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Abstract

Thermal transport coefficients, notably the interfacial thermal conductance, were deter-
mined in planar and spherical gold interfaces functionalized with CTAB (cetyltrimethylam-
monium bromide) or MTAB (16-mercapto-hexadecyl-trimethylammonium bromide) using re-
verse non-equilibrium molecular dynamics (RNEMD) methods. The systems of interest in-
cluded (111), (110), and (100) planar facets as well as nanospheres (r = 10 A). The effect
of metal polarizability was investigated through the implementation of the density-readjusted
embedded atom model (DR-EAM), a polarizable metal potential. We find that conductance is
higher in MTAB-capped interfaces, due in large part to the metal-to-ligand coupling provided
by the Au-S bond. Alternatively, CTAB does not couple strongly with either the metal or the
solvent, and it is largely a barrier to heat transfer, resulting in a much lower interfacial ther-
mal conductance. Through analysis of physical contact between the ligand and the solvent,
we find that there is significantly more overlap in the MTAB systems than the CTAB systems,

mirroring the trends we observed in the conductance.
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Introduction

The choice of anti-aggregation agent is important in the synthesis of gold nanoparticles. One of
the most widely-used surfactants, cetyltrimethylammonium bromide (CTAB), is an ionic surfactant
that forms micelles in aqueous solutions and is thought to form bilayers surrounding gold nanopar-
ticles. Abdullah ef al. and Khan et al. separately determined that the size of gold nanoparticles
can be tuned by altering the CTAB concentration during nanoparticle synthesis. !>

Recent advances in biomedical applications of functionalized gold nanoparticles>~° have made
the choice of nanoparticle surfactant particularly relevant. To be viable in a biological environ-
ment, the cytotoxicity of the ligand must generally be low. Sodium citrate”~ and some thiols '0-14
have been studied extensively as potentially safe ligands in biological environments. CTAB, how-
ever, is considered cytotoxic, as gold particles coated with this ligand induce cellular necrosis. !>16
Nonetheless, Carnovale ef al. determined that while spherical and prismatic gold nanoparticles
functionalized with CTAB were cytotoxic, rod and cube-like structures capped with the same lig-
and were tolerated by the cells of interest. !’

Another anti-aggregation agent with similar presentation to the aqueous solution is 16-mercapto-
hexadecyl-trimethylammonium bromide (MTAB). Several studies have utilized MTAB-capped
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gold nanorods with no resulting cytotoxicity, and MTAB can be used to displace citrate or

CTAB molecules that are bound to gold nanoparticles.?! An experimental study by Wu et al.?!

1.%2 generally agreed on the structural behavior of MTAB

and a simulation study by Liang et a
ligands on gold nanoparticles of varying sizes. The ligand packing density on gold was found
to mostly decrease with increasing particle size. Additionally, Vigderman et al. determined that
MTAB-capped gold nanorods exhibited a higher cellular uptake in vitro than gold nanorods func-
tionalized with polyethylene glycol. '

Photothermal therapies utilizing gold nanoparticles have been examined for their ability to
effectively ablate tumor cells with minimal side effects for surrounding healthy tissue.?> These

therapies work by converting laser irradiation in the near-IR into heat via a plasmon resonance in

the gold nanoparticles. Therefore, in addition to minimizing the cytotoxicity of an anti-aggregation



agent, understanding thermal transport from the gold particles through the ligand and into the
surroundings will be important in synthesizing nanoparticles for these therapies.

An experimental study of heat transfer through CTAB-capped gold nanorods in water by Huang
et al. found that the thermal conductivity of the CTAB bilayer decreases with increasing CTAB
concentration, and that the thermal conductivity is dominated by the CTAB ligands rather than the
surrounding water.?* Using a benchmark for the rate of energy dissipation with sodium citrate as
a ligand,? Nguyen e al. % found that when gold is capped with CTAB rather than sodium citrate,
heat transfer time constants are larger in CTAB-capped gold even when the particles are the same
size as those in the benchmark study.? They theorized that the differences in the rates of energy
dissipation were from the increased thermal resistance provided by the longer CTAB chains. ¢

Salajkova et al. found that MTAB-capped gold nanorods were more thermally stable than
gold capped with oligoethylene glycol molecules in an experimental study.?? Given the utility
that CTAB and MTAB have shown in these studies, a comprehensive examination of heat transfer
through gold functionalized with either CTAB or MTAB is warranted.

One important question to address is the binding motif of both of these molecules on the surface
of gold. For MTAB, the strong S-Au bond preferences the formation of monolayers, where the
TAB™ and Br~ are solvated in water, and the sulfur atom binds directly to the surface. For CTAB,
the situation is less clear. Experiments by Kawasaki et al. probed the structural properties of CTAB
near the gold surface.?’ They determined that CTAB forms a monolayer near the gold surface at
low concentrations ([CTAB] < 0.03 mM), a bilayer is formed at intermediate concentrations (0.03
< [CTAB] < 1 mM), and bilayer-type aggregates are formed at concentrations near the critical

micelle concentration ((CTAB] > 1 mM). Meena and Sulpizi28 and da Silva et al.?

separately
carried out simulations on planar gold interfaces capped with CTAB and found that the CTAB
molecules form cylindrical micelles near the gold surface. Simulation studies of CTAB-capped
spherical nanoparticles by Kalipillai et al. showed that at a concentration of 0.25 M, the CTAB

forms a monolayer rather than a bilayer at the gold surface, and immobilization of bromide ions

induces the formation of micelle aggregates.3° These studies were important steps in understanding



the structural features of CTAB at the surface of gold nanoparticles, but there is no consensus yet
on whether CTAB forms bilayer or monolayer structures.

