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Abstract

Reverse non-equilibrium molecular dynamics (RNEMD) simulations were used to study

heat transport in solvated gold interfaces which have been functionalized with a low molecular

weight thiolated polyethylene glycol (PEG). The gold interfaces studied included (111), (110),

and (100) facets, as well as spherical nanoparticles with radii of 10 and 20 Å. The embedded

atom model (EAM) and the polarizable density-readjusted embedded atom model (DR-EAM)

were implemented to determine the effect of metal polarizability on heat transport properties.

We find that the interfacial thermal conductance values for thiolated PEG capped interfaces are

higher than those for pristine gold interfaces. Hydrogen bonding between the thiolated PEG

and solvent differs between planar facets and the nanospheres, suggesting one mechanism

for enhanced transfer of energy, while the covalent gold sulfur bond appears to create the

largest barrier to thermal conduction. Through analysis of vibrational power spectra, we find

an enhanced population at low frequency heat carrying modes for the nanospheres, which may

also explain the higher mean G value.

Introduction

The unique optical properties of gold nanostructures make them useful candidates for biomedical

applications such as photothermal therapies.1–6 The localized surface plasmon resonance allows

excitation of conduction band electrons upon irradiation with light at the same frequency as the

plasmon resonance, giving gold nanostructures the ability to absorb light at particular wavelengths

in the near IR.

Due to their similarities to sulfur-containing biological molecules, thiols and thiolates that func-

tionalize gold nanoparticles have been studied extensively.7–12 The thiol functional group is present

in the amino acid cysteine, and cysteine adsorption onto gold has been studied both computation-

ally13–15 and experimentally.14,16 Upon reaction with colloidal gold, thiols have been shown to

bind to the gold via a strong S-Au bond, releasing hydrogen gas by breaking the S-H bond. In

one study, the presence of hydrogen gas was confirmed using gas chromatography.17 Alterna-
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tively, thiolate-capped gold nanoparticles can be synthesized via a ligand exchange reaction18 or

a two phase reduction.19 For this work, we are concentrating on a low molecular weight thiolated

polyethylene glycol (PEG) as a ligand. PEG is a biocompatible, water-soluble polymer with a

molecular length that can be tailored for a variety of uses, notably as a bioconjugation agent.20

The transfer of heat through nanomaterials functionalized with thiolated PEG is important in po-

tential application to both photothermal and gene therapies.21–23

Significant experimental24 and simulation studies25–29 have contributed to our current under-

standing of heat transfer through thiolate-capped gold interfaces. Using time-domain thermore-

flectance, Harikrishna et al. determined the interfacial thermal conductance (G) from a planar

gold film capped with a variety of alkanethiol self-assembled monolayers (SAMs) which were sol-

vated in water. They concluded that varying the terminal group of the alkanethiols changed the

conductance, but the change could also be caused by the ability of water molecules to penetrate

between the alkanethiol chains.24 Their measured values of G were supported by molecular dy-

namics (MD) simulations of the same systems by Hung et al.30 They found that the crowding of

water molecules between the alkanethiols did indeed influence G, suggesting that it could be tuned

by controlling, either via the terminal functional group or the SAM binding density, the ability of

water to aggregate near the terminal end of the ligands.30

There is significant debate over how the size of a solvated gold nanosphere influences thermal

transport due to changes in surface curvature. Tascini et al.31 and Jiang et al.32 determined that in

systems of Lennard-Jones spherical nanoparticles solvated in a Lennard-Jones fluid, G increased

with decreasing particle size. The prevailing argument for this trend is that the increase in under-

coordinated surface atoms in smaller nanospheres creates a larger angle of contact between the

surface atoms and the surrounding solvent. However, a study of gold nanospheres solvated in hex-

ane concluded that while G increased from a flat Au(111) surface to spherical particles, there was

very little size dependence over a range of particle radii from 20 Å - 40 Å.33 Additionally, a study

of gold nanoparticles capped with various alkanethiolates and solvated in hexane found that ligand

structure and rigidity had a larger effect on the value of G than the size of the particle core.26 In
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studies of pristine spherical gold nanoparticles solvated in water, the increase in conductance due

to gold surface curvature was explained by the increase in the number of water molecules (energy

carriers) close to the gold surface.34–36 These results suggest that all three effects; coordination

number of surface gold atoms, metal-to-ligand coupling, and metal-to-solvent interactions may

impact interfacial thermal conductance.

Simulations of heat conduction through flat Au(111)-hexane interfaces with mixed-chain alka-

nethiolate ligands showed that ligand chain alignment has a significant impact on interfacial ther-

mal conductance. Solvent molecule entrapment, in which hexane molecules were embedded be-

tween adjacent alkanethiolate ligands, substantially affected G. Orientational alignment between

the solvent and ligand was found to increase thermal transfer from the ligand to the entrapped

solvent molecules.25 Stocker et al. and Harikrishna et al. separately determined via simulation25

and experiment24 that interfacial thermal conductance is not directly dependent on the ligand chain

length in systems containing thiolate-capped gold. This can potentially be explained by ballistic

heat transport through the ligand chains on the metal surface.37

Few previous simulation studies have considered the role that metal polarizability plays in these

thermal transport processes. In this work, we utilize the density-readjusted embedded atom model

(DR-EAM) from Bhattarai et al.,38 which is a polarizable metal potential. The metal charges

are propagated along with the atomic positions and velocities in simulations where DR-EAM is

implemented. Two previous studies39,40 found that G increases when DR-EAM is implemented in

systems of pristine Au(111) solvated in water.

In this work, we have simulated thermal transport through planar Au surfaces and small Au

nanospheres which have been capped with a fixed surface density of a low molecular weight thi-

olated PEG, S( – CH2CH2O – )3H. To study the effect of different surface facets, we used planar

gold systems which expose the (100), (111), and (110) facets of crystalline gold to the ligand and

solvent. Gold nanospheres (r = 10 Å and r = 20 Å) were simulated with the same surface ligand

density, but they were encased in a solvent cloud rather than a periodic box. Details on the systems

and the methods for generating thermal transport are presented in the following sections.
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Methods

To simulate thermal transport, we utilized velocity shearing and scaling reverse non-equilibrium

molecular dynamics (VSS-RNEMD).41 In this method, an unphysical kinetic energy (or momen-

tum) flux is applied by scaling (or shearing) particle velocities in two separated regions of the sim-

ulation. These regions are typically rectangular slabs in planar geometries and concentric spheres

in the non-periodic geometries.33 Temperature (or velocity) gradients form between the regions in

response to the applied fluxes. To generate the fluxes, velocities are modified for particles i in the

cold slab and particles j in the hot slab:

vi ← c · (vi−⟨vc⟩)+(⟨vc⟩+ac) (1)

v j ← h · (v j−⟨vh⟩)+(⟨vh⟩+ah) (2)

where ⟨vh⟩ and ⟨vc⟩ describe the instantaneous center of mass velocities for all molecules occupy-

ing the hot and cold slabs, respectively. At every timestep, velocities are scaled by two variables, h

and c, while ac and ah are shearing terms that alter the relative mean velocities between the slabs.

The applied flux values and conservation of energy and momentum provide simple solutions for

the scaling (c and h) and shearing (ac and ah) variables.

In standard NEMD methods, a gradient is applied using thermostats in two different regions,

and a flux is calculated from the changes made to the velocities. In RNEMD methods, the flux is

applied and the system’s response (either a thermal gradient or temperature drop at an interface) is

measured. In practice, either approach can be used with Fourier’s law to compute thermal transport

properties. However, applied flux methods like the one used here can be made to satisfy conser-

vation of energy and linear momentum, and can be added to any molecular dynamics integration

method.

The effects of gold morphology and surface polarizability on the solvent thermal conductivity

and interfacial thermal conductance were investigated. We determined the organization of the

ligand layer and its contact with both the metal and solvent, as well as the hydrogen bonding
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density between the ligand and solvent, the magnitude of metal-to-ligand and ligand-to-solvent

coupling via Bhattacharyya coefficient calculations, and the vibrational power spectra.

Force Fields

For metallic interactions, we used the embedded atom model (EAM) parameterized by Zhou et

al.42 for non-polarizable systems and the density-readjusting embedded atom model (DR-EAM)

by Bhattarai et al.38 for polarizable systems. These two models give nearly identical bulk metallic

properties for gold, but differ in how they interact with charged and polar species at the surface of

the metal. All systems were solvated in liquid water which was simulated using the SPC/E water

model.43 Water molecules were simulated as rigid bodies, so no bond or angle constraints were

imposed.

