. Janke,

Marc Zajac, Nuri Yazdani, Benjamin L. Cotts, Suji Park, Aditya Sood, Ming-Fu Lin, Alexander H. Reid,
Michael E. Kozina, Xiaozhe Shen, Stephen P. Weathersby, Vanessa Wood, Alberto Salleo, Xijie Wang,
Dmitri V. Talapin, Naomi S. Ginsberg, and Aaron M. Lindenberg*

ABSTRACT: Metal nanocrystals exhibit important optoelec-
tronic and photocatalytic functionalities in response to light.
These dynamic energy conversion processes have been commonly
studied by transient optical probes to date, but an understanding
of the atomistic response following photoexcitation has remained
elusive. Here, we use femtosecond resolution electron diffraction
to investigate transient lattice responses in optically excited
colloidal gold nanocrystals, revealing the effects of nanocrystal
size and surface ligands on the electron—phonon coupling and
thermal relaxation dynamics. First, we uncover a strong size effect
on the electron—phonon coupling, which arises from reduced
dielectric screening at the nanocrystal surfaces and prevails
independent of the optical excitation mechanism (i.e., inter- and
intraband). Second, we find that surface ligands act as a tuning
parameter for hot carrier cooling. Particularly, gold nanocrystals with thiol-based ligands show significantly slower carrier
cooling as compared to amine-based ligands under intraband optical excitation due to electronic coupling at the nanocrystal/
ligand interfaces. Finally, we spatiotemporally resolve thermal transport and heat dissipation in photoexcited nanocrystal films
by combining electron diffraction with stroboscopic elastic scattering microscopy. Taken together, we resolve the distinct
thermal relaxation time scales ranging from 1 ps to 100 ns associated with the multiple interfaces through which heat flows at
the nanoscale. Our findings provide insights into optimization of gold nanocrystals and their thin films for photocatalysis and
thermoelectric applications.

KEYWORDS: colloidal nanocrystals, electron—phonon coupling, hot carriers, ligands, ultrafast electron diffraction, thermal transport,

time-resolved microscopy

olloidal gold nanocrystals (NCs) offer favorable
' properties including strong local electromagnetic

field enhancements,” tunable plasmon resonances,
and ease of solution processability,”> which make them
appealing for a large set of applications ranging from
photocatalysis®” to thermoelectrics® and photothermal ther-
apy.9’10 In these applications, successive energy conversion
from light to energetic carriers and then into heat determines
key functionalities.'”'> Therefore, investigation of energy
conversion processes in these NCs under nonequilibrium
conditions has become an active field of research."*~'* Prior

works have typically employed transient optical probes, e.g,

transient reflectivity, to monitor dynamic processes such as hot

15-22

carrier cooling and thermal relaxation.>>™2% Although
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Figure 1. (a) Schematic showing optical pump/ultrafast electron diffraction (UED) probe measurements in a transmission geometry. (b)
Static radially integrated diffraction intensity (blue) and transient differential diffraction intensity (red) (At = 15 ps) as a function of
scattering vector Q in a gold NC sample (diameter: 13 nm, ligand: OAm) (excitation wavelength = 340 nm). Diffraction peaks are marked
with their (hkl) indices. (c) Time-resolved signals (excitation wavelength = 340 nm) measured at different diffraction peaks showing that the
diffraction intensity decreases transiently. (d) —In(I(Q, At = 15 ps)/I,) is plotted as a function of Q” showing a linear scaling, indicating that

the transient disordering of the NCs follows the Debye—Waller effect.

transient optical measurements are widely used and well
established, they only provide a view based on the electronic
structure. As a result, transient signals are convolved together
with electronic processes including electron—electron and
electron—interface scattering, making the interpretation of the
lattice response rather complicated. In contrast, transient
atomic structure probing, which can be achieved using pulsed
2930 or electron-beam®' 7 sources, provides direct access
into the nonequilibrium thermodynamic processes as reflected
in the photoinduced structural responses, which have not been
studied in colloidal gold NCs before.

Earlier studies using transient optical methods have explored
the role of NC size, shape, and surface ligands on carrier
cooling in gold NCs,'*'®7'%223¢ which provide important
implications for photocatalysis applications. While previous
studies®'>'®'® indicated no strong dependence of electron—
phonon coupling on the NC size, ref 17 showed a strong
dependence, which was attributed to an electron spill-out
effect’” and change in dielectric screening at the NC surfaces.
Overall, prior reports indicated conflicting findings on the
effect of NC size. As noted by a recent review," prior optical
measurements, which used regenerative femtosecond lasers,
extrapolated experimental lifetimes as a function of fluence to
estimate electron—phonon coupling, which was needed since
these measurements do not provide a direct proxy of the
temperature. However, the extrapolation approach led to
uncertainties in the estimates of electron—phonon coupling
coeflicients. Size inhomogeneities and excitation-induced NC
melting and sintering were also other factors behind the

observed discrepancies. The role of surface ligands has also
been investigated for its effects on carrier cooling'’~**** and
thermal relaxation.”*® Nevertheless, prior reports again did
not show a consistent picture of the effects of surface ligands
on the electron—phonon coupling. Although ref 17 did not
find any effect of the NC’s surrounding environment on the
electron—phonon coupling, others'®'? indicated that surface
ligands could modify carrier cooling either through vibrational
or electronic coupling. Recent theoretical works also proposed
that direct and indirect energy transfer processes at the metal/
chemical adsorbate interfaces can help for generating longer-
lived hot carriers,*>*'~* but the effects of such energy transfer
processes on the electron—phonon coupling have not been
understood.