Simulations of heat transfer through gold interfaces have been of recent interest. A variety of
factors have been attributed to the conductance through gold-water interfaces, including interfa-
cial wettability,3! the choice of water model and boundary conditions,! spectral overlap in the
vibrationald densities of state (VDOS) of gold and water,? and the presence of water molecules
acting as energy carriers at the gold surface.33-33 However, when the gold is functionalized, other
factors can influence the conductance. A study by Wu et al. found that in systems containing
functionalized gold nanorods, the conductance was higher when the gold was functionalized with
polyethylene glycol (PEG) rather than CTAB. This difference was attributed to the hydrophobic na-
ture of CTAB and its lack of strong interactions with both the gold and water solvent.3® Therefore,
continued studies of the effects of gold functionalization on heat transfer processes are needed.

In the sections that follow, we outline non-equilibrium molecular dynamics simulations of
thermal transport through gold interfaces that have been functionalized with CTAB or MTAB
and solvated in water. These simulations encompass both planar gold interfaces as well as small
nanoparticles in non-periodic geometries. We are utilizing velocity shearing and scaling reverse
non-equilibrium molecular dynamics (VSS-RNEMD) to create a thermal flux between the aqueous
regions and the metal, and the system responds with thermal gradients in bulk regions and a tem-
perature drop across the interface. This allows for calculation of both bulk thermal conductivity
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and the interfacial thermal conductance in planar3’ and spherical®® geometries.

Computational Details

Force Fields

The unified atom force field parameters for CTAB and MTAB (see Fig. 1) were adapted from
multiple sources. For most of the sites in the ligands, the Lennard-Jones, bond, bend, and torsion

parameters were taken from Rios-Lépez et al.>® TraPPE-UA force field parameters were used



to describe interactions involving the sulfur and adjacent carbon atoms,*’ with bond and stretch
constants adapted from previous work using both TraPPE- and OPLS-derived force fields.*!~#

Interactions between gold and the other atoms were taken from Schapotschnikow et al. and Pool

et al. *30

CTAB

Figure 1: The unified atom (UA) ligand salts used in this study. CTAB (cetyltrimethylammonium
bromide) is hypothesized to form bilayers on the surface of gold nanostructures, while the sulfur
atom in MTAB (16-mercapto-hexadecyl-trimethylammonium bromide) binds directly to the metal,
creating a monolayer on the surface with the polar / ionic ends of the molecule free in the aqueous
solution. Force field parameters for all atom types are provided in the Supporting Information (SI).

We have utilized the density-readjusted embedded atom method (DR-EAM)*7 which has pre-
viously been shown to affect the interfacial thermal conductance through pristine*® and citrate-
capped**9 gold interfaces. The effects of including metal polarizability are compared to systems
simulated using the non-polarizable embedded atom method (EAM) as parameterized by Zhou,
Johnson, and Wadley.>!

Rigid SPC/E water was used as the solvent in all systems.>? The gold-water interactions were
modified from work by Dou et al.>* All of the parameters utilized in this work are provided in the

Supporting Information (SI).



Simulation Protocol

A series of planar and spherical gold structures were modeled in this work: Planar structures which
exposed the (111), (110), and (100) facets to the ligands and solvent, as well as spherical nanopar-
ticles with a 10 A radius. Three different surface treatments were studied on these gold structures,
including CTAB with an approximate packing density of 3.35 molecules per nm?, MTAB with the
same packing density, and MTAB with a density of approximately 1.65 molecules per nm?. The
lower MTAB packing density approximates the monolayer coverage of CTAB in the Kawasaki,
Nishimura, and Arakawa experiments.?’ The higher surface concentration of MTAB (and CTAB)
was taken from the same study, in which the critical micelle concentration of CTAB was deter-
mined to be 3.35 CTAB molecules per nm?.2” Each of these systems were simulated using both
the non-polarizable EAM model and the polarizable DR-EAM model.

The planar gold facets were built using slabBuilder, an OpenMD utility, with a lattice constant
of 4.08 A.>* Packmol was used to generate randomized initial configurations of the ligands.>> For
CTAB, the bromide counter-ions adjacent to the inner CTAB layer were placed approximately 5 A
away from the gold surface. To restrain the initial orientation of the CTAB molecules, the nitrogen
and terminal methyl group within each leaf were placed at least 13 A apart. The terminal methyl
groups corresponding to the inner and outer leaves of CTAB molecules were placed at least 6 A
apart. Spherical gold nanoparticles capped with CTAB were simulated, but during equilibration
in all replicas, the CTAB formed a bilayer micelle which excluded the nanoparticles, preventing
calculation of interfacial thermal conductance (G). Sample configurations are shown in Figures 2
and 3.

In all cases, five (5) replicas of each simulation were performed, using a random resampling of
molecular placements to sample surface attachment of ligands, and random re-seeding of atomic
velocities prior to the first equilibration stage. In the sections that follow, all figures and data
presented in tables represent the mean of the five replicas and 95% confidence intervals around
these means were arrived at using € = 1.966 /v/N — 1 where N is the number of replicas, and o is

the standard deviation of the sample mean.