The thiolated PEG parameters were adapted from multiple sources. The TraPPE united-atom

force field was utilized for most Lennard-Jones parameters, bond lengths, and bend and torsion

parameters.44–46 We implemented a fully flexible thiolated PEG model, and bond stretch force

constants were adapted from OPLS-UA and OPLS-AA.47,48 The cross interactions between gold

and other atom types were adapted from Schapotschnikow et al.49

Interactions between gold and water were modified from the Mie potential from Dou et al.50

The details of all force field parameters are provided in the Supporting Information (SI).

Simulation Protocol

The following systems of interest were constructed: Planar interfaces of single-crystalline gold

exposing the (111), (110), and (100) facets, as well as spherical gold nanoparticles (10 Å and

20 Å radii). These five systems were studied using both non-polarizable (EAM) and polarizable

(DR-EAM) metallic models, yielding a total of ten unique systems. All metallic systems were con-

structed with a lattice constant of 4.08 Å. For each system, four statistically independent samples

were created by resampling the positions of the thiolated PEG molecules at the gold surfaces using

Packmol.51 In all systems, the sulfur atoms of the thiolated PEG molecules were initially placed
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within 3 Å of the gold surface. Orientational preferences were enforced in the initial configurations

by placing the terminal hydroxyl hydrogen at least 9 Å away from the same surface. On nanopar-

ticles (centered at the origin), the sulfur atoms were placed inside a sphere that was 1-3 Å larger

than the radius of the nanosphere, while orientations enforced by placing hydroxyl hydrogens at

least 10 Å farther away from the nanoparticle surface. These yielded relatively uniform initial

orientations for all ligand molecules. Built-in OpenMD utilities were used to combine the metal

and ligand components and to solvate the systems. Each system then underwent steepest descent

structural optimization prior to equilibration.

Initial atomic velocities were sampled from a Maxwell-Boltzmann distribution at 300 K. Planar

systems then underwent structural relaxation for 20 ps in the canonical (NVT) ensemble, followed

by a 400 ps equilibration in an isobaric-isothermal (NPT) ensemble with characteristic time con-

stants, τbarostat = 5000 fs and τthermostat = 100 fs to adjust the volume of the simulation cell. This

was followed by 200 ps of thermal equilibration (NVT) with τthermostat = 100 fs and 200 ps of

equilibration in the microcanonical (NVE) ensemble. These systems were subsequently simulated

for 100 ps in the NPAT (constant normal pressure with the surface area of the interface held con-

stant) ensemble. A Nosé-Hoover thermostat52 and modified Nosé-Hoover-Andersen53 barostat

were used for constant temperature and pressure ensembles, respectively. A time step of 1 fs was

used for all simulations.

Spherical gold nanoparticles were constructed by carving out a spherical region from an fcc

lattice (a = 4.08 Å) with a radius of either 10 or 20 Å. The atoms were assigned velocities from

a Maxwell-Boltzmann distribution at 5 K, and the pristine nanoparticles were incrementally equi-

librated at 5 K, 100 K, 200 K, and lastly 300 K in a Langevin Hull,54 which can sample con-

stant temperature and pressure ensembles in non-periodic systems. As described above, Packmol

and OpenMD were used to resample ligand positions and combine components.51,55 One gold

atom closest to the origin in each nanoparticle was given an artificially large mass to prevent the

nanoparticle from drifting. These non-periodic systems were first equilibrated for 200 ps using the

Langevin Hull integrator54 and a resampling of velocities from a Maxwell-Boltzmann distribution
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at 300 K every ps. This was followed by an additional 250 ps of equilibration using the Langevin

Hull integrator without velocity resampling.

All systems were built with similar thiolated PEG surface densities (4.70 molecules/nm2 for

spherical systems with a gold radius of 10 Å, 4.66 molecules/nm2 for spherical systems with a

gold radius of 20 Å, 4.81 molecules/nm2 for planar (111) facets, 4.67 molecules/nm2 for planar

(110) facets, and 4.63 molecules/nm2 for planar (100) facets. These densities amount to an ap-

proximate coverage of 1 thiolated PEG molecule for every 3 surface gold atoms. Representative

configurations of the systems are shown in Figure 1.

Figure 1: Representative configurations of the simulated systems. Top: Au(111) facet function-
alized with thiolated PEG and solvated in SPC/E water. Bottom left: A gold nanosphere with a
10 Å radius. Bottom right: A gold nanosphere with a 20 Å radius. Gold and sulfur atoms have
been represented with van der Waals spheres. The rest of the united atom thiolated PEG ligands
are shown with bonds. The SPC/E water occupies the remaining volume. Detailed specifications
of these systems are provided in the Supporting Information (SI).
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After equilibration, a thermal flux was applied to all systems using the velocity shearing

and scaling (VSS) RNEMD methodology developed by Kuang and Gezelter.41 The magnitude

of the thermal flux was chosen so that the heat rate through the metal/solvent interface was ap-

proximately equal in all systems. The applied thermal flux was 8.8× 10−6 kcal mol−1Å−2 fs−1

(6100 MWm−2) for nanoparticles with a radius of 10 Å, 3.6× 10−6 kcal mol−1Å−2 fs−1 (2500

MWm−2) for the 20-Å nanoparticles, and 5.0× 10−6 kcal mol−1Å−2 fs−1 (3500 MWm−2) for

all planar systems. The thermal flux was applied for 5 ns in all systems.

Calculation of Thermal Transport Properties

To calculate the thermal conductivity (λ ) in the bulk solvent phase, we can use Fourier’s law,

J =−λ∇T, (3)

where J is the thermal flux and ∇T is the temperature gradient. In RNEMD simulations, J is

an (unphysical) applied perturbation, and the system responds by creating a thermal gradient. In

planar systems, the thermal flux is applied in a direction normal to the interface (in this case the

z-axis). From the applied flux, Jz, we can also calculate the interfacial thermal conductance,

G =

(
Jz

∆T

)
(4)

where ∆T is the temperature difference calculated across the interface.

In planar systems, thermal gradients are computed using histograms containing local informa-

tion about the temperature in 1.8 Å wide bins which span the width and breadth of the system. We

define the interfacial region, i.e. the region spanning the metal / ligand / solvent interface, from the

last bin which contains only gold atoms to the first bin which contains only water. In computing

the interfacial thermal conductance, the temperature jump, ∆T , is measured across the entire in-
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terfacial region. Calculations of solution-phase thermal conductivity (λ ) include only bins in the

pure solvent phase.

For spherical nanoparticles, we use a series approximation for the Kapitza resistance for con-

centric spherical shells,

RK =
1
G

=
1
qr

∑
i

4πr2
i (T (ri+1)−T (ri)) (5)

The idea here is that heat must pass through successive spherical shells with an identical radial

heat rate, qr, rather than the applied radial flux, Jr. We accumulate statistics on 1.25 Å wide shells,

but here each shell has a different surface area and volume. Shell i has inner radius ri, and the

average temperature of that shell is T (ri). The interfacial region is defined as a finite-width region

starting at a shell containing only gold atoms and ending at a shell containing only water. In

previous work, we showed that varying the width of the interface used for calculating G remains

relatively stable as long as it spans the entire interfacial region.40 Transfer of heat from one shell to

another contributes a small amount to the Kapitza resistance. The total resistance for the interface

is therefore the sum of all concentric contributions, yielding the finite width approximation for the

interfacial thermal conductance in Eq. (5).

Results and Discussion

Thermal Transport Properties

The solvent thermal conductivity and interfacial thermal conductance values for planar interfaces

are shown in Table 1. As expected, solvent thermal conductivity values are similar to those cal-

culated in pristine Au(111). However, the values of G are higher here compared to the pristine

interface.40 In this work, there is no significant difference in G across the planar facets in con-

tact with the ligand, meaning that the surface ordering of gold atoms does not dominate thermal

transport in these systems.

