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Abstract

Solvated nanoarrays of Aujs4 nanoparticles capped with 60 phenylethanethiol (PET) moi-
eties were studied using reverse non-equilibrium molecular dynamics (RNEMD) simulations.
The thermal conductivities of the nanoarrays were computed for two chemically dissimilar sol-
vents. These were compared to an effective medium theory (EMT) model based solely on bulk
and interfacial properties and the volume fraction taken up by the particles. The interfacial
thermal conductance for isolated particles was also estimated via RNEMD, using individual
solvated particles in non-periodic geometries. A strong system-size dependence was found
in bulk conductivity calculations, particularly in the polar solvent, dichloromethane, but was
found to be unimportant in a second non-polar solvent (toluene). However, the bulk conductiv-
ity of solvated nanoarrays also requires projection to infinite system size. The Au;44PETg par-
ticles were found to display a molten core at the temperatures used in this study. Our primary
finding is that the volume fraction of the metal particles is the primary variable controlling the
thermal conductivity of the nanoarrays, and that simulated conductivities are predicted well by

the EMT model.

Introduction

Thiolated gold nanoclusters have been studied in great detail, both experimentally and theoreti-
cally.'=* Their electronic,>® optical,” and catalytic properties®® suggest that they may be useful
building blocks for nanotechnology applications. '3 These properties depend on the size of the
particles, as well as the chemical identities of the protecting ligand groups. Nanocrystal arrays,
which are close-packed structures of nanoparticles in a colloidal solution, have been proposed

as alternatives to more expensive single-cystal semiconductor materials in transistors,'* memory
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devices, 1 solar cells, and thermoelectrics.
One of the first theoretical studies of nanocrystal arrays was performed by Luedtke and Land-
man.?? They examined small clusters with alkanethiol ligands placed on a graphite surface and

in superlattices. A more recent experimental study by Liu et al. explored the effect of surface



chemistry on the thermal conductivity of a nanocrystal array.>* The study by Liu ef al. varied the
nanocrystal core size, the binding group of the ligand, and the ligand length. The primary finding
was that, with a decrease in ligand length or an increase in the core size, the thermal conductivity
of the array increased. The volume fraction of the insulating material (the ligand) was reduced in
both of those cases.

Similar results (with respect to the core diameter) have been seen in theoretical studies of
nanocrystal arrays by Ong e al.*> and Zanjani e al.*® In particular, Ong ef al. found that in
nanocrystal arrays, vibrational states are able to elastically couple across the interfaces, yielding a
thermal conductivity that is dependent on the density of the ligand layer.>> The coupling was fur-
ther studied by varying the core atomic mass and finding the relationship between core vibrational
states and the interfacial thermal conductivity.

The study by Zanjani ef al. on gold nanocrystals with hexylthiol capping ligands varied both
core size and ligand density.?® The phonon dispersion of the superlattice structures was obtained
and the thermal conductivity of the nanocrystal arrays displayed the same trends oberved by Liu et
al., specifically an increase in thermal conductivity of the array with decreased volume percentage
of the ligand layer.*

Recent work by Pohjolainen et al. provides structures and force field parameters based upon
crystal structures for thiolated gold nanoclusters found in a matching crystallography study of the
clusters in arrays.?’ These structures contain individual particles as well as nanoarrays, with the
largest of the structures containing 144 Au atoms. All of the characterized nanoclusters have a lig-
and with a “staple”-motif that was shown to be thermally stable in this force field. The two ligands
used in the study by Pohjolainen et al. were para-mercaptobenzoic acid and phenylethanethiol
(PET), which is the focus of this work. Some of the parameters in use here were adapted from
work by Banerjee et al. that explored Auys and Auzg nanoclusters.

The staple motif in these nanoclusters presents an interesting test for theories of thermal trans-
port. The staple motif (for the largest particle) has three gold atoms, where two of the gold atoms

in the staple are in direct contact with the core of the particle. The remaining gold atom resides



in the ligand layer, bonded to two sulfur atoms from adjacent PET ligands. In our previous work,
we saw direct correlation between the degree of undercoordination of gold atoms at the surface
and interfacial thermal conductance.?® The gold atoms in the staple motif present an interesting
test of this idea, as they are significantly undercoordinated compared with other gold atoms in the
particles. For this reason, we have simulated single particles and arrays of Auj44PETg clusters in
two solvents (one polar, and one nonpolar which is structurally similar to the PET ligand groups).