In addition to electron—phonon coupling, thermal relaxation
and thermal transport have become a subject of interest in
these NCs for biological as well as thermoelectric applications.
Prior works mostly focused on gold NCs in liquid environ-
ments where the thermal conductance of various NC/solvent
interfaces was characterized via transient absorption”>*®** or
time-resolved infrared spectroscopy.*® On the other hand, little
is understood as to how the thermal properties emerging in
NC thin films are related to those of NCs dissolved in solvents.
A recent study using frequency domain thermal reflectance
showed that macroscopic thermal conductivity in thin films of
gold NCs is quite poor, arising from a large vibrational
impedance mismatch at the NC/ligand interfaces.>’ Overall,
prior works highlighted the importance of controlling surface
chemistry, morphology, and film packing to tailor thermal



properties in NC thin films.*****® Nevertheless, dynamical
aspects of thermal relaxation and transport in gold NC films at
the nanoscale have remained unexplored to date.

In this work, we investigate the nonequilibrium thermody-
namic processes occurring in colloidal gold NC thin films
measured by femtosecond electron scattering and spatiotem-
porally resolved optical scattering approaches. Using these, we
investigate the effects of NC size, surface ligands, and
excitation mechanism on the electron—phonon coupling and
thermal relaxation dynamics. Studying NC samples with
diameters ranging from S to 13 nm (with a standard deviation
of %), we demonstrate a prominent size effect that results in
stronger electron—phonon coupling as the NC size is
decreased. This size effect is associated with a change in
dielectric screening at the NC surfaces; hence it emerges
independent of the excitation mechanism. In the case of
surface ligands, we compare NCs having either covalently
bonded thiol-based ligands (dodecanethiol (DDT) and
ethanedithiol (EDT)) or weakly coordinated amine-based
ligands (oleylamine (OAm)). We show that electron—phonon
coupling is not affected by the type of ligand when the carriers
are excited through interband transitions. On the other hand,
we observe a strong modification of the electron—phonon
coupling once the carriers are excited by intraband transitions.
The ligand effect is related to an electronic coupling of the
plasmonic hot carriers at the NC/ligand interfaces. Further-
more, we complement ultrafast electron diffraction measure-
ments with stroboscopic optical scattering microscopy to
spatiotemporally monitor both out-of-plane and in-plane
thermal transport in the NC films. By virtue of using two
different approaches that both measure dynamics at the
nanoscale beneath the bulk regime, we reveal the subdiffusive
nature of heat transport in gold nanocrystal films and the
microscopic physics of heat transfer at the smallest, NC/ligand
scales, at which principles such as bulk conductivity begin to
lose their meaning. Altogether, we directly characterize the
thermal relaxation in films of gold NCs with organic ligands
across a broad range of time and length scales arising from the
cascaded heat transfer across multiple organic/inorganic (e.g.,
NC/ligand) interfaces in these composite materials.

RESULTS AND DISCUSSION

Transient Lattice Heating Dynamics Probed by
Ultrafast Electron Diffraction. We perform optical pump/
ultrafast electron diffraction (UED) probe measurements using
the mega-electronvolt ultrafast electron diffraction beamline
facility at SLAC.*” We employ gold NC thin films on ultrathin
carbon grids with a submonolayer NC coverage (see Figure
S1). Figure la depicts the experimental configuration. The
optical excitation and the pulsed electron beam are quasi-
collinear with respect to each other with the diffraction from
the sample measured in a transmission geometry. Figure 1b
shows azimuthally integrated diffraction intensity as a function
of scattering vector (Q) in the case of a gold NC sample
(diameter: 13.4 nm, ligands: OAm). Figure 1b also depicts the
transient change in the diffraction intensity (AI(Q, t))
measured at a pump—probe delay of At = 15 ps. In response
to the optical excitation, AI(Q, At = 1S ps) exhibits a loss of
intensity around the diffraction peaks, while the intensity in
between the peaks (diffuse scattering regions) increases. Figure
Lc shows I(Q, t)/I,, transient peak intensity normalized by the
static intensity, as a function of pump—probe delays recorded
at five different diffraction peaks in the same sample (see

Methods). Diffraction intensity decreases for all diffraction
peaks within the first 10 ps. Also, changes in I(Q, t)/I, become
progressively larger for peaks at higher Q. These observations
imply that the NCs become transiently disordered following
photoexcitation due to heating of the lattice via hot carrier
cooling. This transient response can be explained by a Debye—
Waller effect,*>** which relates the change in diffraction
intensity to thermally induced atomic mean square displace-

ments as I(Q, t)/IOzexp(—%(t))), where Q is the

scattering vector and (u(t)*) is the time-dependent atomic
mean squared displacement. In the Debye—Waller model, the
transient intensity has the following dependence:

—-In(1(Q, t)/1,) = w To check if the response in the

gold NCs follows a Debye—Waller model, we plot —In(I(Q, At
= 15 ps)/I,) as a function of Q* for samples with different
diameters studied here in Figure 1d (see Figure S2 for other
cases). We find that —In(I(Q, t)/I,) is linear as a function of
Q?, consistent with a Debye—Waller effect and indicating the
time-resolved diffraction changes track the buildup of the
atomic mean square displacements as the energy is transferred
from the electronic system to the lattice. We estimate the

atomic root-mean-square displacements +/(u*(t)) to be ~0.08
A for a ~100 K transient temperature jump in the gold NCs,
obtained by applying the Debye—Waller factor in Figure 1d. In
addition to the changes in the diffraction peak intensities, the
peak positions also change after optical excitation due to a
lattice expansion effect arising from the temperature jump®” in
the NC lattice. The diffraction peaks transiently shift toward
lower Q, and the magnitude of the shifts is up to 0.1%,
consistent with the temperature jumps estimated here (see
Figure S4). The peak shifts show oscillations arising from
coherent excitation of radial breathing modes whose
frequencies are in good agreement with prior reports in similar
size NCs."?