The interfacial thermal conductance values for spherical systems are shown in Table 2. Com-
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Table 1: Solvent Thermal Conductivity (λ ) and Interfacial Thermal Conductance (G) Values
for Systems Containing Planar Gold Interfaces Capped with Thiolated PEG

Facet Metal λ (Wm−1 K−1) G (MW m−2 K−1)

(111)
non-polarizable 1.02 ± 0.02 211 ± 15

polarizable 1.01 ± 0.03 208 ± 4

(110)
non-polarizable 1.01 ± 0.03 215 ± 7

polarizable 1.01 ± 0.03 217 ± 8

(100)
non-polarizable 0.98 ± 0.04 207 ± 9

polarizable 1.00 ± 0.03 209 ± 5

pared with the planar interfaces, the reported mean values of G are larger for systems with higher

curvature, but we note that only a few of these values fall outside of the 95% confidence intervals

of comparable systems, i.e. the same treatment of metal polarizability. The differences in the value

of G for 10 Å and 20 Å particles fall within confidence intervals.

Table 2: Interfacial Thermal Conductance (G) Values for Systems Containing Spherical Gold
Interfaces Capped with Thiolated PEG

Radius Metal G (MW m−2 K−1)

10 Å
non-polarizable 250 ± 25

polarizable 217 ± 77

20 Å
non-polarizable 307 ± 112

polarizable 244 ± 45

To examine the organization of the ligand and solvent layers, we have computed the thermal

profiles and local mass densities of each species in the systems of interest. These are shown in

Figure 2 (and for the polarizable surface in the Supporting Information). We note that the tem-

perature drops most sharply between the gold surface and the sulfur atoms on the ligand, indicat-

ing location of highest thermal resistance (RK = 1/G). While ballistic transport can occur across

molecular junctions,37 there is a significant amount of disorder present at this interface. As can be

seen in the mass density profiles, the thiolated PEG molecules partially penetrate the first surface
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gold layer, embedding sulfur atoms in the top gold plane, and displacing a few surface gold atoms.

This penetration occurs to the greatest extent at the Au(111) interfaces. The water molecules also

display less ordered layering directly adjacent to the bound ligands in these systems, suggesting

that the embedding behavior of the thiolated PEG directly affects the structuring of the solvent.

We also note an appreciable density of water that congregates in the spaces between the thiolated

PEG molecules. Other than slight differences in thiolated PEG penetration at Au(111) interfaces,

metal polarizability appears to make no significant difference in the ordering and structure of any

species. Thermal profiles and mass densities of each species in planar systems using the polarizable

DR-EAM metallic potential are available in the SI.
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Figure 2: Under an applied thermal flux, temperature drops are largest at the location of the Gold-
Sulfur bond. (Top) Thermal profiles of planar systems simulated using the non-polarizable EAM
potential. Shading indicates the 95% confidence interval for computed temperatures, while the
black dots are the bounds of the interfacial region used for computing conductance. (Bottom)
Mass densities of each species. z = 0 represents the center of the gold slabs.

12



The thermal profiles and local mass densities of all species in the non-polarizable nanosphere

systems are shown in Figure 3. Note that in the nanoparticle systems, average solvent temperatures

at the Langevin Hull (far from the particle) spanned a range from 288-301 K, so we show here the

temperature difference from the solvent near the hull, i.e., as r → ∞. When plotted this way,

temperature gaps at the interface are relatively uniform across different samples. The water shows

more embedding in the thiolated PEG layer than in planar systems, and more embedding of the

ligand layer is also apparent. As in the planar systems, the thiolated PEG partially penetrates into

the surface of the gold nanospheres. One notable feature is that the water appears to be clustered

near the oxygen atoms in the thiolated PEG layer, suggesting that local hydrogen bonding may be

important. The thermal profiles and local mass densities for the polarizable nanosphere systems

are available in the SI, as metal polarizability appears to make no difference in the mass density

picture, and there are no obvious particle radius effects that would influence the amount of contact

between any species.
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The large observed interfacial thermal conductance in these systems would require coupling

between both the metal surface and the ligand, and between the ligand and solvent. The strong Au-

S bonding interaction provides the metal-to-ligand coupling, but what provides ligand-to-solvent

coupling? Other groups have commented on the potential link between increased solvent-ligand

interactions and an increase in G.24–26,30 To quantify the physical overlap between species, we

explored whether molecules in the same physical region (i.e. the ligand layer) had probability of

being at the same physical distance from the interface. We calculated the Bhattacharyya coefficient

(BC) for each pair of species using normalized mass densities to determine probability densities.

In planar systems containing molecules A and B,

BC =
∫ zR

zL

√
pA(z)pB(z)dz (6)

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

using

pA(z) =
ρA(z)∫ zR

zL
ρA(z)dz

(7)

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

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

BC =
∫ router

rinner

4πr2
√

pA(r)pB(r)dr (8)

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

in spherical geometries, the probability densities,

pA(r) =
ρA(r)∫ router

rinner
4πr2ρA(r)dr

(9)

for species A, where ρA(r) is the mass density for molecule A and the bounds of the integrals

span all values r containing thiolated PEG. The resulting BC values are unitless numbers between

0 and 1, where 0 signifies no overlap between the two species and 1 signifies complete overlap
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in the ligand region. A higher BC would indicate increased contact between two species. We

note that in other investigations of thermal transport at metal / non-metal interfaces, Bhattacharyya

coefficients have been calculated using the vibrational densities of states (VDOS) of two species at

an interface,34 while the treatment here provides a measure of physical interpenetration rather than

vibrational overlap. However, we have also investigated the vibrational overlap, which is shown in

Table S10 in the SI.

To investigate the extent of contact between the two pairs of molecules, we calculated the cor-

responding BC values which are shown in Table 3. There is a large amount of overlap between

water and thiolated PEG, with little difference across the three planar geometries. Additionally,

gold polarizability does not significantly alter the BC in either the planar or spherical cases. In-

terestingly, the BC values in the spherical systems are higher than those for the planar systems,

indicating significantly more physical contact between the ligand and solvent. This could explain

a mechanism for enhanced thermal transport at curved nanoparticle interfaces (relative to their

planar counterparts) with porous ligand layers.

In the planar systems, the density-based BC values confirm that the (111) facet has more em-

bedding of the thiolated PEG into the top gold layer (see Figure 2). However, the difference in BC

values here is small. Water / thiolated PEG BC values indicate nearly identical overlap across all

facets, and this is reflected in the resulting values of G.

Factors Governing Ligand-to-Solvent Coupling

The strong metal-to-ligand coupling is one reason that G is relatively high in these systems, but the

orientation, interpenetration, and hydrogen bonding preferences of the thiolated PEG molecules are

all worth investigating, as previous work has correlated ligand-to-solvent orientational alignment

with increased thermal transport.25 We determined the average alignment of ligand molecules

relative to the gold surface by calculating the second order Legendre parameter,

⟨P2⟩=
1
2
〈
3cos2

θ −1
〉

(10)
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Table 3: Bhattacharyya Coefficients showing degree of density overlap between the thiolated
PEG and the other two components of the metal / ligand / water systems.

Facet Metal
BC with thiolated PEG (unitless)

Water Gold

(111)
non-polarizable 0.552 ± 0.028 0.107 ± 0.032

polarizable 0.526 ± 0.034 0.126 ± 0.026

(110)
non-polarizable 0.564 ± 0.025 0.048 ± 0.011

polarizable 0.557 ± 0.038 0.050 ± 0.005

(100)
non-polarizable 0.559 ± 0.059 0.058 ± 0.012

polarizable 0.554 ± 0.043 0.043 ± 0.008

NP (r = 10 Å)
non-polarizable 0.671 ± 0.038 0.258 ± 0.037

polarizable 0.661 ± 0.023 0.302 ± 0.031

NP (r = 20 Å)
non-polarizable 0.664 ± 0.029 0.201 ± 0.052

polarizable 0.684 ± 0.026 0.175 ± 0.095

where θ is the angle between the vector between the sulfur and terminal hydroxyl hydrogen atoms

in each thiolated PEG molecule and the vector normal to the metal surface at the attachment point.

If all thiolated PEG molecules are oriented perpendicular to the metal surface, then ⟨P2⟩ = 1.

Likewise, completely disordered ligands will produce ⟨P2⟩= 0.