Conductive thermal transport in complex molecular systems has two main avenues to relay
energy across the system: ballistic transport and diffusive transport. Ballistic transport is seen in
materials where the mean free path of a phonon is longer than the length of the medium along the
axis of propagation.?® Experimentally, this transport has been correlated with rapid heat transport

through the material. 3"

Yang and Chen have shown temperature profiles of nanocomposite materi-
als that differ from other composite materials and assign discontinuities in the temperature profile
to ballistic transport at the nanoscale.3! Diffusive transport, on the other hand, follows Fourier’s
law, and results in a linear thermal gradient in response to a constant kinetic energy flux, indi-
cating that the material reaches a local steady state. This behavior is crucial when calculating
thermal properties using various forms of non-equilibrium molecular dynamics.?3>-34 However,
when calculating the thermal conductivity of a solvated nanoarray, it is less clear which regime the
material will follow.

Recent work by Li er al. examined single-layer graphene sheets in the ballistic regime and
proposed a method using the extremes of the temperature profiles in order to calculate the thermal
properties. > This study examined the thermal gradient over time and observed that the extrema of
temperature profiles did not change while the slope of the thermal gradient eventually converged
to match this temperature difference. Pandey and Leitner have also been exploring molecular
junctions in a regime where Fourier’s law is not valid.?’ In their work, the Landauer method
(where inelastic scattering is disregraded) is used to model thermal conduction through molecular

junctions. The Landauer method is typically used to measure the electrical conduction of a system,

but has since been applied to phonon transport through molecules where the “leads” are connected



to hot and cold regions.

Theory

Hasselman and Johnson first proposed a formula for the effective thermal conductivity of a com-
posite material using bulk properties of the two components separately.3® Their expression for the

effective thermal conductivity of the composite,
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uses the particle and solvent thermal conductivities (A, and A), and v, the volume fraction of the
nanoparticles. « is an interfacial term relating the thermal boundary resistance, RTpR, to the radius

of the particles, r),

o= RrBr _ As
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Here, G is the interfacial thermal conductance from the particle and into the solvent. Modifications
to the Hasselman and Johnson effective medium theory (EMT) have been made by Minnich et al.
to include an interface density for the spherical particles and a more formal volume fraction of the
nanoparticles.>’

Each portion of Eq. (1) can be calculated separately in order to predict a composite thermal
conductivity. The thermal conductivities of the solvent, Ay, and particle /’Lp, can be found through
simulations of the bulk materials. The volume fraction of the particles can be estimated via the
density of the composite, or from crystallographic information about the arrays. The most difficult
piece to obtain is usually o, where the interfacial thermal conductance (or equivalently, the thermal
boundary resistance) of the particles is the primary quantity of interest. In this study, the interfacial
thermal conductance values from the nanoclusters into the two solvents were found using the same
method used by Stocker et al. for thiolate-protected nanospheres.3*

We note that molecular modelling of heat conduction in nanoarrays considers only one mech-

anism for thermal transport: conduction. Additionally, this work is a purely classical model of



nanoarrays and does not consider electronic effects (due to polarization of the gold surface) or ra-
diative transfer between the particles. While convection can be seen in large classical simulations,

it is not likely to be a significant contribution to thermal transport in a densely-packed array.

Computational Details

Nanoarrays of Au44PETgq solvated with either toluene or dichloromethane were simulated using
reverse non-equilibrium molecular dynamics (RNEMD). Individual components of these systems:
e.g. single particles in each solvent, pure solvent, and bulk (liquid) gold were also prepared and
simulated using RNEMD. The following sections describe the potentials used to model the parti-

cles and solvents as well as details on how the systems were prepared.

Force Fields

In the bare particle and the bulk gold simulations, the gold—gold interactions are modeled using the
Quantum Sutton-Chen (QSC) potential.38 In the Au144PET¢0 particles (seen in Fig. 1), however,
there are three distinct gold atom types: Augp, Aug, and Auy, denoting body, surface, and ligand
locations, respectively. These atom types are depicted in Fig. 2. The gold atoms interior to the
particle (the icosahedral core) are defined as Aug atoms. The other two gold atom types belong to
the ligand staple motif and are directly bonded to sulfur atoms. Aug atoms are in direct contact with
the surface of the particle and are treated with QSC in interactions with Aug but with a Lennard-
Jones potential for interactions with Aup, which are further from the surface of the particle and
are covalently bonded to two sulfur atoms. Aup, atoms are treated as purely Lennard-Jones atoms
with parameters taken from Pohjolainen ef. al..?’ Additional parameters for the staple motif are
from Refs. 27 and 39 with parameters for a united-atom treatment of the PET groups taken from
TraPPE-UA.4%*! All parameters used in this study can be found in Tables S1 — S4 in the Supporting
Information (SI). Additional parameters used to model dichloromethane, toluene, and the organic

ligands are also included in the SI.