To gain better insight into the nature of the optically
induced disorder, we compare it to its thermally induced
counterpart. For this, we perform static electron diffraction
measurements as a function of temperature (Figure S3) and
calculate the atomic pair distribution function (G(r)) as well as
the differential atomic pair distribution function (AG(r)) (see
SI). Figure 2a shows G(r) for a gold NC sample (diameter:
134 nm, ligands: OAm) measured at room temperature
exhibiting the nearest neighbor correlation peaks all agreeing
with a prior report"'9 (see green arrows in Figure 2a). Figure 2a
also shows AG(r) measured in the same NC both for a static
temperature jump (200 K — 300 K; AT = 100 K) and under
femtosecond optical excitation (4 = 510 nm, I, = 0.8 mJ/
cm”) with pump—probe delays of At = 15 ps and At < 0 ps.
AG(r) induced by both static temperature jump and transient
optical excitation (At = 15 ps) exhibit the same profile, which
shows a broadening of the nearest neighbor correlations (i.c., a
decrease at the peak position and increase at the sides) as
expected from a temperature jump induced disordering® (see
Figures SS and S6 for AG(r) in other NC samples). Therefore,
the transient lattice response induced by a femtosecond optical
excitation is the same as that induced by a jump in the lattice
temperature. In the case of At < 0 ps, AG(r) does not show
any signal as expected, highlighting the low noise level of this
calculation. This analysis overall indicates that we can use the
temperature-dependent static electron diffraction measure-
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Figure 2. (a) Atomic pair distribution function G(r) (green) measured at room temperature in a gold NC sample (13 nm, OAm). G(r) is
scaled by 0.2 for demonstration purposes. Green arrows indicate the positions of the nearest neighbor correlation peaks that are consistent
with prior literature. Transient atomic pair distribution function AG(r) is shown for a static temperature jump of 100 K (blue) and transient
optical excitation with pump—probe delay of 15 ps (red) and before time zero (black). (b) Diffraction intensity measured at the (311)/(222)
peak as a function of temperature. The slope is used to calibrate transient temperature jumps as explained in the main text. (c) Transient
response in diffraction peak intensity in a gold NC sample (5.2 nm, DDT) under different excitation fluences when A,. = 400 nm. Single-
exponential fits to the experimental data and 95% confidence intervals are shown. (d) Debye—Waller lifetime (left y-axis) and transient
lattice temperature jump ATy (right y-axis) as a function of the excitation fluence. The Debye—Waller lifetimes are modeled based on a two-

temperature model explained in the main text.

ments to calibrate the transient temperature jumps in the
samples induced by optical excitation.***® Therefore, the UED
approach is expected to improve the accuracy of assessing
electron—phonon coupling over prior transient optical
measurements, which did not have a direct access into
transient temperatures in the material. Figure 2b shows static
I(Q) recorded at the (311)/(222) peak as a function of sample
temperature, where 1(Q) is normalized with respect to the
lowest temperature. I(Q_) shows a linear scaling over a
temperature range of 250 K with a slope of —4.6 x 107*
K™, which we use in the rest of paper as a calibration
coefficient to estimate transient jumps in the lattice temper-
ature of the NC samples. We avoid static heating of the NC
samples above 300 K in order to prevent melting and sintering.
On the basis of the linearity of the diffraction signal as a
function of temperature in Figure 2b, we assume that the same
calibration applies for transient lattice temperatures up to
~450 K. The calibration curve measured at another peak,
(220) (see Figure S3b), also consistently produces the same
lattice temperature jumps as found using the (311)/(222)
peak.

Effect of the Excitation Fluence. First, we study the
effect of the excitation fluence on the transient lattice
dynamics. For this, we excite a gold NC sample (diameter:
5.2 nm, ligands: DDT) at 400 nm with three different fluences
(0.3 to 1 mJ/cm?). Figure 2c shows I(Q, t)/I, recorded at the
(311)/(222) peak. Using the temperature calibration curve, we

estimate the transient lattice temperature (AT,) as a function
of time (see Figure 2c). We calculate the Debye—Waller
lifetime (z) by fitting a single-exponential decay to the
experimental data. Therefore, 7 denotes the equilibration
time for the energy transfer from hot carriers into the phonon
bath of the NC. Figure 2d depicts 7 and ATy as a function of
excitation fluence. To interpret the experimental results, we use
a two-temperature model that is commonly used to analyze
nonequilibrium dynamics in metallic systems and provides
reasonably good agreement with experiments.’”>* Two
coupled first-order differential equations relate the energy
transfer among the hot carriers and the lattice:

dT,
Ce dte = _g(’Ié - TL)
dT,
Co a §(T.-T)
where C, and C;, are the volumetric electron and lattice heat
capacities, respectively. g is the electron—phonon coupling
coefficient, and T, and T, are the electron and lattice
temperatures, respectively. In metals C, = yT,, where y is the
heat capacity coefficient. Therefore, the electronic heat
capacity depends on the electron temperature (T,). By solving
these coupled equations, we obtain the Debye—Waller lifetime
C Y(AT™ + Tyy)
g g
assumption that C, < C;, which commonly holds since C;

T = This relation is valid under the



is more than 2 orders of magnitude larger than C, when T, =
300 K,'® and the maximum T, never exceeds 3000 K here. Ty
is 300 K and AT7™ is the initial jump in the transient electron
temperature due to optical excitation, which is reached within
50—100 fs after initial thermalization via electron—electron
scattering.'>>* The transient jump in the lattice temperature is
1 y(AT™ + Top)® = (Tar)*) — u
2 Cy c’
where U is the absorbed energy per unit volume.

Figure 2d shows that the experimental AT} scales linearly
with the excitation fluence and extrapolates to 0 when the
excitation fluence is off. This indicates that we are in a linear
response regime in terms of absorption strength. In the case of
Debye—Waller lifetimes, we make use of the two-temperature

HALT+3000) e take the bulk gold value of

g

¥ = 67.6J/m? K* and estimate AT from the absorbed energy
density (see SI for the calculation). The best fit with the
experimental data is achieved when g ~ 8.5 X 10* + 2.1 x 10*]
m™> ps™! K™'. The estimated g is independent of the fluence,
indicating that g does not depend strongly on the temperature.
The electron—phonon coupling coefficient in this NC
(diameter: 5.2 nm) exceeds prior reports of g in bulk gold
films,'®*" which is typically (3.5—4) x 10* J m™> ps™! K%
This observation points out a strong size dependence of the
electron—phonon coupling in gold NCs, which will be
discussed in detail in the following section.