The orientational order parameters for all systems are shown in Table 4. Within confidence

intervals, the planar interfaces exhibit ligand chain ordering that are independent of facet, while

high curvature nanospheres (r = 10 Å) show the lowest orientational ordering. The lower curva-

ture nanospheres (r = 20 Å) are intermediate. We note that there is a slight preference for ligand

ordering on the (110) facet relative to the other planar facets. Most of the orientational ordering

parameters for non-polarizable planar systems are within error of their polarizable counterparts.

There is a significant increase in ligand ordering in the larger nanospheres when the gold is polar-

izable, although this is the only system that exhibits this behavior. The lower orientational ordering
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Table 4: Structural properties of the planar and nanosphere interfaces. This table provides
second order Legendre parameters and Hydrogen bond surface densities.

Gold Structure Metal
⟨P2⟩ H-bonding density

(unitless) (Å−2)

(111)
non-polarizable 0.819 ± 0.013 0.147 ± 0.002

polarizable 0.819 ± 0.007 0.147 ± 0.007

(110)
non-polarizable 0.836 ± 0.013 0.142 ± 0.003

polarizable 0.835 ± 0.014 0.145 ± 0.005

(100)
non-polarizable 0.805 ± 0.009 0.144 ± 0.002

polarizable 0.812 ± 0.014 0.143 ± 0.005

NP (r = 10 Å)
non-polarizable 0.709 ± 0.010 0.132 ± 0.002

polarizable 0.715 ± 0.006 0.131 ± 0.001

NP (r = 20 Å)
non-polarizable 0.743 ± 0.006 0.116 ± 0.002

polarizable 0.759 ± 0.006 0.118 ± 0.002

in the nanosphere systems is to be expected, as the configurational volume available to the terminal

ends of the chains is significantly higher than in the planar systems (with the same surface packing

density).

To further probe the ligand-solvent interactions, we determined the hydrogen bonding density

between water and thiolated PEG. We examined all potential donor and acceptor atoms (including

the hydroxyl hydrogen) inside hydrogen bonding distance (3.5 Å) from water, with an HOH angle

cutoff of 30◦. Local hydrogen bond densities were computed as a function of surface normal

coordinate (z in the planar systems, r in the nanospheres). Hydrogen bond densities and ligand

mass densities are shown in Figure 4, and the integrated hydrogen bond densities are shown in

Table 4. These values provide a density of ligand-to-solvent hydrogen bonds per surface area of

the metal. For planar systems,

H-bonding density per Å2 =
∫ z

0
ρ(z)dz (11)
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where ρ(z) is the hydrogen bonding per Å3. For spherical systems, integration is done in spherical

coordinates,

H-bonding density per Å2 =
∫

∞

0

( r
R

)2
ρ(r)dr (12)

where ρ(r) is the hydrogen bonding per Å3 and R is the radius of the gold nanosphere.
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Figure 4: Hydrogen bonding densities (Top) and ligand mass densities (Bottom) for all interfaces,
illustrating the changes in the network of hydrogen bonding between planar and nanoparticle sys-
tems. Metal polarizability does not significantly change the hydrogen bonding densities, while the
shape and size of the gold particle appear to have an impact. The planar systems exhibit the most
hydrogen bonding involving the terminal oxygen, while hydrogen bonding with an ether oxygen
is most prevalent in the nanospheres. Gold surface curvature affects the configurational freedom
in thiolated PEG chains, and determines how many water molecules can come within hydrogen
bonding distance of the ligand.
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From this data, we can determine which atoms in the thiolated PEG ligand are responsible

for hydrogen bonding, and how the magnitude of hydrogen bonding varies as a function of metal

polarizability, facet, shape, and size. An extensive hydrogen bonding network between thiolated

PEG and water would mean an additional layer of contact between the ligand and solvent, possibly

explaining the high G values.

In Figure 4, the planar systems each display two distinct peaks, where each peak represents

hydrogen bonding at one of the oxygen atoms in the ligand. The outermost peak comes from

the terminal hydroxyl group. The other, based largely on spacing between the peaks, is due to

an ether oxygen that is three atoms closer to the surface, while the oxygen closest to sulfur does

not participate in hydrogen bonding. In the planar systems, the majority of hydrogen bonding is

occurring at the terminal oxygen. Due to the densely packed network of thiolated PEG molecules,

fewer water molecules are able to congregate between them to facilitate hydrogen bonding. The

magnitude of the hydrogen bonding densities are similar across all planar geometries.

For spherical systems, hydrogen bonding with water favors one of the ether oxygen atoms,

although the terminal hydroxyl group also participates. As in the planar systems, the ether oxygen

most likely to form hydrogen bonds is the outermost one. It is also useful to note that the total

hydrogen bonding per unit area of the gold surface is reduced in the nanospheres (see Table 4). We

observe a higher degree of ligand-to-water hydrogen bonds in the planar system, but the hydrogen

bonding is deeper in to the ligand layer for the nanospheres. Polarizability does not appear to

significantly affect the magnitude or distribution of hydrogen bonding for any system.

Additionally, we computed charge densities as a function of distance from the interfaces. Al-

though there are some observable differences between facets and between the planar systems and

the nanospheres, particularly on the thiolated PEG side of the interface, the polarizability model

appears to have little effect on the interfacial thermal conductance in these systems. Plots of charge

densities are provided in the SI.
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Analysis of Vibrational Power Spectra

The models most widely used to understand interfacial thermal transport have their origins in the

diffuse mismatch model (DMM).56 Although it is rarely quantitative and does not consider inter-

actions between adjoining materials, the DMM can point to factors responsible for enhanced (or

diminished) heat transfer. It assumes that phonons that strike the interface are elastically scattered

and transferred into the adjoining material with a transmission probability that depends on the

phonon densities of states (DOS) in the two materials. At the interface between materials a and b,

the interfacial thermal conductance,

Gab =
1

4π
∑
p

∫
π/2

0
sinθdθ

∫ 2π

0
dφ

∫
∞

0
dω

(
h̄ω

∂ f
∂T

νaρa(ω)τab cosθ

)
(13)

where f is the Bose-Einstein function,

f (ω,T ) =
1

(eh̄ω/kBT −1)
, (14)

and phonons with a polarization p, group velocity νa(ω, p), and incident angles θ and φ are trans-

mitted between a and b with a transmission probability τab(ω).57

If we assume that the transmission probability and group velocity do not depend on incident

scattering angle, the angular integrals are easily solved. Additionally, the derivative of the Bose-

Einstein function has the effect of weighting the lowest frequency portion of the vibrational densi-

ties of states. One of the simplest models for the transmission probability involves using detailed

balance to connect forward and reverse scattering at a frequency ω , that is, τab(ω) = 1− τba(ω).

The connection between Gab and Gba is made clear by treating the remaining contribution to inter-

facial thermal conductance in a symmetric form,

ρa(ω)τab(ω)≈ ρa(ω)ρb(ω)

ρa(ω)+ρb(ω)
. (15)

This shows the importance of having the same phonon frequencies present on both sides of the
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interface in order to carry heat between a and b (and between b and a). This portion of the integrand

only survives if both materials have contributions at the same frequencies. We note that while the

DMM has limited success as a predictive theory, we can still use it to interpret features in our

vibrational power spectra that may explain the higher mean G values in the nanospheres.

To explore the roles of particle curvature, internal hydrogen bonding and metal polarizability,

we have computed the power spectra for vibrational motion,

ρ(ω) =
1√
2π

∫
∞

−∞

⟨v(t) ·v(0)⟩e−iωt dt (16)

where the angle bracket averages over all particles of a given type. We divided the systems into

four regions, interfacial gold (within 5 Å of the interface), the ligand itself, interfacial solvent that

is embedded in the thiolated PEG layer, and bulk solvent that lies outside of the ligand layer, 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 for the nanoparticle systems. Velocity

autocorrelation functions with a time granularity of 3 fs were calculated from these trajectories.

The power spectra are discrete Fourier transforms of these autocorrelation functions. Power spectra

were normalized so that they integrate to unity over the entire frequency range.

We find that the power spectra do not depend on the polarizability model used to represent

the metal, and we also observe very similar spectra for all three planar metal facets. Similarly,

the power spectra for the two nanosphere systems are nearly identical. To aid in comparison, we

have computed the spectra, averaged across metal facet (for the planar systems) and polarizability.

For spherical systems, the spectra were averaged for particles of different radii and polarizability.

For completeness, the spectra for all components of the individual systems can be found in the SI

(Figures S5 and S6).