Figure 1: One Auj44PETg( cluster with the icosahedral core atoms shown as spheres. The “staple”
ligands (including the Au atoms that are part of the ligands) are displayed as skeletal structures to
show the details of the internal structure of the particles.



Figure 2: The Au and S atoms in the staple motif are shown as spheres, while the PET R groups
are displayed as skeletal structures. The Aug atoms sit directly on the icosahedral core of the
nanocluster, while the Auy, atom is separated from the gold surface and is covalently bonded to the
sulfur atoms in each of two PET ligands.

Simulation Protocol

Details of system preparation and equilibration of the bulk, isolated particle, and nanoarray systems
can be found in the SI.

After equilibration of the bulk systems (liquid gold, toluene, and dichloromethane), the relevant
thermal flux was applied for at least 3 ns. To achieve a comparable temperature difference across
the three box sizes (for all bulk simulations), the applied thermal flux was adjusted (see Table S5).
Depending on the size of the simulation box, longer times (up to 10 ns) are necessary to allow a
steady-state thermal gradient to develop, so all systems were allowed to run for the the duration
required to achieve this steady state.

The isolated particles (Fig. 3) were simulated using RNEMD for 1 ns after equilibration to
apply a thermal flux between the outer shell of solvent and the inner gold core. This allowed
thermal gradients (and a temperature discontinuity across the Au—solvent interface) to develop.
As with previously simulated thiolated nanoparticles, RNEMD with a moderate flux (for 1 ns)
developed a boundary temperature discontinuity that allowed for straightforward calculation of

interfacial thermal conductance.3*



Figure 3: A single Auj44PETgp nanoparticle in a solvent cloud of dichloromethane, simulated
using Langevin Hull dynamics. Gold atoms are represented with spheres, the PET ligands with a
skeletal bond structure, and the solvent is translucent. At a simulated temperature of 250 K, the
icosahedral cores of the nanoparticles melt and display liquid-like structure and dynamics.



Nanoarrays were constructed using eight different randomly sampled particle geometries from
equilibrated systems, packed in a 2 X 2 x 2 array, with a distance between particle centers of mass of
30 A. After initial equilibration, the structures were replicated in the z-direction to create multiples
of the unit cell, up to a 2 X 2 x 8 particle array as seen in Fig. 4. For more details on the protocol
for construction and equilibration of the arrays, see the SI, specifically table S7. Solvated arrays
were simulated with an applied thermal flux for at least 60 ns or until a steady state was reached.
To achieve similar temperature differentials across the box, the applied thermal flux was adjusted
for the different array sizes.

The average temperature of the systems remained at 250K for the pure solvent, isolated nanopar-
ticle, and nanoarray systems (1500K for the liquid gold simulations). In the pure solvent, isolated
nanoparticle, and nanoarray systems this temperature maintained the solvent cloud close to the
bulk density near the interface of the particle. Additionally, during RNEMD simulations, thermal
coupling to the external temperature bath for the single nanoparticle systems was removed to avoid
interference with the imposed flux.

All simulations were carried out using the open source molecular dynamics package, OpenMD. *?
Thermal conductivity and interfacial thermal conductance values were calculated using methods
described in works by Kuang et. al. for periodic systems,*® and Stocker ez. al. for non-periodic

systems.

Calculating thermal conductivity

For small perturbations from equilibrium, the thermal conductivity, A, is related to the applied

oT
J.=2 <3_z) 3)

where J, is the applied thermal flux and 97 /dz is the temperature gradient that develops in the

thermal flux,

simulation in response to that flux. The thermal gradient created from the applied flux in a box of

solvent is shown in Fig. S3. The red and blue bands denote the hot and cold RNEMD exchange

10



Figure 4: The solvated nanoarray systems used to compute the infinite-length thermal conductivity,
Aw. Gold atoms are represented with spheres, the organic parts of the PET “staple” ligands are
represented with skeletal structures, and the solvent (dichloromethane for these configurations)
is translucent. The nanoparticles are free to diffuse through the solvent, so particles that appear
smaller have crossed simulation cell boundaries and appear on both sides of the figure. Note that
these particles maintain their gold cores and ligand shells.

11



regions, respectively.

If the thermal transport is diffusive in nature, the relevant thermal gradients can be measured in
the regions of the simulation cell that are not being modified by the RNEMD velocity moves. We
refer to this method of computing the gradient as the “Fourier” method and this provides an upper
bound on the calculated thermal conductivities. However, if the transport is governed by ballistic
transport, the relevant gradients should include the two RNEMD regions that are being used to
modify velocities. This “ballistic” method will result in larger thermal gradients, and will provide
a lower bound on 1.