Effect of Nanocrystal Size, Ligands, and Excitation
Mechanism on the Electron—Phonon Coupling. After
establishing that ultrafast electron diffraction provides direct
access into the transient lattice dynamics, we investigate the
effects of nanocrystal size, surface ligands, and excitation
mechanism. For the size effect, we study three different gold
NCs with diameters of 13.4, 7.7, and 5.7 nm, all having the
same OAm ligands (see Figure S1 for the TEM images). These
samples exhibit quite uniform size distributions (¢ < 5%),
which is required for achieving high-fidelity results on the size
effects. For brevity, these NCs are here denoted as 13, 8, and 6
nm in Figure 3. For the ligand effect, we study three different
ligands while using an NC sample with the same diameter, i.e.,
5.7 nm. We use either amine-based long-chain OAm ligands or
thiol-based long-chain DDT and short-chain EDT ligands.
DDT and EDT ligands with a thiol-based anchor exhibit strong
covalent binding to the gold surface, while an OAm ligand with
an amine-based anchor exhibits only a weak and labile
coordination to the NC surface.’*> Furthermore, we excite
all the NCs separately at 340 and 510 nm to study the effect of
the excitation mechanism. Photons at 3.6 eV (4., = 340 nm)
dominantly excite transitions across d to s bands (see Figure
S12); hence this excitation scheme is denoted as an interband
excitation.”” On the other hand, photons at 2.4 eV (g, = 510
nm) are almost in resonance with the localized surface
plasmon energy. Therefore, 2.4 eV photons can excite carriers
within the s-band, which is denoted here as an intraband
excitation. Nevertheless, 2.4 eV is slightly above the interband
excitation onset in gold (2.3 eVSé) ; thus, 2.4 eV would also
coproduce interband excitations in addition to intraband ones.
Although it is not straightforward to estimate the individual
contributions of inter- and intraband under 2.4 eV excitation,
we expect the dominant channel to be the intraband excitation
(see Figure S12).%

We show the decay curves in all NC samples recorded at the
diffraction peaks in Figures S8 and S9. The Debye—Waller

denoted AT}, which is equal to

model where 7 =

lifetimes (7) are fitted using single-exponential decays. 7 does
not change considerably among the fits of different diffraction
peaks measured within the same sample (see Figures S7, S10,
and S11). Therefore, we average 7 fitted for all diffraction
peaks in each sample to improve the signal-to-noise ratio in
this analysis. Figure 3a and b show 7 in different NC samples
while exciting at 340 nm (interband) and 510 nm (dominantly
intraband), respectively. The pump fluence is kept constant
within the linear response region at 1 and 0.8 mJ/cm? for the
340 and 510 nm excitations, respectively. Transmission
electron microscopy images showed no change in the shape
and morphology of the NCs after the UED experiments.
Therefore, we avoid irreversible melting/fusion of the NCs*®
and keep them intact during the experiments.

We investigate the effect of the NC size on the electron—
phonon coupling. At both excitation conditions, we observe
that smaller NCs consistently exhibit shorter = (Figure 3a,b).
This implies that hot carrier cooling strongly speeds up in the
smaller NCs. To estimate g as a function of NC size, first we
estimate the electronic temperature jump ATT™ for all
samples. To do this, we calculate the absorbed energy density
U = AT, X C_ either using the experimental ATy in Figure 3¢
or by considering the optical extinction coefficients of the gold
NCs and the exerted pump fluences (see SI). Both estimates of
U (Table S1) are in close agreement, meaning that
experimental AT} (Figure 3c) agrees well with the temperature
jumps estimated from the absorption cross-section of the
nanocrystals and the excitation fluence (see SI). Here we use
values for U that are calculated from the experimental AT} to
avoid uncertainties associated with the optical extinction
coefficients of the different sized NCs used here. Using the
calculated U and assuming that the volumetric heat capacity of
the NCs is the same as for bulk gold (C; = 2.49 x 10° Jm™
K1), we calculate AT™* (see Tables S1 and S2) as ~2300 K
+ 100 K and ~2500 K + 100 K under the 340 and 510 nm
excitation conditions, respectively. Then, we calculate g =

A ] ) o
ZATTH300) 44 a1l NC samples under investigation here (see

T

Figure 3d). Figure 3d also indicates g = 3.85 X 10* J m™ ps™!
K™ in bulk gold, which is estimated from an earlier UED
experiment®” measuring polycrystalline bulk gold films, also in
good agreement with prior reports of g in bulk gold."® Figure
3d shows that g strongly increases as the NC size is decreased,
which happens independent of the excitation mechanism. The
g for the 6 nm gold NC sample is larger by a factor of 2 than
the g for bulk gold.

There have been prior contradictory results on the size
dependence of electron—phonon coupling in gold NCs.
Arbouet et al. have predicted a strong size dependence due
to decreased dielectric screening at NC surfaces associated
with an electron spill-out effect.'”” Because of the spill-out
effect, carrier screening at the metal NC surface decreases,
which in turn increases the coupling of the carriers to the ions
and effectively enhances the electron—phonon coupling (see
Figure S13). Here, we apply the dielectric screening model
(see SI) proposed in ref 17 to our experimental data. Figure 3e
compares the modeled g as a function of the NC size together
with the experimental g, demonstrating a very close agreement
between the model and the experiment. The agreement is
better for the experimental g measured under interband
excitation. This observation can be explained by the varying
degree of dielectric screening under different excitation
conditions. While the intraband excitations within the s-band
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Figure 3. Debye—Waller lifetimes in the gold NC samples with different size and ligands under (a) 340 nm and (b) 510 nm excitation.
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green squares for A, = $10 nm. Error bars in g are estimated based on the propagation of the experimental errors in 7 and AT} as well as the

polydispersity of the particle size.