Figure 2: Snapshots of equilibrated (111) planar facets capped with CTAB (top) and high density
MTAB (bottom). The low density MTAB systems were constructed identically to the high density
systems, but with fewer MTAB molecules. Gold, sulfur, and bromine atoms are represented with
van der Waals spheres, while the rest of the ligands are shown with bonds. The water solvent is
shown as translucent.

Figure 3: Snapshots of spherical nanoparticles capped with both CTAB (left) and with high density
MTAB (right). While both systems stayed intact through the equilibration process, the gold was
ejected from the CTAB micelle during the application of the thermal flux. This phenomenon
occurred with all simulation replicas, but did not occur for any of the MTAB simulations. Water
has been omitted for visual clarity.



The planar gold facets capped with MTAB were built using a similar protocol to the one de-
scribed above.>*>3 The sulfur atoms in MTAB were placed approximately 5 A away from the gold
surface. The amine nitrogen was placed at least 20 A away from the carbon proximal to sulfur to
force the MTAB molecules into roughly linear starting configurations.

Initial configurations were relaxed using steepest descent minimization of the configurational
energy. Before equilibration, the atoms in each system were given velocities that were sampled
from a Maxwell-Boltzmann distribution at 300 K. All systems with polarizable gold atoms were
briefly simulated for 1 ps with a time step of 0.2 fs to allow equilibration of the charge degrees of
freedom.

The equilibration protocol for the planar systems is as follows: First, the systems were sim-
ulated for 100 ps in the canonical (NVT) ensemble, followed by 1 ns in the isobaric-isothermal
(NPT) ensemble with separate barostats for each dimension to allow the box lengths in each di-
mension to adjust separately. Characteristic time constants for the barostat and thermostat extended
system variables were set to 5 ps and 100 fs, respectively. The systems were then simulated for 0.5
ns in the NVT ensemble, followed by 0.5 ns in the microcanonical (NVE) ensemble. A time step
of 1 fs was used for all equilibration and data collection simulations.

Spherical systems were built with a radius of 10 A and a lattice constant of 4.08 A using
nanoparticleBuilder, another OpenMD utility.”* The bare gold nanosphere was first equilibrated
by assigning atomic velocities sampled from a Boltzmann distribution at 5 K and simulating using
the non-periodic Langevin Hull integratorfor 200 ps.>® This process was repeated while increasing
the temperatures to 100, 200, and finally 300 K. Packmol?? and OpenMD 54 were used to combine
the gold with the ligand and solvent components, and the gold atom closest to the center of the
nanoparticle was given an artificially large mass to prevent the nanoparticle from drifting during
simulations. The MTAB sulfur atom on each ligand was placed within 4 A of the gold surface, and
the position of one of the central CH, groups was required to be at least 11 A away. Snapshots of
spherical systems capped with MTAB are shown in Figure 3.

The combined spherical systems were first simulated for 200 ps using the Langevin Hull inte-



grator during which the atomic velocities were resampled from a Maxwell Boltzmann distribution
at 300 K every ps. The spheres were then simulated for an additional 250 ps without velocity
resampling.

After equilibration, a thermal flux was applied to all systems using the VSS-RNEMD method-
ology.37-3 In most cases, the flux was chosen so the heat rate at the interface between the metal
and solvent was roughly equal, but the magnitude had to be adjusted for some systems to produce
a temperature difference that was large enough to be measurable. The applied flux was 2.0 x 107°
keal mol='A ™2 fs=! (1400 MW m~2) or 2.5 x 10~ kcal mol~'A ™2 fs~! (1800 MW m~2) for
the planar systems and 6.0 x 107 kcal mol 1A% fs~! (4300 MW m~2) for the MTAB-capped
nanospheres. The thermal flux was applied for 5 ns in the planar systems and 3.5 ns in the
nanospheres. All subsequent data collected from these simulations was from the entirety of the
5 ns RNEMD simulation for planar systems, but only the last ns was used for the nanospheres.

We note that the RNEMD algorithm being utilized (VSS-RNEMD) applies a thermal flux and
does not have fixed source and sink temperatures. However, these values of applied thermal flux
allowed the systems to come to steady-state interfacial temperature differences within the equili-
bration period, with AT values in the range of ~ 50 — 65 K for the planar CTAB systems, ~ 10— 15
K for the planar MTAB systems, and ~ 5K for the nanoparticle systems. VSS-RNEMD also sam-
ples from configurations with fixed total energies and contributes only a very small energy drift
during the simulations. We observe a typical energy drift of < 0.8kcal mol~! ns~!. In general,
the RNEMD method is a smaller contribution to energy drift than the use of polarizable metal

potentials.