The averaged power spectra for the gold, thiolated PEG, and the interfacial solvent are shown

in Figure 5. In the gold nanospheres, we observe a broadening and shift in the higher frequency

peak that has been previously attributed to undercoordinated gold atoms at the surfaces of the
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spheres.31,32 We also observe an increase in the low frequency heat carrying modes (0 - 70 cm−1)

for the thiolated PEG. Because of the Bose-Einstein weighting of lower frequency modes, the

enhanced population at these frequencies may explain the higher mean G values found in the

nanospheres. In the interfacial solvent, there is again an increased population at low frequencies

for the spherical systems, here between 0 - 80 cm−1. We also note the lack of overlap between the

thiolated PEG and gold spectra at low frequencies which potentially explains the larger temperature

drop between the two species.

We have also tabulated the Bhattacharyya coefficients (BC) from vibrational power spectra for

the same pairs of species as in Table 3, which are available in the SI. Here, the integral range spans

all computed frequencies (0 - 6000 cm−1). While the mean BC value for the gold / thiolated PEG

pair is higher in the 10 Å nanospheres, the overlap between all other pairs is nearly the same for

all systems, likely due to the unbiased frequency weighting in the calculation of these coefficients.
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Figure 5: Averaged power spectra for gold, thiolated PEG and the interfacial solvent in planar
and nanosphere systems. We show here only the moderate frequency portion (0− 400 cm−1).
Lower-frequency modes attributed to collective motion are most important for heat transfer, and
we observe a slightly higher population from 0−80 cm−1 in the interfacial layers attached to the
nanospheres. This difference persists into the interfacial solvent that is trapped in the thiolated PEG
layer. Note that the planar curve is an average of all polarizable and non-polarizable simulations
of (111), (110), and (100) facets, and the spherical curve is an average of all polarizable and non-
polarizable simulations of nanospheres with radii of 10 and 20 Å.
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Conclusions

We have studied the effects of metal polarizability, shape, facet, and size on heat transfer processes

in gold interfaces functionalized with a low molecular weight thiolated PEG. We found that the

mean values of G in spherical systems are generally higher than those in planar systems. We have

also determined that metal polarizability and the choice of planar facet make little difference in

heat transfer processes in these systems. Additionally, the solvent thermal conductivity remains

nearly constant for all planar systems with the same ligand grafting density. From thermal profiles,

we determined that the largest temperature drop occurs between the gold surface and sulfur atoms

in thiolated PEG, meaning that thermal resistivity is highest at this portion of the interface.

We observed overlap in the mass densities of thiolated PEG and gold, meaning that the ligands

are capable of penetrating and disrupting the gold surface. From the corresponding Bhattacharyya

coefficients, we determined that there is an increased amount of physical contact between all ad-

jacent pairs of species in the nanospheres. We also found that there is an enhanced population

of low frequency heat-carrying modes in the vibrational power spectra of the thiolated PEG and

interfacial solvent in the nanospheres, and this may contribute to the higher mean G values in those

systems. The thiolated PEG molecules are less ordered in the spherical systems, with a larger con-

figurational volume available for the terminal ends of the ligands. The ether oxygen in thiolated

PEG participates in hydrogen bonding with the solvent to a greater degree than the terminal hy-

droxyl group here, a trend that is reversed in planar systems. Interestingly, there is an overall lower

hydrogen bonding density in the nanospheres than in planar systems. Our results suggest that the

strong metal-to-ligand coupling present in thiolated PEG on gold is important for interfacial ther-

mal conductance. This appears to dominate the effects of metal polarizability, facet, and surface

curvature. There may be also be a weak dependence on the location and kind of ligand-to-solvent

hydrogen bonding.

Thiolated PEG is a biocompatible non-ionic ligand which allows gold nanoparticles to be sol-

vated in water. It may not be a surprise that metal polarizability is relatively unimportant for interfa-

cial thermal conductance through a non-ionic protecting group, but there are other bio-compatible,
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aqueous, ionic ligands, such as cetyltrimethylammonium bromide (CTAB), which are candidates

for protecting nanospheres in photothermal therapies. CTAB also has a different binding affinity

to gold than thiolated PEG, and it prevents gold aggregation through a different mechanism (i.e.,

through the formation of micelles). Studies of other biocompatible ligands would help us better

understand how heat transfer is affected by the same factors studied here, as well as how the ionic

character of such a ligand would affect interfacial thermal conductance.
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Abstract

This supporting document provides details of the force field parameters, information on

simulation construction and composition, method validation, and equilibration details for sys-

tems described in the accompanying paper. We also include vibrational power spectra for

all system components, Bhattacharyya coefficients computed from vibrational power spectra,

thermal profiles, mass densities, and charge densities near the interfaces of all polarizable sys-

tems.

System Details

This section contains parameters for non-bonded interactions (Table S1), a soft sphere repulsive

interaction (Table S2), harmonic bonds (Table S3), harmonic bends (Table S4), torsions (Table S5),

embedded atom method (EAM) parameters (Tables S6 and S7), and density-readjusting embedded

atom method (DR-EAM) parameters (Table S8).

Force Fields

The thiolated polyethylene glycol (PEG) interaction parameters are taken from previous force

fields describing ethersS1 and various thiols.S2,S3 We use nonbonded interactions,S1–S3 harmonic

bonds,S1,S4–S6 harmonic bends,S1,S2,S5,S6 and both TraPPES1,S2,S5,S6 and CHARMMS1,S5,S6 tor-

sions to describe the thiolated PEG molecules. The atom types for thiolated PEG are shown in

Figure S1. To prevent unphysical collisions between the hydroxyl hydrogen (HO) and ether oxy-

gens (OC), an additional soft sphere (r−12) repulsion is added between these two atom types.

Rigid SPC/E water is used as a solvent in this work. The interactions between water and gold

are identical to our previous work.S7 These interaction parameters yield an Eabs = -19.5 kJ/mol for

water on a (111) gold surface, which is comparable to DFT calculations.S8

As pair potentials alone are not sufficient to describe the many-atom properties of metals,

we use EAM parameters from Zhou et al. for gold in non-polarizable systems.S9 We use DR-

S2



Figure S1: thiolated PEG atom types. Carbon atoms are gray, oxygen atoms are red, sulfur is
yellow, and the explicit hydrogen is white. All other hydrogen atoms are treated implicitly.

EAM parameters from Bhattarai et al. for gold in polarizable systems.S10 The damped shifted

force model from Fennell and Gezelter was used for long-range electrostatic interactions with a

damping parameter, α = 0.18 Å−1, which yields good agreement with Ewald electrostatics when

rcut = 12 Å.S11
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Table S2: Repulsive soft sphere (r−12) interaction between the hydroxyl hydrogen and non-
terminal ether oxygen (OC) atoms in the thiolated PEG.

i j σi j (Å) εi j (kcal/mol) n Source
HO OC 1 79487.7 12 Ref. S1

Table S3: Harmonic bond parameters for thiolated PEG. Water is simulated as a rigid body
so no harmonic bond parameters are needed.

i j r0 (Å) Ki j (kcal/mol × Å2) Source
CH2 OC 1.41a 640.0b Refs. S1a, S4b

CH2 CH2 1.54a 536.0b Refs. S1a, S16b

CH2 CH2S 1.54a 536.0b Refs. S1a, S16b

OH HO 0.945a 553.0b Refs. S6a, S4b

S CH2S 1.81 444.0 Ref. S4
CH2OH CH2 1.54a 536.0b Refs. S1a, S16b

OH CH2OH 1.41a 640.0b Refs. S1a, S4b

Table S4: Harmonic bend parameters for thiolated PEG. The central atom in each bend is
atom j, bonded to atoms i and k.

i j k θ0 (degrees) Ki jk (kcal/mol × rad2) Source
HO OH CH2OH 108.5 110.0844 Ref. S6
CH2 CH2 OC 112.0 99.9503 Ref. S1
CH2 OC CH2 112.0 120.0198 Ref. S1
CH2 CH2S S 114.7 100.0 Ref. S2
OH CH2OH CH2 109.5 100.1490 Ref. S6

CH2OH CH2 OC 112.0 99.9503 Ref. S1
OC CH2 CH2S 112.0 99.9503 Ref. S2
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Table S5: TraPPE torsions for thiolated PEG which have the form Vtorsion(φ) = c0 + c1(1+
cosφ)+ c2(1− cos2φ)+ c3(1+ cos3φ).