produce carriers that are highly delocalized at the NC
surfaces,”” interband excitations across the d—s bands produce
carriers that are relatively more localized.*”*® Therefore, a
weaker screening is experienced by the carriers generated by
the intraband excitations, while the screening is relatively
stronger for the interband excited carriers. As a result, g should
be larger for the carriers generated by intraband excitation,
consistent with the experiment (Figure 3e). For this reason,
interband excited hot carriers are longer lived than that of
intraband excited hot carriers in the gold NCs with OAm
ligands. This finding supports a recent experimental work that
showed an enhanced photocatalysis performance under
interband excitations as compared to intraband ones in the
gold NCs with the amine-based ligands.*” In addition, another
important implication of the size effect is the fact that hot

carrier cooling becomes much faster in smaller NCs.
Previously, theoretical studies predicted that plasmonic hot
carrier generation would be more efficient in the smaller NCs
due to their larger surface to volume ratios.”® However, our
finding indicates that increased electron—phonon coupling in
the smaller NC acts antagonistically to the hot carrier
generation efficiency, which is important to consider for
photocatalytic applications.

The NC size is not the only means to modify electron—
phonon coupling in the gold NCs. We find that surface
chemistry also provides a way to tune hot carrier dynamics.
Figure 3a,b show the Debye—Waller lifetimes in the same size
gold NC (diameter: 5.7 nm) with three different ligands:
OAm, DDT, and EDT. We find that the effect of the ligands is
highly sensitive to the excitation wavelength, hence the optical
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Figure 4. (a) Transient response in the diffraction peak intensity in gold NC samples (diameters: 13.4, 7.7, and 5.7 nm all with OAm ligands)
under 510 nm excitation with a fluence of 0.8 mJ/cm? Experimental data are shifted in the vertical direction for the 8 and 6 nm samples for
demonstration purposes. The inset shows the initial recovery lifetime that scales linearly with the NC radius. (b) Transient response in the
diffraction peak intensity in a gold NC sample (diameter: 4.6 nm, DDT ligand). Fast (16 ps) and slow (2.5 ns) time constants were fitted
with double-exponential decay. The inset shows the transient response in the same sample over a longer pump—probe delay window.

excitation processes. In the case of interband excitation, we
only observe a weak effect associated with different ligands
(Figure 3a). On the other hand, under 510 nm (dominantly
intraband), nanocrystals with the thiol-based ligands exhibit a
slower lattice heating response as compared to the one with an
amine-based ligand (Figure 3b) while the lattice temperature
jumps are roughly equivalent (e.g., OAm vs EDT in Figure 3c).
Figure 3d shows the experimentally estimated g in these
samples with different ligands. Under interband excitation (A
= 340 nm), we find that g is ca. 8 X 10* + 1.6 X 10* J m™> ps™’
K" for the samples with three different ligands. However,
under intraband excitation (e, = 510 nm) gis 5.0 X 10* + 1.4
x 10*J m™ ps™ K™! for the samples with thiol-based ligands
(DDT and EDT) and g is much larger (8.7 X 10* + 1.2 X 10*]
m™ ps~t K!) for the sample with an OAm ligand. These
observations indicate that the ligand makes a difference in the
hot carrier cooling dynamics, especially for the carriers that are
generated by intraband excitations. As discussed above,
intraband-generated carriers are highly delocalized; hence
they can interact more with the nanocrystal surfaces. In this
respect, we explain the effective suppression of the electron—
phonon coupling when using thiol-based ligands due to the
coupling of the delocalized surface hot carriers®”®* with the
electronic states of the ligand molecules. Previously, chemical
interface damping,*"** a term used to describe broadening of
the surface plasmon peaks, has been observed in the gold NCs
with thiol-based ligands as attributed to the enhancement of
electron/interface scattering at the nanocrystal surfaces.”®
Here, we hypothesize that surface hot carriers can sample
the electronic states of the DDT and EDT ligands outside the
nanocrystal, and, as a result, cooling of the hot carriers can be
delayed and the electron—phonon coupling becomes effec-
tively weaker. Transient lattice temperature jumps (Figure 3d)
do not change when using thiol-based ligands as compared to
an amine-based one, which implies that the main hot carrier
relaxation still happens in the nanocrystal and the surface hot
carriers do not couple strongly to the vibrations of the ligand
molecules as alluded to by recent reports.*>**%* In addition,
the suppression of the electron—phonon coupling is com-
parable in the nanocrystals with DDT and EDT ligands,
although EDT has a much shorter alkyl chain than that of
DDT. This indicates that the binding group of the ligand is

more important to the ligand effect observed here. Overall,
short alkyl chain ligands with thiol-based anchor groups, as in
the case of EDT, can synergistically increase plasmonically
generated hot carrier lifetimes while allowing for efficient
photoinduced charge transfer at the nanocrystal surfaces for
hot carrier utilization® in photocatalysis applications. Our
results indicate that tailoring surface chemistry in metallic NCs
can enable longer lived hot carriers, and engineering of the NC
surfaces can help further slow down hot carrier cooling desired
for photocatalysis.**%”