Results

Thermal Transport Properties

Fourier’s law,

J= VT, (1)



was used to calculate the solvent thermal conductivity (1) where J is the (applied) thermal flux
and VT is the temperature gradient. In planar systems, A is calculated by measuring VT in the
region where only solvent exists. In these systems, the bromide counter-ion is present as well. The

interfacial thermal conductance,

Jz
G=|=2% 2

(i) @
is used to understand the rate at which heat passes through the interface between solid and liquid
phases. Here, AT is the temperature difference across the interface. In planar systems, AT is
measured from a location that contains only gold to a location that contains only solvent, and the
interface spans the entire distance occupied by the capping agents. In spherical systems, we utilize
a series approximation for the interfacial thermal resistance

1 1

Rk = el 7 Z47fr52(T(”i+1) —T(r;)) 3)

where ¢, is the radial heat rate, and spherical shell i has a radius r; with temperature T (r;). For this
measurement, the systems are divided into concentric spherical shells, where heat passes from one
shell to the next. The interface is defined identically here as in the planar systems, as it begins at a
location that contains only gold and ends at a location that contains only water.

The solvent thermal conductivity and interfacial thermal conductance values for the planar
CTAB and MTAB systems were calculated and are shown in Table 1. Solvent thermal conduc-
tivities (1) are higher than those experimentally observed for water (~ 0.6 Wm~! K=1). This is
likely due to the presence of bromide ions in the solution, although we note that the solution phase
thermal conductivities are in reasonable agreement with those for neat SPC/E that were obtained
by Bresme’s group (A = 0.87+£0.04 Wm~! K~!).578 They are also in agreement with the solu-
tion phase values (A = 1.04+0.03 Wm~!' K~!) we obtained in a study of metal nanostructures in a

0.12M sodium citrate solution.**>° The interfacial conductance is much lower in systems contain-
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ing CTAB than in those containing MTAB. When the packing density of MTAB is changed, we
observe some small differences in G. Interestingly, polarizability of the metal leads to an increase
in G only in the systems that contain CTAB, and there are small differences in G between the

planar facets in these systems.

Table 1: Solvent thermal conductivity (A1) in Wm~! K~! and interfacial thermal conductance
(G) in MW m~2 K~! for planar gold interfaces capped with CTAB and MTAB ligands. Where
uncertainties are in the last digit, they are indicated in parentheses.

Non-polarizable Polarizable

A G A G
planar (111) 0.93(3) 20.8(3) | 0.95(3) 25.2(4)
3.35 CTAB / nm? planar (110) 091(4) 19.8(3) | 091(4) 23.7(7)
planar (100) 0.90(4) 18.5(3) |0.893) 21.5(3)

Solution Phase Metal Structure

planar (111) 0914) 125(4) | 0.92(4) 133(3)

planar (110) 0.88(4) 127(7) | 0.92(3) 129(5)

planar (100) 0.893) 125(3) | 0.89(3) 123(6)
sphere, r = 10 A - 125 £ 23 - 112 £ 21

3.35 MTAB / nm?

planar (111) 0.82(3) 136(6) | 0.82(4) 143(6)

planar (110) 0.85(2) 136(2) | 0.84(3) 140(3)

planar (100) 0.843) 128(5) | 0.87(4) 127(5)
sphere, r = 10 A - 121 £ 23 - 173 £102

1.65 MTAB / nm?

The conductance values for the MTAB-capped nanospheres were also computed and are shown
in Table 1. Spatial clustering of the MTAB ligands into dense patches on the spherical nanoparticles
yields significant uncertainty in the value of the interfacial conductance in these systems, and
we note that the planar conductance falls within these error estimates (for the same coverage).
When we consider only the systems containing MTAB, G does not appear to depend strongly on
surface curvature or on the treatment of polarizability. This has been previously observed in gold

interfaces capped with a low molecular weight thiolated polyethylene glycol (PEG).>%>° In cases
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where there is strong metal-to-ligand coupling provided by the S-Au bond, G is dominated by this
coupling over other factors. As a comparison with the MTAB data in Table 1, thiolated PEG ligands
exhibit interfacial thermal conductance (G ~ 210 MWm~2K~1),5 significantly higher than either
the CTAB or MTAB interfaces. These findings support the conclusions in simulations of gold
nanorods by Wu et al. 3® which determined that conductance is higher in PEG- rather than CTAB-
functionalized gold interfaces. In both MTAB and thiolated PEG, the metal-to-ligand bonding is
identical, so this change in behavior arises from the ability of thiolated PEG to form hydrogen
bonds with the surrounding water. MTAB interacts with the solvent primarily through charge-
dipole interactions at the trimethylammonium head group, and the bulky head group also prevents
interpenetration of the solvent layer close to the surface.

To help explain these trends in conductance and explore the surface environments of each sys-
tem, we have computed a number of measures of the interactions between the various species. We
first discuss the thermal profiles and the local mass densities of all species relative to the interface.
We have also investigated the role of orientational ordering in the MTAB layers, the overlap in
the vibrational densities of states, the physical contact between ligand and solvent species, and the
charge penetration in the polarizable metal surface. These are described in detail in the remainder

of this section.

Interpenetration of Ligand and Solvent Layers

We show the local mass densities of all species and their corresponding thermal profiles in Figures
4 —6. Similar figures for the polarizable systems are shown in the SI in Figures S2 — S4. We ob-
served a large temperature drop (AT') across the interface in the CTAB systems (Figures 4 and S2),
indicating that CTAB is relatively poor at conducting heat to the solvent. CTAB’s bilayer struc-
ture contains bulky head groups, impeding solvent diffusion to the surface, so very little solvent
is present near the gold surface. We also observe some differences in the clustering of bromide

counter-ions near the gold surface.
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Figure 4: Temperature (top) and mass density (bottom) profiles in systems with non-polarizable
planar gold interfaces capped with CTAB. Only a small number of water molecules are present
among the CTA™ ligands and solvent is generally impeded from reaching the gold surface by the
bulky head groups. Two peaks representing bromide counter ions are consistent with the location
of the CTA™ head groups.