i j k l c0 c1 c2 c3 Source

CH2 CH2OH OH HO 0.0 0.4169 -0.0580 0.3734 Ref. S6
CH2 CH2 OC CH2 0.0 1.4413 -0.3254 1.1092 Ref. S1
OC CH2 CH2 OC 1.0 0.0 -0.500 2.0 Ref. S1
S CH2S CH2 OC 1.0 0.0 -0.500 2.0 Ref. S2

OH CH2OH CH2 OC 1.0 0.0 -0.500 2.0 Ref. S1
CH2OH CH2 OC CH2 0.0 1.441 -0.325 1.109 Ref. S2

CH2 OC CH2 CH2S 0.0 1.441 -0.325 1.109 Ref. S2
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/Å

)
ρ

s(
eV

/Å
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Table S8: Gold DR-EAM self-potential parameters. The chargeMass term is a tunable pa-
rameter that determines the speed at which the polarizable gold atom responds to an exter-
nal field. Neff describes the effective number of charge carriers per gold atom. All parameter
units result in a self-potential in eV. The self-potential is described by Vsel f (q) = ∑

6
n=1 anqn.

chargeMass Neff a1 a2 a3 a4 a5 a6 Source
1000.0 0.59 13.89 7.92 13.192055 68.173897 -88.029873 28.855093 Ref. S10

System Preparation and Equilibration

Planar gold slabs (a = 4.08Å) exposing the (111), (110), and (100) facets were built with slab-

Builder, an OpenMD utility that rotates the specified facet so that it is positioned normal to the

z-axis of the simulation cell.S17 An identically-sized solvent box was constructed using Pack-

molS18 and OpenMD,S17 and the thiolated PEG positions were randomized in each statistically-

independent replica (with four replicas for each studied interface).

The spherical gold nanoparticles used in all non-periodic simulations were built with a lattice

constant of 4.08 Å using nanoparticleBuilder, another OpenMD utility.S17 These particles were

constructed with a radius of either 10 or 20 Å. The gold nanoparticle underwent structural relax-

ation with incremental temperature increases up to 300 K. The solvent spheres were created with

empty center regions to allow for simplified merging with the gold nanoparticles. One gold atom at

the center of the spherical nanoparticle was given a large mass (m = 1.9697×106 amu) to prevent

nanoparticle drifting.

For all systems, the metal and solvent layers were combined using other OpenMD utilities,

and steepest descent optimization was used to structurally relax each system. Particle velocities

were resampled from a Maxwell-Boltzmann distribution at 300 K prior to equilibration.S17 The

structural makeup of each system studied is shown in Table S9.

All systems using the DR-EAM metal potential were simulated directly prior to equilibration

using a time step of 0.2 fs, as the charge degrees of freedom in DR-EAM must be simultane-

ously propagated. A time step of 1 fs was used for all equilibration and flux application steps.
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Table S9: Structures simulated in this work

Spheres Slabs

10 Å 20 Å (111) (110) (100)

Metallic structure (in Å) r = 10 r = 20 31×36×28 30×35×29 30×36×29
Total System size (in Å) r ∼ 40 r ∼ 50 31×36×117 30×35×120 30×36×118
Gold volume (Å3) 4,189 33,510 29,340 28,525 28,525
Solvent volume (Å3) 175,406 490,088 101,250 97,900 101,030
NGold 249 1985 1728 1680 1680
NWater 6018 17,024 2854 2790 2790
NthiolatedPEG 59 234 104 98 100
ρthiolatedPEG (nm−2) 4.70 4.66 4.81 4.67 4.63

The planar systems were first structurally relaxed (NVT), followed by a pressure correction (NPT)

with separate barostats for each dimension. This was followed by thermal relaxation (NVT) and

equilibration using a microcanonical integrator (NVE). The planar systems were simulated us-

ing periodic boundary conditions. The spherical systems were equilibrated for 250 ps using the

non-periodic Langevin Hull integratorS19 and velocity resampling at 300 K every ps, and then an

additional 200 ps with no resampling.

After equilibration, a thermal flux was applied to each system using the velocity shearing

and scaling reverse non-equilibrium molecular dynamics (VSS-RNEMD) methods developed by

Kuang and Gezelter.S20 A flux was applied until thermal gradients and temperature discontinuities

developed. Kinetic energy was exchanged between either two slabs separated in z (planar systems)

or two concentric spherical shells (spherical systems). The thermal flux was applied for 5 ns in all

systems. For planar systems, the thermal data shown in this work was averaged across the entire 5

ns of flux application. For the nanospheres, the thermal data was averaged across the last 1 ns of

flux application. Coupling to the thermal bath was removed in spherical systems so as to prevent

interference with the applied flux. In polarizable systems, the fluctuating charges were propagated

using a microcanonical (NVE) integrator to mitigate unphysical losses of kinetic energy into the

electronic degrees of freedom.

In Figure S2, we show that we are in the linear response regime with the applied flux uti-

lized in the main paper. We tested a total of five flux values, and these were applied for 5 ns
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on a set of Au(111) systems. The flux used for planar systems in this work was 5.0 × 10−6

kcal mol−1Å−2 fs−1 (3500 MW m−2).

0

Applied thermal flux (kcal mol-1 Å-2 fs-1)

0

5

10

15

20

25

30

35

∆T
 (K

)

Measured ∆T 
Linear regression

2.5 x 10-6 5 x 10-6 7.5 x 10-6 1 x 10-5 

Figure S2: A test of five values of applied flux bracketing the flux used in the main paper. This test
is for Au(111) interfaces. Each point is an average of four statistically independent simulations.

Additional Thermal Profiles and Mass Densities

The thermal profiles and local mass densities for all components in polarizable systems are shown

in Figures S3 and S4. The temperature drop is largest between gold and sulfur in these systems as

in their non-polarizable counterparts. There are no compelling differences between Figure S3 and

Figure 2 in the main text, but we note a small decrease in the penetration of sulfur into gold in the

polarizable Au(111) surface. The ordering of water molecules near the interface are similar to that

of Figure 2. When comparing Figure S4 with Figure 3 in the main text, it is clear that polarizability

makes no significant difference in the ordering of any species.
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Figure S3: Under an applied thermal flux, temperature drops are largest at the location of the
Gold-Sulfur bond. (Top) Thermal profiles of planar systems simulated using the polarizable DR-
EAM potential. Shading indicates the 95% confidence interval for computed temperatures, while
the black dots are the bounds of the interfacial region used for computing conductance. (Bottom)
Mass densities of each species. z = 0 represents the center of the gold slabs.
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(Bottom) Local mass densities of each species for the nanoparticles using the polarizable DR-
EAM model. r = 0 is at the center of the gold nanosphere.
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Additional Vibrational Power Spectra

The vibrational power spectra for all components of the planar systems are shown in Figure S5.

There are no clear differences across metallic facet or polarizability here. The full gold spectra

cannot be seen here, but they do not differ significantly and obscure the other spectra when in full

view.
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Figure S5: Low frequency portions of the vibrational power spectra for all planar systems studied.
Note that the y-axis has been scaled down to allow visualization of the ligand and solvent spectra,
and the gold spectra extend beyond the scope of these plots.

The vibrational power spectra for all components of spherical systems are shown in Figure S6.

There appears to be little effect of either system size or metal polarizability here as well. Again,

S14



the gold spectra do not differ significantly and are thus not fully shown. A full analysis of the

differences in spectra between the planar and spherical systems is available in the main text.
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Figure S6: Vibrational power spectra for all spherical systems studied. The y-axis has been scaled
as in Fig. S5.