In some materials, the simulated thermal conductivity can depend on the length of the simu-
lation box, so the “infinite box” thermal conductivity, A, is extrapolated using the expression of

Chantrenne and Barrat,

; “4)

where C is a constant and L is the length of the simulation box in the z-direction.?3* This ex-
trapolation is carried out by fitting a line through the conductivity values, Az, from two (or more)

separate box lengths.

Results and Discussion

For a simple array of Auj44PETg particles, a prediction using Eq. (1) can be made using separate
simulations of each of the components of the system. The bulk gold conductivity is compared to
a previous study looking at gold particles in an array. Ultimately, as observed in previous work by
Zanjani et al.?® and Ong et al.,” the volume fraction of the array occupied by the particles is the
essential portion of the predictive equation. While the interfacial details are of lesser importance
to the prediction of the thermal conductivity of the arrays, the two solvents can alter heat transport
out of the nanoclusters. This confirms previous findings regarding solvent penetration being instru-
mental in conducting heat through a ligand layer. In the following sections, each of the individual

components of Eq. (1), as well as the overall prediction will be presented. Additionally, thermal
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conductivity of the arrays will be discussed in comparison to the predicted values.

Bulk Solvent and Gold Conductivities

For bulk dichloromethane and toluene, the results of small-box simulations were projected to find
the infinite system size thermal conductivity, A, using Eq. (4). This projection is shown graphi-
cally in Fig. 5. The infinite system projection is necessary for dichloromethane, but does not appear
to be required for toluene and liquid gold. For dichloromethane we find A, = 0.11(9) W/m-K
and for toluene, A = 0.1132(1) W/m-K where the uncertainty in the last digit is indicated in
parentheses. These compare reasonably well with experimental thermal conductivities measured
at 250 K (Apcm = 0.157, Aqoluene = 0.145, both in W/m - K).4® If the array comprises mostly
solvent, Eq. (1) predicts these same conductivities for the arrays, and these values can be taken
as lower-bounds for the array conductivities. It is important to note that the applied flux was kept

small enough so that the density of the solvent across the simulation boxes was uniform.
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Figure 5: Bulk simulations of dichloromethane (green circles), toluene (black squares), and liquid
gold (yellow diamonds) show that infinte-box projections are important in dichloromethane.

Bulk gold simulations are essential for estimating A, in Eq. (1). Previous work by Ong et al. 25
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used a bulk gold thermal conductivity value of 1.8 +0.3 W/m-K obtained from simulations of
bulk ‘fcc’ gold at 300 K. Because the cores of our particles are liquid-like, we compare to the con-
ductivity of a bulk gold simulation done at 1500 K, past the melting point of the gold in this model.
QSC reproduces the size-dependent melting phenomenon, and previous simulations of particles
with a slightly larger radius have also been shown to display liquid-like structures.3* Experimen-
tally, particles with Na, < 219 have been observed with an approximate melting temperature of
500 K,*” while the particles simulated here are significantly smaller. High temperature (1500 K)
simulations of 100, 200, and 300 A boxes of bulk Au were carried out. For liquid gold, we calcu-
late Ao = 0.39(2) W/m - K. This lower conductivity makes physical sense; when the gold melts,
the phonons traveling through the gold lattice are disrupted, reducing the heat-carrying capacity of
the material. It is important to note that the gold simulations here and those from Ong et al. only
consider the phononic contributions to thermal transport. Electronic contributions would change

the thermal properties of a metal considerably.

Interfacial Thermal Conductance (G)

Calculations of G traditionally use planar surfaces, densely packed with a ligand layer, which is
exposed to solvent. The staple ligands used in this study stabilize nanoparticles with a high surface
curvature, so it is most appropriate to measure interfacial thermal conductivity with a method
that works in non-planar geometries. We have adopted the non-periodic RNEMD method to carry
out these simulations with solvent clouds of both toluene and dichloromethane.** We measured the
temperature jump across the solvent-ligand-particle interface and computed G, assuming a constant
heat rate at the surface of the particle. The interfacial thermal conductance for the particles was
found in both solvents.

In toluene, solvent outside of the interfacial region of the system is approximately twice the
density of bulk toluene, but this is largely an excluded volume effect from the planar rings of the
PET ligands. We note that this was not an issue with the dichloromethane systems, where solvent

interpenetration results in interfacial solvent densities that are essentially bulk-like. Across the
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staple motif, the interfacial thermal conductance to the toluene yields G = 11.3(7) MW /m? - K.