In the planar MTAB systems we observe a much smaller temperature drop for the same im-
posed kinetic energy flux, indicating that this ligand provides higher thermal conductance to the
solvent. In the lower density MTAB layers, water can easily diffuse into the ligand layer and clus-
ters near the interface. With a higher ligand packing density, fewer water molecules are able to
cluster near the interface. Previous simulations of thiolated ligands on gold have observed surface
reconstruction as sulfur atoms bury into the outer planar layer at the surface.”%>° In the MTAB
density profiles, the bulky TAB™ head groups appear to be preventing this surface behavior. Con-

sistent with the results in Table 1, there are no notable differences in the local mass densities when
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the metal is treated as a polarizable medium (Figures S3 and S4 in the SI).

In the nanospheres, the TAB™ head groups are not packed tightly, allowing for more confor-
mational freedom of the chains, and the sulfur atom of MTAB can then penetrate into the gold
surfaces. The gold surfaces are deformed significantly from their initial spherical structures, and a
small fraction of water molecules also cluster near the surface (some within the original 10 A par-

ticle radius). This disruption of the gold surface, burial of the sulfur, and surface water clustering

is observed whether or not the treatment of the metal is polarizable.

Temperature (K)

Mass density (g Cm_S)

Figure 5: Temperature (top) and mass density (bottom) profiles in systems with non-polarizable
planar gold interfaces capped with MTAB, highlighting the region directly adjacent to the surface.
Here the MTAB packing density is 1.65 molecules/nm?. Water can be found adjacent to the gold
surface, as the lower density of MTAB ligands provide more space for water molecules to diffuse
into the ligand layer. The bromide counter ions are much more diffuse here than in the CTAB
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Figure 6: Temperature (top) and mass density (bottom) profiles in systems with non-polarizable
planar gold interfaces capped with MTAB, highlighting the region directly adjacent to the surface.
Here the MTAB packing density is 3.35 molecules/nm?.

In all of these systems, the drop in temperature is most significant between the gold surface and
the ligand layer, with an additional drop in temperature between the ligand layer and the solvent.
While ballistic transport has been observed at molecular junctions,® the transport through the
CTAB and MTAB layers appears to follow Fourier’s law. In the sections that follow we discuss
orientational ordering and solvent interpenetration of the ligand layers, hinting at ligand-phase

disorder, which could potentially explain non-ballistic transport.
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Orientational Ordering of Ligand Layers

A measure of the orientational ordering of the MTAB ligand layer is provided by the second order

Legendre parameter,

<3c0529 —1) “4)

N =

(P) =

where 0 is the angle formed between the particular molecule and the director axis for all MTAB
molecules. A similar order parameter measuring orientational ordering perpendicular to the surface

normal can be defined,
1
<P2l> = <3 (@ -;)2 — 1> 5)

where 4; is the unit vector pointing along the long axis of molecule i and fi; is the unit surface
normal at that molecule’s attachment point. For planar interfaces, fi; = Z, but for the nanospheres,
n; = t;. In all cases, 1; is the unit vector between the the sulfur and nitrogen atoms in MTAB.
Complete orientational disorder would yield a (P,) value of 0. If <P2l> = 1, this would indicate
that all ligands are oriented normal to the gold surface, while complete orientational alignment
between MTAB ligands would yield a (P,) of 1. The computed (P,) and (P5") values are shown

in Table 2.

Table 2: Orientational Order Parameters Between Sulfur and Nitrogen in MTAB

Non-polarizable Polarizable
() () | () (B)
planar (111) 0.52(9) 0.44(6) | 0.52(3) 0.424)
planar (110) 0.56(3) 0.49(2) | 0.58(3) 0.50(5)
planar (100) 0.57(5) 0.49(4) | 0.60(7) 0.49(4)

sphere, r = 10 A = 0.64(6) - 0.60(7)

Solution Phase Metal Structure

3.35 MTAB / nm?

planar (111) | 0.63(4) 0.57(6) | 0.61(5) 0.59(4)
planar (110) | 0.64(3) 0.63(3) | 0.64(4) 0.61(5)
planar (100) | 0.60(6) 0.58(6) | 0.54(6) 0.51(6)
sphere, r = 10 A = 0.73(6) - 0.69(6)

1.65 MTAB / nm?
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The general picture that develops for planar systems is that the higher density MTAB layers
are orientationally ordered, but that the molecules must be tilted relative to the surface normal, as
the (P,) and <P2L> parameters show significant differences. This can only happen if the molecular
director axis is not aligned with the surface normal, which can be seen in Figure 7. In the lower
density MTAB layers, both orientational order parameters are almost identical, indicating that the
director axis for these molecules is perpendicular to the surface. For the spherical nanoparticles,
the surface-attached ligands have no director axis (in the sense of liquid crystalline molecules), but
the surface normal <P2l> indicates a similar degree of orientational ordering as (P;) for the planar

systems.
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Figure 7: Snapshot of an MTAB ligand layer with a packing density of 3.35 molecules/nm”. The
gray line represents the gold surface. The director axis, d, is the average orientation of adsorbed
ligands, and at this MTAB coverage, d is tilted by 24.5° relative to the surface normal ().