Thermal Relaxation and Transport in Gold Nano-
crystal Films. Next, we investigate thermal relaxation and
transport in gold NC films by resolving the recovery dynamics
of the transient lattice responses. Figure 4a shows the Debye—
Waller effect recovering in the NC samples that have the same
ligand (OAm) with different diameters over a 1.5 ns pump—
probe delay time window. We find that recovery dynamics
exhibit an initial fast time constant (z4), which is 68 (£54)
ps, 88 (+44) ps, and 180 (£36) ps for the NCs with diameters
of 5.7, 7.7, and 13.4 nm, respectively. We hypothesize that this
initial recovery time arises from the heat transfer from the NC
cores into the surrounding ligands, which is expected to be the
first step of thermal relaxation in these NCs. To test this
hypothesis, we consider potential cooling modes in metal
NCs** that can take place through either thermal effusivity of
the surrounding (e.g, NCs dissolved in solvents) or interfacial
heat transfer at the NC/adsorbate interfaces. The thermal
relaxation lifetime (7,y,,) has been shown to have a different
scalin§ as a function of the NC radius (r) in these two different
cases.” Ty, o r* in the case of cooling via thermal effusivity,
while 7,4, & r in the case of cooling via interfacial thermal
conductance, where r is the particle radius. In the samples with
different NC sizes, we observe that the initial fast recovery
lifetime fits better to a linear dependence on the NC radius
than a quadratic dependence (see the inset of Figure 4a). This
alludes that the initial cooling response in these NCs is due to
an interfacial heat transfer process. In this case of interfacial

% where G, is the interfacial
thermal conductance (NC/ligand) and C_ is the volumetric
heat capacity of the NC. We estimate G, to be ~40 + 8 MW/

m? K for the gold NC—OAm ligand interface, which is roughly

thermal relaxation, 7, =
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Figure 5. (a) Schematic of the stroboSCAT experiment, in which the sample is excited with a focused pump light pulse and then the
subsequent heat diffusion is imaged using a wide-field probe pulse after some time delay. (b) Representative ground-state scattering image
(pump off) and stroboSCAT time series on a 100 nm thick region of a film of 4.4 nm gold NCs with DDT ligands. (c) Decay traces of
spatially integrated stroboSCAT signal amplitude after excitation with a pump fluence of 9 yJ/cm? for different film thicknesses of a 4.4 nm
gold NC film on a logarithmic time axis, normalized to unity at ~300 ps. (d) Log—log plot of the mean-squared expansion of the
stroboSCAT spatial distributions as a function of time for films of 4.4 and 5.7 nm gold NCs capped with DDT ligands, averaged over five

measurements at different positions with the films.

independent of the NC size. This interfacial thermal
conductance is comparable to that of NC/organic solvent,
e.g, hexane,® interfaces where there is no strong chemical
bonding, as in the case for the OAm ligand. In the case of
strongly coordinating thiol-based ligands (i.e, DDT), we find
that the initial thermal relaxation time is much faster (75, = 16
+ 7.6 ps) for an NC with a diameter of 5.2 nm (see Figure 4b).
Under the interfacial thermal conductance assumption, we
estimate G, to be 120 + 55 MW/m? K for the NC/DDT
interface, which is 3-fold larger than that of the NC/OAm
interface. This observation is consistent with a prior prediction
based on molecular dynamics simulations,®*®” where ref 68
indicated that the interfacial thermal conductance would be
enhanced for ligands such as DDT that exhibit stronger
vibrational coupling to the NCs. Our estimate of Gy, for the
NC/DDT interface is smaller than the calculated G, in ref 68
by a factor of ~2. We believe that this difference could arise
from smaller effective surface coverage of the ligands in our
samples as well as surface imperfections.”” Overall, our
observations show that UED directly uncovers the early
steps of thermal relaxation dynamics in colloidal NCs and
confirms prior theoretical predictions on the enhancement of
interfacial thermal conductance across NC/ligand interfaces
when using ligands with better vibrational impedance matching
with the gold NC itself.*®

The UED signal also exhibits a slower, nanosecond
relaxation time scale (7g,,) that is not fully resolved within
the experimental time window (Figure 4b inset). However,
complete thermal relaxation cannot be captured with the UED
alone due to its limited pump—probe delay times (~few ns).
Moreover, spatial aspects of heat transport become increasingly
important on these time scales. Thus, we turn to

spatiotemporal measurements of heat flow to investigate
these behaviors. Specifically, we use stroboSCAT microscopy
to monitor thermal relaxation on the nanosecond time scale as
well as to spatially probe the nature of in-plane and out-of-
plane thermal transport in the gold NC films. stroboSCAT is a
recently developed time-resolved interferometric optical
scattering microscopy that tracks both electronic and thermal
energy flow at the nanoscale.”” For example, this technique has
been used to monitor spatiotemporal charge carrier and heat
transport in silicon.”

stroboSCAT measures transient changes to a material’s local
electric polarizability induced by a focused ultrafast pump laser
pulse (Figure 5a).” These changes are measured by
interferometrically detecting the light scattered from the
sample, after probing it in wide field, on a CMOS detector
and subtracting an analogous image taken in the absence of a
pump pulse (Figure Sa,b). In the gold NC films, the resulting
differential image contrast maps the spatial distribution of heat
in the sample, as reflected by the transient change of scattering
cross-section of the NCs, and its evolution as a function of
time is directly imaged by the wide-field probe. We report the
signal as AR(r, t)/R since the experiment is performed in a
reflection geometry, where the scattered light is detected at the
field level via interference with light reflected from the
substrate—sample interface (Figure 5a).”° Here we use a 405
nm pump light pulse (~100 ps), focused to a spot size of S90
nm (fwhm), to promote interband photoexcitation in films of
either 4.4 or 5.7 nm gold NCs with DDT ligands, and a 635
nm wide-field probe light pulse (~100 ps) to visualize the
time-dependent scattering profile of the resulting heat
distribution, which in this case appears as negative (dark)
contrast (Figure Sb). NC films were prepared in a similar



manner to the protocol for the films used for UED
experiments, apart from the substrate for stroboSCAT being
a glass coverslip; thus, we expect the thermal dynamics
observed in stroboSCAT to reflect the nanosecond-scale
behavior observed in the UED.