With dichloromethane as the solvent, we find G = 74(4) MW /m? - K

Prediction of Array Thermal Conductivity

Along with the individual component thermal conductivities, v, the partial volume of the Au44PETg
particles is required to predict array conductivity. Partial volumes are approximated using the ef-
fective radius of the particles, which is taken as the average of the radius of the outermost gold
atoms (v, = 0.082) and the radius of the total assembly including the staple motif (v, = 0.477).
This approximations gives a partial volume of v, = 0.225 for the simulated nanoarrays. A value
of v, that includes the entire ligand layer would allow solvent to penetrate into the particle, and
would significantly overestimate the volume fraction of the particles.

Using bulk and interfacial thermal properties calculated in this study (A, A,, and G), Eq.1 was
used to predict the effective thermal conductivity of the array. With the bulk gold thermal conduc-
tivity reported by Ong et al. and the value calculated here at 1500 K, the array thermal conductivity

24-26 the volume fraction of

estimates are provided in Table 1. In agreement with previous studies,
the particles is the principal determining factor of the array thermal conductivity. With small v,
As dominates A, thus there is a similar predicted conductivity for the array in the two solvents (as
As is nearly the same for toluene and dichloromethane using A.. projections) while A, remains the

same.

Table 1: The effective array thermal conductivity, 1, (in W/m -K), of the Auj44PET¢ array
predicted using bulk gold thermal conductivities at 1500 K (liquid) and 300 K (solid). Sol-
vent thermal conductivities, A;, and interfacial conductance values, G were computed using
RNEMD simulations.

v, =0.082 v, =0.225 v, =0.477
1500K 300K 1500K 300K 1500K 300K
lp lp ;LP Ap lp lp

Solvent

Dichloromethane 0.118 0.121 0.124 0.131 0.134 0.146
Toluene 0.117 0.120 0.124 0.131 0.133 0.145
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Simulations of Arrays

RNEMD simulations of the nanoarrays involve extensive (60-170 ns) simulations to develop mea-
surable thermal gradients in the simulation cells. Here we have used both a Fourier or upper-bound
method to calculate thermal gradients outside of the RNEMD regions as well as the “ballistic” or
lower-bound method using the full simulation cells. The calculated thermal conductivities for all
of the simulation cells are given in Table 2. Note that simulation setup includes five statistically-
independent replicas of each 2 x 2 x 2 through 2 x 2 x 8 solvated configuration of the Auj44PET¢q
nanoarrays. After equilibration, each of these systems was simulated for at least 60 ns (up to 170 ns
in the larger systems) to obtain the thermal gradients used in this work.

For comparison, predictions of the array thermal conductivities using the effective medium
theory (EMT) given by Eq. 1 are shown, as well as infinite-length projections of the thermal
conductivities from the simulations themselves.

Table 2: Calculated thermal conductivities, A (W m~! K~1), of simulated nanoarrays. Un-
certainties in the last digits are indicated in parentheses. Column headers correspond to
the system composition (in units of Auy44PETg particles). The Fourier method is an upper-
bound estimate on A using thermal gradients in the non-RNEMD regions, while the ballistic
method is a lower-bound using thermal gradients from the entire simulation cell. The ef-
fective medium theory (EMT) estimates from Eq. (1) using a particle volume of 22.5% are
given for comparison. NB: for dichloromethane, the infinite box projection was taken from
the 2 x 2 x4 and 2 x 2 x 6 systems.

Solvent Method | 2x2x2 2x2x4 2x2x6 2x2x8| As | EMT

. Fourier | 0.036(2) 0.126(22) 0.133)  0.8(8) | 0.14*
Dichloromethane | g 1ictic | 0.02399) 0.0847)  0.09(1)  0.07(1) | 012+ | 124
Toluenc Fourier | 0.066(7) 0.08(1) 0.102)  0.11®#) | 030 |, ,,

Ballistic | 0.032(2) 0.060(3) 0.083(7) 0.092) | 0.14

As seen in Tab 2 the infinite length projections following Eq. (4) of the nanoarrays are in
reasonable agreement with the effective medium predictions. In all solvated arrays a length de-
pendence of the thermal conductivity is observed, where as in the bulk solvent systems only

dichloromethane displayed this length-dependence.
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Conclusions

There are two significant findings of this work. First, the effective medium theory (EMT) does
an excellent job at predicting array thermal conductivity as long as the volume fraction of the
nanoparticles is captured correctly. According to this model, the differences in solvent thermal
conductivities are washed away when the particles make up a significant fraction of the array.
The main contributing factor in the Eq. (1) is v, the volume fraction due to the particles. The
nanoparticle density in the array is therefore predicted to be the most important aspect contributing
to the thermal conductance of these materials.

The second major finding of this work is that simulations of nanoarrays have a significant
system size dependence when calculating thermal conductivity. Although one of the solvents
(dichloromethane) also exhibits this behavior, the presence of the particles appears to create condi-
tions where long wavelength phonons must be represented to capture thermal transport properties.
However, this does not appear to be captured in the vibrational densities of states.