Overlap in Vibrational Densities of State

The diffuse mismatch model (DMM) is sometimes used to understand heat transfer at interfaces. ®!

In DMM, the interfacial thermal conductance between materials a and b

1 T/2 2w oo af
Gab:ﬂr;/o smea,'e/O d¢/0 dw (hwﬁvapa(w)rabcow) 6)
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where f is the Bose-Einstein function

1
(eflCO/kBT _ 1) )

flo,T) = @)

and phonons with a polarization p, group velocity v,(®, p), and incident angles 6 and ¢ are trans-
mitted between a and b with a transmission probability 7., (®).%> The Bose-Einstein function
weights the lower frequency portion of the vibrational spectra, where heat carrying modes are
present. To connect forward and reverse scattering at some frequency @, we can use detailed bal-
ance, where 7, (@) = 1 — Ty, (®). The frequency-dependent portion of Eq. (6) can be treated in a

symmetric form, where

Pa(0)Tap () ~ pfgé)(;)l{)f)i(zg) '

(®)
We note that the DMM is not quantitative and does not accurately predict the magnitude of heat
transfer between adjacent materials, but we can qualitatively examine the model to attempt to
understand whether vibrational acoustic mismatch is important for efficient heat transfer at these

interfaces. To examine the vibrational mismatch, we have computed the power spectra for vibra-

tional motion projected in a direction normal to the interface,

0L (0) = \/Lz_n / ) i) dr ©)

where the angle bracket averages over all particles j, and the perpendicular velocities for those

particles,

v;1(t) =v;(t) A(r;) (10)

and f(r;) is the unit vector normal to the interface at the location (r;) of atom j. In planar systems,
the normal direction is the z axis, but for nanoparticles, the radial vector from the particle center
determines the normal direction. Using velocity projections perpendicular to the interface has the
effect of integrating over incoming phonon scattering angle and phonon polarization in Eq. (6).

We divided the systems into three regions: gold atoms, ligand molecules, and interfacial sol-
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vent (trapped in the ligand layer, or within 5 A of the terminal TAB™), for both the planar and
nanoparticle systems. Each system was simulated for an additional 50 ps in the NVE ensemble for
the planar systems and the Langevin Hull (NPT) for the nanoparticle systems. Velocity autocorre-
lation functions with a time granularity of 3 fs were calculated from these trajectories. The power
spectra are discrete Fourier transforms of these autocorrelation functions.

The low-frequency portion (up to 250 cm™!) of the vibrational power spectra for each species
in non-polarizable (111) facets containing CTAB and high density MTAB are shown in Figure
8. There is overlap between the gold and ligand in both systems, although the two of the ligand
spectra differ greatly in this region. The CTAB spectrum contains distinct peaks at approximately
25 and 100 cm~!, while the MTAB spectrum is relatively unstructured. While there is a peak in
both ligand spectra at approximately 180 cm~!, it is larger and more distinct for CTAB. The gold
and interfacial solvent spectra are generally indistinguishable between the two systems. Versions

of this data covering the full frequency range are provided in the SI as Figure S5.
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Figure 8: Vibrational densities of states (VDOS) for all species in non-polarizable (111) facets
containing either CTAB or the high density MTAB. The low frequency (0 — 250 cm~!) are shown
here. While there are differences in the ligand spectra, spectral overlap (Eq. (11)) is not signif-
icantly different for these ligands with either their corresponding gold spectra, or the interfacial
solvent.

The vibrational densities of states of all species in spherical MTAB systems, at both low and
high densities, are shown in Figure 9, highlighting the low frequency (0 — 250 cm~!) heat-carrying
modes. As is the case in the planar systems, only interfacial solvent is shown. In the low density
MTAB systems, the gold peak around 70 cm~! is a bit larger in magnitude than in the high density
systems. Regardless of the MTAB density, the ligand spectra do not differ significantly, and the
solvent spectra are also unchanged. There are no obvious differences in the spectra of any species
in non-polarizable versus polarizable systems. All VDOS results for the polarizable systems are

provided in the SI.
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Figure 9: Vibrational densities of states (VDOS) for all species for high and low density spherical
MTAB systems. Other than small differences around 70 cm~! in the gold spectra between high
and low density systems, there are no significant differences in the other species.

A vibrational overlap parameter,

N If\ Pa(@)pp(®)
O _/0 do ho (ﬁ) S (o) (@) (11)

represents the frequency-weighted overlap portion of the DMM expression for G. Here, p,(®)
and pp(®) are normalized densities of states for the two species, and the derivative of the Bose-
Einstein function effectively weights the lowest frequency portion of the spectra (0-150 cm™1).
The densities of states are defined in Eq. (9), with velocities projected in a direction perpendicular

to the interface. Data on the overlap values are provided in Table 3.
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The overlap in power spectra between species, as defined by Eq. (11), is not predictive of the
differences in interfacial thermal conductance. While there are notable differences in the structures
of the ligand spectra, the integrated overlap between the gold/MTAB and gold/CTAB pairs appear
to be roughly equal, despite the significantly higher G values in MTAB systems. Rather, the pres-
ence of the strong Au-S bond is a better predictor of increased conductance, and interpenetration
by the ligand and solvent also plays a role. This is further evidence that the predictions of DMM

are missing important information about the inter-species contact.