While we will shortly return to the utility of stroboSCAT’s
spatial resolution, we first examine the decay of the
stroboSCAT signal over the ~300 ps to 450 ns time window
to compare decay lifetime components in the time window for
which stroboSCAT and UED overlap. Figure Sc shows the
decay traces of the spatially integrated signal amplitude for a
range of film thicknesses, as determined via correlative atomic
force microscopy (AFM) (Figure S15). The decay traces
exhibit a broad range of time scales, with half-lives that increase
with increasing film thickness from 1 ns at 6 nm (monolayer)
to 15 ns at 100 nm (~10 layers) (Figure S16). We attribute
this strong change in the signal decay in the nanosecond time
window as a function of sample thickness to the thermal
dissipation from the NC film to the substrate. The pump
attenuation length is >100 nm; hence heat diffusion toward the
substrate interface takes longer in thicker films, consistent with
the experimental observations. The 1—2 ns half-life of the
stroboSCAT decay in monolayer and bilayer regions of the
sample (Figure Sc) resembles the slowest, ~2 ns time scale
seen in UED (Figure 4b), which investigated regions of films
that consisted primarily of monolayers and bilayers (Figure
S1). Therefore, we hypothesize that the nanosecond decay
component observed in the UED is also mainly due to thermal
dissipation to the substrate. Diffusion within the films should
be similar in UED and stroboSCAT because the films were
prepared in a similar manner. Moreover, we expect the
interfacial heat transfer to occur with similar time scales
because the glass substrate used in stroboSCAT and the
graphitic carbon substrate of the TEM grid used in UED have
similar specific heat capacities.”"”>

By fitting the spatial distribution of the transient scattering
profile to a Gaussian function over time, we monitor heat
diffusion with a few tens of nm sensitivity and on time scales
from ~300 ps to 200 ns. Figure Sd shows the in-plane mean-
squared expansion of the distributions as a function of time in
films of both 4.4 and 5.7 nm gold NCs with DDT ligands,
plotted as 6*(t) — 6(0). The mean-squared displacement
curves for the 4.4 and 5.7 nm NC films agree within error,
which is consistent with a previous demonstration that
macroscopic thermal conductivity exhibits a relatively weak
size dependence in such NC arrays.*” The associated root-
mean-squared displacements over the experimental time
window are 40—300 nm, corresponding to heat transport
over distances much greater than the size of individual NCs.
The data in Figure 5d were fit to 6*(t) — 6°(0) « t*, yielding a
= 0.53 + 0.04 and 0.48 + 0.09, for the 4.4 and 5.7 nm NC
films, respectively. The values of a < 1 indicate subdiffusive
behavior in both films. The subdiffusive trans;)ort is likely due
to disordered packing of the NCs in the film.”*”* This picture
is supported by the transmission electron microscope (TEM)
images of films prepared in a similar fashion to those measured
by stroboSCAT (Figures S1 and S14). By accessing the time
rate of change of the mean squared expansion of the
photoinduced heat distribution with these spatiotemporally
resolved measurements and revealing the subdiffusive
evolution, we indicate that the thermal conductivity in these
NC films is a time-dependent quantity. Therefore, we suggest
that macroscopic measurements of steady state thermal

conductivity in disordered NC/ligand composite films should
be treated with care. In subdiffusive systems, the apparent
diffusivity or conductivity depend on the length and time scale
of the measurement.”*”* In particular, heat transfer occurs with
the highest conductance at the NC/ligand interface on sub-100
ps time scales, and the observed conductance for subsequent
steps in the cascade decreases progressively as additional
heterogeneities are encountered over inter-NC and film/
substrate interface length scales. Were one to reduce our
detailed mean squared expansion time dependence to the
simplest, diffusive case to extract a simple conductance, it
would agree with the prior bulk measurement of thermal
conductivity in gold NC films performed in ref 39 (Figure
S17). With the confidence of this connection, we are able to
establish the nature of transport characteristics consistent with,
yet at a higher degree of detail than in bulk, ~ps-scale
measurements: we find via UED that shorter length scale
processes, such as NC/ligand energy transfer, occur at rates
that we can corroborate with calculations of material
parameters, whereas the tortuosity introduced through the
films’ spatial disorder on the multi-NC scale slows transport
relative to what a calculation using an ordered array of NCs
would predict.

CONCLUSIONS

By complementing ultrafast electron diffraction and stroboS-
CAT we have probed the generation, transport, and dissipation
of heat over a broad range of length and time scales in films of
gold NCs, revealing the cascaded energy transfer of lattice
heating and subsequent heat transfer from the NCs to the
ligands, between neighboring NCs, and finally to the substrate.
Multiscale studies like the one we have presented provide a
more comprehensive way to relate the dynamics observed on
nano- and microscales than is typically achieved using a single
measurement modality. Such studies often pose new challenges
since consistently stitching together information over large
dynamic ranges in time and space is itself difficult. UED proves
to be extremely useful to extract electron—phonon coupling
strength through directly accessed transient lattice heating
responses. We reveal the effects of two important properties:
the nanocrystal size and its surface ligands. The smaller size
(<10 nm) leads to a significantly faster hot carrier cooling due
to a decrease in dielectric screening at the nanocrystal surfaces,
and this prevails for both inter- and intraband optical excitation
conditions. Surface ligands show surprisingly strong mod-
ification of the hot carrier cooling rates due to electronic
coupling between the plasmonically induced surface hot
carriers and the ligands’ electronic states. These findings
provide guidance toward efficient photocatalysis based on
metallic nanomaterials. Particularly, we show that smaller gold
NCs (<10 nm) with short thiol-based ligands (e,g., EDT) can
combine enhanced hot carrier generation efficiencies®® with
longer lived hot carrier lifetimes; hence these NCs can provide
enhanced photocatalytic performances. In the case of thermal
transport and recovery, we uncover the spatiotemporal
dynamics and interfacial thermal conductances within gold
nanocrystal films. We show that thermal relaxation takes place
via a cascade of thermal relaxation steps with thermal
conductances getting consecutively smaller over time.
Although thiol-based ligands enhance the interfacial thermal
conductance by a factor of 3 as compared to amine-based ones,
the overall thermal conductance of the nanocrystal thin films is
limited by slower in-plane heat transfer between nanocrystals



as well as out-of-plane heat transfer into the substrate. These
findings provide key insights on the thermal management of
these colloidal nanocrystals important for thermoelectric and
optoelectronic applications.