While there is still much more that needs to be explained in the nanoarrays of the Au44PETgg
particles, interesting results have been found using the effective medium predictions. Notably,
the two solvents do not exhibit the same size-dependence in thermal transport properties. This
suggests interesting differences for density dependent or polarity-dependent thermal conductivity
in liquids. Similarly, the large difference in G between the solvent-to-particle interfaces suggests
new avenues of inquiry about what is most important designing ligand—solvent interfaces for heat

transport.
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Abstract

This supporting document provides details of system composition, force field parameters,
size-dependent melting data, and vibrational densities of states for all of the systems described

in the accompanying paper.

System Details

This section contains the parameters for atom types (see Fig. S1) and non-bonded interactions
(table S1), harmonic bonds (table S2), harmonic bends (table S3), and torsional potentials (table

S4) used to simulate the Auj44PETgg systems.

Force Fields

To model the solvents, dichloromethane and toluene, and the organic ligands, we use parameters
from united atom (UA) models. Dichloromethane is modeled using UA Lennard-Jones sites with
partial charges taken from Meyer er. al.5® while the bond and bend parameters use harmonic
force constants were adopted from OPLS-AA.3!! Toluene is modeled as a rigid body using pa-
rameters from TraPPE-UA.%7 In the ligand staple motif, the carbon and sulfur atoms were treated
with TraPPE-UA. 565759 Bond, bend, and torsion parameters for the staple were adopted from
Pohjolainen er al.>?

Non-bonded interactions between the staple motif and icosahedral core of the particles are
modeled using parameters derived from adsorption studies of thiolates on Au surfaces. The S—-Au
non-bonded parameters are adopted from work from Luedtke and Landman.5* Other interactions
between Au and non-metal atoms in the staple ligand are adapted from an adsorption study by
Vlugt et. al.,S of alkyl thiols on gold surfaces. The pairwise Lennard-Jones potential for the
interactions between Au and CH, and S based upon the Hautman and Klein potential for Au(111)

surfaces. !> The non-bonded interactions between Au and toluene solvent sites use parameters

from the same work. Au and dichloromethane interactions use the previously mentioned work of
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species Structure site United Atom (UA)
[
C/ \C
PET b l l a —
N e
dichloromethane b
(DCM) e a
<|e b —CH2—
/d\
toluene T ‘|3
[ Cc
\C/ c /CHar
\ |
RCHar
PN
e ——CH3

Figure S1: Structures of the capping agent and solvents utilized in these simulations. The
chemically-distinct sites (a-e) are expanded in terms of constituent united atom (UA) atom types.
Cross-interactions with the Au atoms are given in Table S1. Note that in the dichloromethane, the
DCH,; atom type is identical with CH,, but carries an additional +0.5 e charge.
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Table S2: Harmonic bond parameters for the flexible (non-rigid) bonds in the simulated sys-
tems. Atom types at the top of the table are in the staple ligands bound to the nanoparticles.
The bottom section contains atom types found in dichloromethane. Toluene is simulated as
a rigid body, so no bonded interactions are used. Note that RCHar atoms inherit bonding
properties from CHar atoms types.

. . A kbond

! J (A)  (kcal/mole/A2) SOUT¢C
Aug S 2.41 149.9283 Ref. S2
Auy, S 2.33 149.9283 Ref. S2

S CH, | 1.820 444 Refs. S9 and S10
CH, CH; | 1.540 536 Refs. S6 and S10
CHar CH; | 1.540 536 Refs. S7 and S10
CHar CHar 1.40 938 Refs. S7 and S10

Cl DCH, \ 1.789 489.2 Ref. S11

Table S3: Harmonic bend angle parameters for the flexible (non-rigid) bends in the simulated
systems. The central atom in the bend is atom j. Atom types at the top of the table are in
the staple ligands bound to the nanoparticles. The second section are atom types found in

dichloromethane.
: 0o kbend

! (°) (kcal/mol/rad?) souree
Aug Aup, 91.3 460.24 Ref. S3

S Aug, 172.24 240.24 Ref. S3
Aug CH, | 111.6 146.37 Ref. S3
Auy CH, | 106.8 146.37 Ref. S3

S CH, CH; | 114.0 124.20 Ref. SO
CH, CH, CHar| 114.0 124.20 Ref. SO
CH, CHar CHar | 120.0 140.0 Refs. S7 and S10
CHar CHar CHar | 120.0 126.0 Refs. S7 and S10

Cl DCH», | \ 111.8 155.39 Ref. S8
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Vlugt for the central carbon and the Au-Cl interactions were computed using Lorentz-Berthelot
mixing rules.