As thiolated PEG exhibits both low and high frequency activity, we have computed the aver-

aged spectra for thiolated PEG in the planar and nanosphere systems which are are shown in Figure

S7. Overall, these spectra do not differ significantly. The peak ranging from approximately 3700 -

3900 cm−1 is likely an O-H stretch from the terminal hydroxyl group.
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Figure S7: Averaged thiolated PEG vibrational power spectra for planar and spherical systems.
Note: the planar curve is an average of all polarizable and non-polarizable (111), (110), and (100)
facets, and the spherical curve is an average of all polarizable and non-polarizable nanospheres
with radii of 10 and 20 Å.
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Additional Bhattacharyya Coefficients

We have also included Bhattacharyya coefficients (BC) which are similar calculations to those in

Table 3 but using power spectra rather than mass densitites. The BC values for the thiolated PEG /

gold and thiolated PEG / water pairs are shown in Table S10. The water has been categorized into

interfacial and bulk regions, where interfacial water comprises solvent molecules that are trapped

in the thiolated PEG layer, and bulk water captures the solvent molecules outside that region. The

magnitude of BC values are larger for each pair here than those for the same pairs calculated

with mass densities. These coefficients appear to be unaffected by metallic polarizability or planar

facet, but the mean BC values for the thiolated PEG / gold pair are higher in the 10 Å nanospheres

than for the other systems. As expected, there is very little difference between the BCs for bulk

and interfacial water, and their power spectra exhibit a significant amount of overlap with that of

thiolated PEG. In Table 3, we noted that the BCs for the thiolated PEG-gold pair in the Au(111)

systems were about twice as large as those for the Au(110) and Au(100) systems, but that difference

does not exist here.

Table S10: Vibrational power spectral overlap measured using Bhattacharyya coefficients,
showing the degree of similarity between the thiolated PEG and the other two components of
the metal / ligand / water systems.

Facet Metal
BC with thiolated PEG (unitless)

Interfacial water Bulk water Gold

(111)
non-polarizable 0.740 ± 0.007 0.737 ± 0.007 0.434 ± 0.007
polarizable 0.732 ± 0.008 0.741 ± 0.014 0.447 ± 0.013

(110)
non-polarizable 0.737 ± 0.011 0.745 ± 0.007 0.438 ± 0.018
polarizable 0.735 ± 0.009 0.735 ± 0.002 0.426 ± 0.006

(100)
non-polarizable 0.747 ± 0.007 0.747 ± 0.004 0.424 ± 0.013
polarizable 0.736 ± 0.007 0.739 ± 0.007 0.423 ± 0.015

NP (r = 10 Å)
non-polarizable 0.739 ± 0.015 0.740 ± 0.014 0.452 ± 0.022
polarizable 0.740 ± 0.011 0.740 ± 0.013 0.452 ± 0.016

NP (r = 20 Å)
non-polarizable 0.745 ± 0.004 0.745 ± 0.004 0.429 ± 0.008
polarizable 0.741 ± 0.005 0.742 ± 0.004 0.427 ± 0.006
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Charge Penetration at the Interface

The image charge effect describes the phenomenon in which a metallic species responds to a

nearby external charge by inducing the opposite charge on its surface. DR-EAM has previously

been shown to replicate this effect in systems of bare gold solvated in water.S7,S10 To investigate

how these systems respond when the gold is polarizable, we calculated the charge density as a

function of z (for planar systems) or r (for spherical systems).
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Figure S8: Charge density as a function of z in planar systems using the polarizable metal potential
DR-EAM. The dashed red line indicates the gold/thiolated PEG interface in each plot.

Figure S8 shows the charge density as a function of z for planar systems. The positive peak

directly to the left of the interface on each plot (dashed red line) represents the positive charge of

the surface gold atoms responding to the negatively charged sulfur atoms near the surface. The

magnitude of these peaks does not vary significantly, suggesting that the difference in gold atom
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packing across fcc lattices does not change the ordering of charges at the gold surface. The negative

peak directly adjacent to the gold represents the sulfur atoms in the thiolated PEG molecules.

Unlike the gold peaks, these vary across gold facets, as does the magnitude of the ether oxygen

peaks starting at around 20 Å. This difference in the gold surface disruption likely leads to the

differing magnitudes of sulfur and ether oxygen peaks. It is also clear from these plots that the

ligand layer is more ordered on the Au(110) and Au(100) facets.

The charge density as a function of r is shown for spherical systems in Figure S9. Here, the

magnitude of the first gold peak is approximately equal in both systems, as is the sulfur peak.

However, the magnitude of the second gold peak differs greatly, with a much larger magnitude

in the smaller systems. Additionally, the ether oxygens appear to be more ordered in systems

where the gold radius is 20 Å, with clear ordering out to r = 30 Å, the approximate location of

the hydroxyl oxygen. In the smaller nanospheres, the thiolated PEG chains have more internal

disorder, and the ether oxygen minima are discernible only out to r = 15 Å.
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Abstract

This supporting document provides details of the force field parameters, information on

simulation construction and composition, method validation, and equilibration details for sys-

tems described in the accompanying paper. We also include vibrational power spectra for

all system components, Bhattacharyya coefficients computed from vibrational power spectra,

thermal profiles, mass densities, and charge densities near the interfaces of all polarizable sys-

tems.

System Details

This section contains parameters for non-bonded interactions (Table S1), a soft sphere repulsive

interaction (Table S2), harmonic bonds (Table S3), harmonic bends (Table S4), torsions (Table S5),

embedded atom method (EAM) parameters (Tables S6 and S7), and density-readjusting embedded

atom method (DR-EAM) parameters (Table S8).

Force Fields

The thiolated polyethylene glycol (PEG) interaction parameters are taken from previous force

fields describing ethersS1 and various thiols.S2,S3 We use nonbonded interactions,S1–S3 harmonic

bonds,S1,S4–S6 harmonic bends,S1,S2,S5,S6 and both TraPPES1,S2,S5,S6 and CHARMMS1,S5,S6 tor-

sions to describe the thiolated PEG molecules. The atom types for thiolated PEG are shown in

Figure S1. To prevent unphysical collisions between the hydroxyl hydrogen (HO) and ether oxy-

gens (OC), an additional soft sphere (r−12) repulsion is added between these two atom types.

Rigid SPC/E water is used as a solvent in this work. The interactions between water and gold

are identical to our previous work.S7 These interaction parameters yield an Eabs = -19.5 kJ/mol for

water on a (111) gold surface, which is comparable to DFT calculations.S8

As pair potentials alone are not sufficient to describe the many-atom properties of metals,

we use EAM parameters from Zhou et al. for gold in non-polarizable systems.S9 We use DR-

S2



Figure S1: thiolated PEG atom types. Carbon atoms are gray, oxygen atoms are red, sulfur is
yellow, and the explicit hydrogen is white. All other hydrogen atoms are treated implicitly.

EAM parameters from Bhattarai et al. for gold in polarizable systems.S10 The damped shifted

force model from Fennell and Gezelter was used for long-range electrostatic interactions with a

damping parameter, α = 0.18 Å−1, which yields good agreement with Ewald electrostatics when

rcut = 12 Å.S11
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(Å
)

ε
ii

(k
ca

l/m
ol

)
σ

A
u−

i
(Å
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Table S2: Repulsive soft sphere (r−12) interaction between the hydroxyl hydrogen and non-
terminal ether oxygen (OC) atoms in the thiolated PEG.

i j σi j (Å) εi j (kcal/mol) n Source
HO OC 1 79487.7 12 Ref. S1

Table S3: Harmonic bond parameters for thiolated PEG. Water is simulated as a rigid body
so no harmonic bond parameters are needed.

i j r0 (Å) Ki j (kcal/mol × Å2) Source
CH2 OC 1.41a 640.0b Refs. S1a, S4b

CH2 CH2 1.54a 536.0b Refs. S1a, S16b

CH2 CH2S 1.54a 536.0b Refs. S1a, S16b

OH HO 0.945a 553.0b Refs. S6a, S4b

S CH2S 1.81 444.0 Ref. S4
CH2OH CH2 1.54a 536.0b Refs. S1a, S16b

OH CH2OH 1.41a 640.0b Refs. S1a, S4b

Table S4: Harmonic bend parameters for thiolated PEG. The central atom in each bend is
atom j, bonded to atoms i and k.

i j k θ0 (degrees) Ki jk (kcal/mol × rad2) Source
HO OH CH2OH 108.5 110.0844 Ref. S6
CH2 CH2 OC 112.0 99.9503 Ref. S1
CH2 OC CH2 112.0 120.0198 Ref. S1
CH2 CH2S S 114.7 100.0 Ref. S2
OH CH2OH CH2 109.5 100.1490 Ref. S6

CH2OH CH2 OC 112.0 99.9503 Ref. S1
OC CH2 CH2S 112.0 99.9503 Ref. S2
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Table S5: TraPPE torsions for thiolated PEG which have the form Vtorsion(φ) = c0 + c1(1+
cosφ)+ c2(1− cos2φ)+ c3(1+ cos3φ).