Table 3: Vibrational Density of States overlap between ligand/gold and ligand/water pairs

Non-polarizable Polarizable
Gold Water Gold Water
planar (111) 0.103(1) 0.049(3) | 0.102(3) 0.048(1)
3.35 CTAB / nm? planar (110) 0.104(3) 0.049(1) | 0.106(4) 0.049(1)
planar (100) 0.108(4) 0.050(1) | 0.104(2) 0.0488(2)

Solution Phase Metal Structure

planar (111) 0.109(4) 0.049(1) | 0.112(3) 0.049(1)
planar (110) 0.109(2) 0.049(3) | 0.107(3) 0.048(1)
planar (100) 0.112(4) 0.050(1) | 0.112(4) 0.0490(4)
sphere, =10 A | 0.113(3) 0.054(1) | 0.116(6)  0.055(1)

3.35 MTAB / nm?

planar (111) | 0.101(2) 0.049(1) | 0.098(2) 0.047(1)
planar (110) | 0.103(3) 0.048(1) | 0.102(4)  0.047(1)
planar (100) | 0.102(6) 0.049(1) | 0.102(4)  0.048(1)
sphere, =10 A | 0.102(6) 0.052(1) | 0.103(4)  0.052(1)

1.65 MTAB / nm?

Physical Contact Between Species

In previous studies of gold interfaces functionalized with thiolated ligands in liquid phase solvents,
increased contact between the ligand and solvent was correlated with higher conductance through
the interface. %7293 To determine if the same trend was present in this work, we calculated the

Bhattacharyya coefficients (BC) for both ligand/gold and ligand/solvent pairs using normalized
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mass densities. In planar systems containing molecules A and B,

BC — / S ra@ps) dz (12)

where pa(z) and pp(z) are the probability densities of molecules A and B, respectively, calculated

using
Pa(z)

TE oa( "

pa(z) =

for species A, where p4(z) is the mass density of species A and the bounds of the integrals are the

outermost locations of the ligand in the z direction. Similarly, for spherical systems,

Fouter

BC = 47rr2\/pA(r)pB(r)dr (14)

Tinner

where p4(r) and pp(r) are the probability densities of molecules A and B, respectively. Likewise,

in spherical geometries, the probability densities,

pa(r)
Anr2pa(r)dr

pA(r) = frouter (15)

Tinner

for species A, where p4(r) is the mass density for molecule A and the bounds of the integrals
span all values r containing the ligand. Pairs of species with no contact will produce a BC value
of 0, while complete overlap signifies a BC value of 1. Other investigations of thermal transport
at metal/non-metal interfaces have used BCs to compute the overlap of vibrational densities of
states near the interface,>> while here we are using them to estimate physical contact between two

species.
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Table 4: Bhattacharyya coefficients (Eqs. (12) and (14)) which estimate the degree of density
overlap between ligand and solvent. Uncertainties in the last digit are shown in parentheses.

Solution Phase Metal Structure | Non-Polarizable | Polarizable
planar (111) 0.45(1) 0.45(1)
3.35 CTAB / nm? planar (110) 0.444(6) 0.47(3)
planar (100) 0.45(1) 0.446(9)
planar (111) 0.69(5) 0.67(5)
3.35 MTAB / nm? planar (110) 0.70(3) 0.73(4)
planar (100) 0.66(7) 0.67(7)
sphere, r = 10 A 0.77(1) 0.787(6)
planar (111) 0.861(2) 0.863(3)
165 MTAB / 2 planar (110) 0.879(3) 0.880(2)

. nm

planar (100) 0.858(7) 0.850(8)
sphere, r = 10 A 0.851(8) 0.830(8)

Of all of the measures we have used to quantify the structure and dynamics of the interfacial
region, the BC for the ligand—water pairs correlate most strongly with the trends in G in Table 1.
The smallest degree of contact between these species are found in the CTAB systems, as water is
nearly excluded from the high density CTAB bilayers. A much larger degree of overlap is present
in in the MTAB systems. There is also more contact and overlap between water and the low density
MTAB than is observed in the high packing density MTAB. This is also consistent with the higher
conductance values found in the lower density MTAB systems. The relatively strong correlation

between the ligand—solvent BC and the interfacial thermal conductance is evident in Figure 10.
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Figure 10: Interfacial thermal conductance correlates strongly with the ligand—solvent density
overlap (as measured using Bhattacharyya coefficients). This relationship holds for both the CTAB
and MTAB systems.

The BC values for the ligand—gold pairs were also calculated. Given the lack of a strong bond
between gold and CTAB, it is no surprise that there is also no density overlap between CTAB and
gold in any of the systems. The BC values for the MTAB—gold pair are also < 1073 in the planar
systems, which is consistent with the lack of overlap between the mass densities in Figures 5 and
6. However, the BC for the MTAB—gold pair in spherical systems is significantly higher. For the
high density MTAB systems, BC = 0.28(3) for non-polarizable systems and 0.26(5) for polarizable
systems. For the low density MTAB systems, BC =0.25(2) for non-polarizable systems and 0.25(4)
for polarizable systems. This may simply be an indication of restructuring and faceting of the

spherical metal particles, as facets will allow gold atoms on a ridge and adsorbed sulfur atoms on a
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flat facet and to have the same radial distance from the center of the particle. We note that this data
excludes simulations containing ligands which detached from the metal surface, as this interferes
with the normalization of the ligand state density.