The initial structures of the nanoclusters were taken from crystal structures.5> However, nine
independent geometries of the ligand (PET) layer were found and were used as statistically-
independent structures in the interfacial thermal conductance simulations (and as the building
blocks in the array simulations). Details of the composition of the array simulations and the sol-

vated nanoparticles are found in Tables S7 and S6.

Size-dependent melting

In previous work,5!? we have seen that thiolated nanoparticles with r ~ 10A simulated with QSC
exist as liquid droplets at 250K, and adopt shapes that vary significantly from the fcc-based struc-
tures used as initial conditions. Experimentally, particles with N < 219 have been seen with an
approximate melting temperature of 500 K.5!4 Additionally, Buffat and Borel’s observed rela-
tionship for the melting temperature vs. diameter for bare particles suggests that the Auj44PET¢g
clusters (with a diameter of ~ 18 A) should melt at approximately 600 K,5!3 although the PET
staple-motif ligands disrupting the surface layer of gold and may drive the effective melting point
down in temperature. We do observe that the particles simulated here are liquid-like in internal

structure and allow significant Au-atom mobility in the core.

System Preparation and Equilibration

The gold nanoparticle simulations are started from perfect icosahedral core structures provided in
Ref. S2. The crystal structures were thermalized to 250 K, and were then solvated using Pack-
mol316 with either dichloromethane or toluene solvent clouds that had also been equilibrated at
250 K. The spherical solvent clouds were created to be at least 3x the radius of the particle, with
solvent maintaining bulk density near the interface (see Table S5 for packing details). Nine statisti-
cally independent configurations of the nanoparticles were created. However, two of these particles

diffused to the surface of their toluene solvent clouds. These were excluded from calculations of
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Table S6: Composition of solvated nanoparticle systems used in interfacial thermal conduc-
tivity simulations. Note that the toluene- and DCM-solvated systems are separate (only one
solvent is in use at a time).

\Dichloromethane Toluene

molecules 4807 12075
solvent cloud radius (A) 52 85
average solvent p (r < 20 A) (g/cm3) 0.77 1.02
average solvent p (r > 20 A) (g/cm3) 1.33 1.74
Psolv in the bulk simulations (g/cm?) 1.33 0.87

Table S7: Composition of nanoarray systems (including the number of molecules of each
component). Note that the toluene- and DCM-solvated systems are separate (only one solvent
is in use at a time).

L. L, L applied flux
System | Auj44PETe0 | NpcM | Nioluene A) &) (A) | (keal mol~! A2 fs~1)
2x2x2 8 1100 450 61 61 61 1.0 x 1077
2x2x4 16 2200 | 900 | 61 61 122 50x1078
2x2x6 24 3300 1350 61 61 183 3.33x 1078
2x2x8 32 4400 1800 61 61 244 2.5x1078

the interfacial thermal conductance.

Individual solvated particles were then brought to 250 K using the Langevin Hull ensemble.>!’
Once equilibrated with thermal coupling to the bath for at least 1 ns, the system evolved without
coupling to the bath for another 1 ns. The particles were then simulated for 1 ns using RNEMD to
apply a thermal flux and develop the resulting thermal gradients.

Pure solvent simulations were prepared starting with the experimental bulk density at 250 K.518
Five statistically independent simulations for each of three different simulation box lengths were
created. These simulations were equilibrated in the isothermal-isobaric (NPT) ensemble for 1 ns
followed by further relaxation with a target temperature of 250 K using the canonical (NVT) en-
semble for at least 1 ns. Finally, the pure solvent systems were equilibrated for at least 1 ns in the
microcanonical (NVE) ensemble before undergoing 10 ns RNEMD simulations.

The pure gold systems followed the same protocol as the dichloromethane and toluene systems,

although the temperature for the pure gold system was set to 1500K, above the melting point of
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bulk gold.

The nanoarrays were constructed using eight different particle geometries, packed ina2 x2 x 2
array, with a 30 Aseparation between particle centers of mass. The gold — gold distance from
production simulations (Fig. S2) show that Au—Au contact is largely contained within the bounds
of a single particle, while the particles maintain an average center-to-center distance of 30 A. More
details on nanoarray composition can be found in Table S7. The arrays were thermalized to 250 K,

and were solvated with either toluene or dichloromethane with separate random seeds to create five

different configurations of the solvent.5!®
30 - v T v T
; — 2x2x2 DCM
) ---- 2x2x2 Toluene
St — 2x2x4 DCM i
-+ 2x2x4 Toluene
— 2x2x6 DCM
ok -+ - 2x2x6 Toluene ]
— 2x2x8 DCM

- 2x2x8 Toluene

Population
O

10 .