METHODS

Ultrafast Electron Diffraction and Analysis of Transient
Diffraction Peak Intensities. The UED configuration is schemati-
cally shown in Figure la, and details of the system have been
described in a previous report.*” As the laser source, a multipass-
amplified Ti:sapphire laser (800 nm, 60 fs, 360 Hz) was used. Its
output is split into two paths. One of the paths is frequency tripled to
generate electron beam pulses, which are accelerated to 3.7 MeV
(~150 fs in full-width at half-maximum) for 30—40 fC per pulse. The
other part of the 800 nm beam is supplied into an optical parametric
amplifier to generate either 340 or 510 nm optical pump beams. The
size of the electron probe beam was about 100 ym, while the optical
pump beam size was ~500 pm. The diffracted electrons were detected
by a red phosphor screen and captured using an electron-multiplying
charge-coupled device. Time zero for the pump-—probe delay is
calibrated using a thin single-crystal silicon or bismuth showing a sub-
ps sharp signal in time. The delay between the pump and probe pulses
was controlled by a translational stage.

We analyzed the diffraction peak intensities similar to our previous
work.*> We first performed radial integration of the diffraction images
to get I(Q). Then, we sorted the images by their labels of pump—
probe delays. With this, we got I(Q, t). Using either single or double
Gaussian fits, we fitted the peak intensity as well as the peak positions
for five different diffraction peaks labeled in Figure 1b. Then, we plot
I(Q, t)/I,, where I, is the intensity of the peaks in the absence of
pump beam.

StroboSCAT Measurements. The experimental setup for
stroboSCAT measurements has been previously described in detail.”
Briefly, two laser diodes were used for the pump (LDH-D-C-40S,
PicoQuant) and the probe (LDH-D-C-640, PicoQuant) with center
wavelengths of 405 and 635 nm, respectively, which were controlled
by a laser driver (PDL 828-S “SEPIA II” equipped with two SLM 828
driver modules and a SOM 828-D oscillator, PicoQuant). We used a
laser repetition rate of 2 MHz, with the pump modulated at 660 Hz,
while the pump—probe delay times were controlled electronically
using the driver with 20 ps resolution. Both pump and probe were
spatially filtered through 2S5 pm pinholes. The pump beam was
telescoped to a ~6 mm diameter, while the probe beam was
telescoped to 1 mm and focused into the back focal plane of the
objective of a home-built microscope using an f = 300 mm wide-field
lens. The two beams were combined using a long-pass filter
(DMLPS0S, Thorlabs), and a 50/50 beamsplitter reflected both
beams into a high numerical aperture (1.4 NA) oil-immersion
objective (Leica HC PL APO 63x/1.40 NA) and onto the sample,
resulting in an overlapped confocal pump and wide-field probe
illumination, respectively. Probe light reflected from the sample—
substrate interface as well as scattered from the sample are collected
through the same objective; the probe light is isolated with a long-pass
filter (FELSS0, Thorlabs) and focused onto a charged metal oxide
semiconductor (CMOS) detector with 5.86 pm square pixels
triggered at 660 Hz (PixeLINK PL-D752, equipped with a Sony
IMX 174 global shutter sensor) using an f = SO0 mm lens placed one
tube length (200 mm) away from the back focal plane of the
objective. The total magnification is 63 X 500/200 = 157.5, giving
37.2 nm/pixel. stroboSCAT images are generated by taking the
difference between pump-on and pump-off raw pixel intensities,
normalized to the raw pump-off intensities, yielding AR/R contrast
images. Averaged pump-off images are simultaneously recorded at
each time delay. Setup automation and data acquisition are
implemented in LabVIEW 2014 64-bit. Data analysis and plotting is
performed using a combination of image] (Fiji),”>’° MATLAB, and
Igor Pro. The pump powers were chosen to be in a regime where the
spatially integrated signal decay was independent of pump power.

Sample Preparation. A series of spherical gold nanocrystals with
an average diameter ranging from 4 to 13 nm was prepared based on a
previously described protocol”” with oleylamine as the native ligand.
The particles were gently precipitated using ethanol and then
redispersed in toluene at a concentration of 20 mg/mL. Ligand
exchange to DDT was performed by adding an excess of DDT to this
solution followed by stirring for 15 min at room temperature. The
gold nanocrystals were then precipitated with ethanol and redispersed
in toluene. Ligand exchange to EDT was carried out by applying a
solid film ligand exchange procedure to films deposited using OAm-
capped particles. Briefly, after the initial film was dried, the substrate
was immersed in a 2% solution of EDT/IPA for 1 min and then rinsed
with IPA. Films used for UED were deposited by placing a 10 uL drop
of a 20 mg/mL solution of gold nanocrystals in toluene and allowing
it to dry at 1 atm. Films used for stroboSCAT were deposited by
placing a 10 L drop of 10 mg/mL solution of gold nanocrystals in
toluene on a 24 X 50 mm VWR #1.5 glass coverslip and allowing it to
dry at 1 atm. Glass substrates were cleaned by 10 min sonication in
acetone, followed by 10 min sonication in isopropyl alcohol, then
immediately dried under a flow of filtered nitrogen, and finally cleaned
with an O, plasma for 3 min in a reactive ion etch chamber.

Atomic Force Microscopy. AFM of the films used for
stroboSCAT was performed using an MFP-3D-BIO (Asylum
Research) equipped with a BudgetSensors aluminum reflex coated
silicon AFM probe TaplSOAL-G-50 (Ted Pella, Inc.), and images
were collected with 512 X S12 pixels at a scan rate of 0.5 lines per
second in tapping mode. Film thickness was determined by
comparing relative heights of the position of interest, correlated to
the pump-off optical scattering image of the corresponding region, to
a fiducial mark, made with a razor blade, within the same image.
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