We note that in previous studies involving thiolated PEG ligands, BC values from 0.5-0.7
for ligand-water interactions were observed, but these systems also exhibited significant density
overlap between the gold and ligand layers (0.05-0.3).5>° Both density overlap values provide
information about the inter-layer couplings, although no quantitative model has been established

between these coefficients and the interfacial thermal conductance.

Examination of Charge Penetration at the Interface

DR-EAM is a polarizable model that uses point charges to represent electronic densities of metallic
atoms.*” Using this model, it is possible to query the degree of charge penetration at the interface.
This seems particularly important for CTAB, as the binding motif on gold is thought to be with
either the Br~ or TAB* moieties in direct contact with the gold surface. The proximity of these
ions should create image charges or image dipoles in the metal, altering the coupling between the
ligand and the surface. The MTAB systems provide a useful comparison for both the magnitude
and depth of polarization in the metal.

We note that we did observe an increase in G in CTAB-capped gold interfaces when the gold
was modeled with polarizable atoms. To further examine this phenomenon, we have computed the
charge density as a function of z for planar systems which contain CTAB or high density MTAB,

shown in Figure 11.
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Figure 11: Charge density as a function of z for planar systems containing CTAB (top) or high
density MTAB (bottom) with polarizable gold. The red line indicates the interface between gold
and the ligand (the point at which the mass densities of both species are effectively 0). Note that
the systems have been re-centered so that the center of each metal structure is located at z = 0.

In the CTAB systems, the small positive peak directly adjacent to the interface is due to the
amine nitrogen in TAB™, although the Br~ ion can also be found near the gold surface, so the net
charge density from the ligand remains small. The negative peaks on the gold side of the interface
are the image charge response of the gold surface to the external positive layer of charge. Notably,
the (111) and (110) facets contain two adjacent negative image charge peaks indicating that the
charge polarization extends two metal layers (~ 4 A) into the surface. Positive polarization occurs
in the layer below this, where again it is represented by two adjacent positive peaks in the (110)

facet.
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In the MTAB systems, the twinned positive and negative peaks adjacent to the interface are due
to a small number of Br~ ions and water molecules adsorbed close to the surface. We observe al-
ternating polarization of the gold layers in response to the presence of the surface-adjacent species,
and this polarization extends to an additional two layers below. We also note that the magnitudes
of all charge density peaks in the MTAB systems are significantly larger than those in the CTAB
systems. The CTAB ligands are not bound strongly to the gold and are free to adopt more dif-
fuse configurations over time, distributing the effect of local polarization. Conversely, the MTAB
ligands are anchored to the gold via the S-Au bond and trap local pockets of Br™ ions and water
molecules, creating significant charge perturbations adjacent to the surface.

Although the CTAB’s binding motif includes a monolayer with two ions in close proximity
to the gold, this does not produce a large perturbation of localized charge in the metal surface.
In other studies with small ionic surfactants (sodium citrate) or ligands which permit significant
water penetration close to the surface (thiolated PEG), the charge densities were between 5 — 10
times larger than those observed here.**3%3% It appears that water polarization of the surface is
a significant contributor to this effect. This polarization could also be enhancing the gold-ligand

coupling in the MTAB systems, leading to the large thermal conductance across this interface.

Conclusions

We have examined the differences in thermal conductance across gold interfaces functionalized
with both CTAB and MTAB at reasonable surface densities for nanoparticle synthesis. We studied
the effects of gold facet, curvature (where possible), and polarizability, as well as ligand identity
and packing density in MTAB. Our primary finding is that G is higher in systems capped with
MTAB rather than CTAB, likely due to the metal-to-sulfur bond present between MTAB and gold.
Conversely, CTAB is a barrier to heat transfer relative to the bare metal interface, in addition to
its known cytotoxicity. Factors such as metal polarizability are significant only in the systems

capped with CTAB, suggesting that they dominate G only in the absence of strong metal-to-ligand
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coupling. Analysis of orientational order parameters revealed that while the higher density MTAB
ligands are orientationally ordered but not aligned with the surface normal, the molecular director
axis in lower density MTAB ligands is perpendicular to the gold surface. The diffuse mismatch
model (DMM) and vibrational densities of states are not predictive of larger trends in thermal con-
ductance in these systems, and it is instead the physical contact between the ligand and solvent, as
measured by density overlap statistics, that correlates most strongly the interfacial thermal conduc-
tance. We also determined that the magnitude of excess charge density is larger in the high density
MTAB systems than in systems containing CTAB. If the goal is for a water solubile, biocompatible
ligand with a high degree of thermal conductance to the surrounding medium, a low density MTAB

surfactant would appear to be a reasonable choice.

Data and Software Availability

The data used in this study (force field parameters, initial configurations, scripts and meta-data)
are available at DOI: 10.5281/zenodo.14232345 Many of the parameters and details are also re-
produced in a human-readable format in the Supporting Information. All simulations utilized the
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OpenMD molecular dynamics engine (See github.com/OpenMD/OpenMD),>* which is available

under a BSD 3-clause license . All analysis tools utilized here have been built-in to OpenMD.
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