5 - -
— e it et

00 20 30

I‘Au-Au (A)

Figure S2: The gold-gold radial distribution function, gay—au(7), computed after 60 ns of simula-
tion time. For r < 10 A, the gold—gold pair density is mostly contained within single nanoparticles
(only the 2 x 2 x 4 dichloromethane simulation shows significant interparticle contact). The popu-
lation at 7 ~ 10 A corresponds to the edges of different particles, separated by ligands. The broad
peak at 30 Aindicates the particle center-to-center distance observable in the simulations.
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Solvated arrays were equilibrated at 250 K in the canonical ensemble, and were further equili-
brated for at least 1 ns in the microcanonical ensemble. These simple structures were replicated in
the z-direction to create multiples of the unit cell, up to a 2 x 2 x 8 particle array, which were sep-
arately equilibrated to 250 K in the canonical ensemble and for at least 1 ns in the microcanonical
ensemble.

After systems reached equilibrium, they were simulated using RNEMD until stable, approxi-
mately linear, thermal gradients developed in the bulk regions. Fig. S3 is the thermal gradient that
developed in a dichloromethane simulation in response to a moderate thermal flux. The thermal
conductivity, A, is directly related to the thermal gradient, which are determined by fitting through
the fluid regions outside the RNEMD-exchange regions. The bulk solvent simulations maintained
bulk density values throughout the RNEMD simulations, as seen in Fig. S4 for the smallest system
size. This is due to the small thermal flux applied on the system and as the system size increases the
applied flux decreases to maintain the same temperature change over the length of the simulation

box.

Vibrational Densities of States

The vibrational density of states (VDOS) projected normal to the z direction for periodic systems
and projected normal to the interface for single nanoparticle systems were calculated for compo-
nents of each system. In the bulk simulations, the VDOS is largely independent of system size,
but displays the differences in occupied vibrational states between the two solvents. The compo-
nents in the single nanoparticle simulations; gold, ligand, interfacial solvent (within 5 A of the
ligand), and all solvent; display a more detailed picture of the possible paths for heat transfer at
that interface.

The bulk VDOS of the liquid gold, toluene and dichloromethane are shown in Fig. S5. The
primary observation of these materials is that toluene is able to populate a significantly larger

fraction of the low-frequency (heat-carrying) modes in the bulk. The three simulation cell lengths
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Figure S3: The thermal gradient that develops in a bulk (liquid) simulation with a moderate thermal

flux applied using RNEMD. The red region is the “hot” RNEMD exchange region and the two blue

regions are “cold” RNEMD exchange regions. The temperature gradient that develops in response
to the applied flux is related to the thermal conductivity of the material, A.
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Figure S4: The densities of the bulk solvents for the smallest system size averaged over the five
RNEMD simulations. The temperature gradient that develops in response to the applied flux cre-
ates a secondary density gradient, but this is a small perturbation. Note that these systems have
the largest imposed flux for the bulk simulations and the larger simulation cells display an even
less-pronounced density gradient.
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Figure S5: Bulk simulations of gold, toluene, and dichloromethane (with three different z-axis
lengths) display normalized low frequency vibrational density of states that are largelyindependent
of the length of the simulation box.
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are shown and the differences between the VDOS of the different simulation cells is negligible.

Toluene
0.015 Au
“ — All Solvent
—— Interfacial Solvent
0.01 —— Subunit

0.005

Dichloromethane
0.015 -

Intensity

0.01

0.005

WWMAW‘I i
100 200 300 400 500

o o (Cm'l)

Figure S6: Vibrational density of states of each component in solvated single nanoparticle systems.
Gold (yellow) between the two systems remains the same. Similarly, the staple motif subunit
(green) is the same in the two solvents below 250 cm~L. The all solvent (black) component has the
same spectra as the bulk systems, while the interfacial solvent (cyan) component has been altered
below 50 cm~! in both systems.

Individual components of the single nanoparticle system VDOS are given in Fig. S6. The
gold (Au) VDOS displays minor low-frequency (50 - 100 cm™!) differences between the two
solvents, but they are otherwise identical. The subunit similarly has a region that is unaffected
by a difference is solvent. The changes in VDOS are slight and can be seen by the intensity
differences of the peaks at 280 cm~! and 475 cm~!. As mentioned in the previous section, the
toluene and dichloromethane solvents display very different low frequency populations, and this

persists when those solvents are in contact with the nanoparticle assemblies. Interfacial solvent
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blue-shifts the low-frequency solvent population due to the proximity to the staple motif subunit.
All high frequency VDOS peaks appear to be identical in the bulk simulations and in the solvent

components of the single nanoparticle systems.
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