i j k l c0 c1 c2 c3 Source

CH2 CH2OH OH HO 0.0 0.4169 -0.0580 0.3734 Ref. S6
CH2 CH2 OC CH2 0.0 1.4413 -0.3254 1.1092 Ref. S1
OC CH2 CH2 OC 1.0 0.0 -0.500 2.0 Ref. S1
S CH2S CH2 OC 1.0 0.0 -0.500 2.0 Ref. S2

OH CH2OH CH2 OC 1.0 0.0 -0.500 2.0 Ref. S1
CH2OH CH2 OC CH2 0.0 1.441 -0.325 1.109 Ref. S2

CH2 OC CH2 CH2S 0.0 1.441 -0.325 1.109 Ref. S2
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/Å
)

ρ
e(

eV
/Å
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Table S8: Gold DR-EAM self-potential parameters. The chargeMass term is a tunable pa-
rameter that determines the speed at which the polarizable gold atom responds to an exter-
nal field. Neff describes the effective number of charge carriers per gold atom. All parameter
units result in a self-potential in eV. The self-potential is described by Vsel f (q) = ∑

6
n=1 anqn.

chargeMass Neff a1 a2 a3 a4 a5 a6 Source
1000.0 0.59 13.89 7.92 13.192055 68.173897 -88.029873 28.855093 Ref. S10

System Preparation and Equilibration

Planar gold slabs (a = 4.08Å) exposing the (111), (110), and (100) facets were built with slab-

Builder, an OpenMD utility that rotates the specified facet so that it is positioned normal to the

z-axis of the simulation cell.S17 An identically-sized solvent box was constructed using Pack-

molS18 and OpenMD,S17 and the thiolated PEG positions were randomized in each statistically-

independent replica (with four replicas for each studied interface).

The spherical gold nanoparticles used in all non-periodic simulations were built with a lattice

constant of 4.08 Å using nanoparticleBuilder, another OpenMD utility.S17 These particles were

constructed with a radius of either 10 or 20 Å. The gold nanoparticle underwent structural relax-

ation with incremental temperature increases up to 300 K. The solvent spheres were created with

empty center regions to allow for simplified merging with the gold nanoparticles. One gold atom at

the center of the spherical nanoparticle was given a large mass (m = 1.9697×106 amu) to prevent

nanoparticle drifting.

For all systems, the metal and solvent layers were combined using other OpenMD utilities,

and steepest descent optimization was used to structurally relax each system. Particle velocities

were resampled from a Maxwell-Boltzmann distribution at 300 K prior to equilibration.S17 The

structural makeup of each system studied is shown in Table S9.

All systems using the DR-EAM metal potential were simulated directly prior to equilibration

using a time step of 0.2 fs, as the charge degrees of freedom in DR-EAM must be simultane-

ously propagated. A time step of 1 fs was used for all equilibration and flux application steps.
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Table S9: Structures simulated in this work

Spheres Slabs

10 Å 20 Å (111) (110) (100)

Metallic structure (in Å) r = 10 r = 20 31×36×28 30×35×29 30×36×29
Total System size (in Å) r ∼ 40 r ∼ 50 31×36×117 30×35×120 30×36×118
Gold volume (Å3) 4,189 33,510 29,340 28,525 28,525
Solvent volume (Å3) 175,406 490,088 101,250 97,900 101,030
NGold 249 1985 1728 1680 1680
NWater 6018 17,024 2854 2790 2790
NthiolatedPEG 59 234 104 98 100
ρthiolatedPEG (nm−2) 4.70 4.66 4.81 4.67 4.63

The planar systems were first structurally relaxed (NVT), followed by a pressure correction (NPT)

with separate barostats for each dimension. This was followed by thermal relaxation (NVT) and

equilibration using a microcanonical integrator (NVE). The planar systems were simulated us-

ing periodic boundary conditions. The spherical systems were equilibrated for 250 ps using the

non-periodic Langevin Hull integratorS19 and velocity resampling at 300 K every ps, and then an

additional 200 ps with no resampling.

After equilibration, a thermal flux was applied to each system using the velocity shearing

and scaling reverse non-equilibrium molecular dynamics (VSS-RNEMD) methods developed by

Kuang and Gezelter.S20 A flux was applied until thermal gradients and temperature discontinuities

developed. Kinetic energy was exchanged between either two slabs separated in z (planar systems)

or two concentric spherical shells (spherical systems). The thermal flux was applied for 5 ns in all

systems. For planar systems, the thermal data shown in this work was averaged across the entire 5

ns of flux application. For the nanospheres, the thermal data was averaged across the last 1 ns of

flux application. Coupling to the thermal bath was removed in spherical systems so as to prevent

interference with the applied flux. In polarizable systems, the fluctuating charges were propagated

using a microcanonical (NVE) integrator to mitigate unphysical losses of kinetic energy into the

electronic degrees of freedom.

In Figure S2, we show that we are in the linear response regime with the applied flux uti-

lized in the main paper. We tested a total of five flux values, and these were applied for 5 ns
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on a set of Au(111) systems. The flux used for planar systems in this work was 5.0 × 10−6

kcal mol−1Å−2 fs−1 (3500 MW m−2).

0

Applied thermal flux (kcal mol-1 Å-2 fs-1)

0

5

10

15

20

25

30

35

∆T
 (K

)

Measured ∆T 
Linear regression

2.5 x 10-6 5 x 10-6 7.5 x 10-6 1 x 10-5 

Figure S2: A test of five values of applied flux bracketing the flux used in the main paper. This test
is for Au(111) interfaces. Each point is an average of four statistically independent simulations.

Additional Thermal Profiles and Mass Densities

The thermal profiles and local mass densities for all components in polarizable systems are shown

in Figures S3 and S4. The temperature drop is largest between gold and sulfur in these systems as

in their non-polarizable counterparts. There are no compelling differences between Figure S3 and

Figure 2 in the main text, but we note a small decrease in the penetration of sulfur into gold in the

polarizable Au(111) surface. The ordering of water molecules near the interface are similar to that

of Figure 2. When comparing Figure S4 with Figure 3 in the main text, it is clear that polarizability

makes no significant difference in the ordering of any species.
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Figure S3: Under an applied thermal flux, temperature drops are largest at the location of the
Gold-Sulfur bond. (Top) Thermal profiles of planar systems simulated using the polarizable DR-
EAM potential. Shading indicates the 95% confidence interval for computed temperatures, while
the black dots are the bounds of the interfacial region used for computing conductance. (Bottom)
Mass densities of each species. z = 0 represents the center of the gold slabs.
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S13



Additional Vibrational Power Spectra

The vibrational power spectra for all components of the planar systems are shown in Figure S5.

There are no clear differences across metallic facet or polarizability here. The full gold spectra

cannot be seen here, but they do not differ significantly and obscure the other spectra when in full

view.
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Figure S5: Low frequency portions of the vibrational power spectra for all planar systems studied.
Note that the y-axis has been scaled down to allow visualization of the ligand and solvent spectra,
and the gold spectra extend beyond the scope of these plots.

The vibrational power spectra for all components of spherical systems are shown in Figure S6.

There appears to be little effect of either system size or metal polarizability here as well. Again,

S14



the gold spectra do not differ significantly and are thus not fully shown. A full analysis of the

differences in spectra between the planar and spherical systems is available in the main text.
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Figure S6: Vibrational power spectra for all spherical systems studied. The y-axis has been scaled
as in Fig. S5.

As thiolated PEG exhibits both low and high frequency activity, we have computed the aver-

aged spectra for thiolated PEG in the planar and nanosphere systems which are are shown in Figure

S7. Overall, these spectra do not differ significantly. The peak ranging from approximately 3700 -

3900 cm−1 is likely an O-H stretch from the terminal hydroxyl group.
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Figure S7: Averaged thiolated PEG vibrational power spectra for planar and spherical systems.
Note: the planar curve is an average of all polarizable and non-polarizable (111), (110), and (100)
facets, and the spherical curve is an average of all polarizable and non-polarizable nanospheres
with radii of 10 and 20 Å.
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Additional Bhattacharyya Coefficients

We have also included Bhattacharyya coefficients (BC) which are similar calculations to those in

Table 3 but using power spectra rather than mass densitites. The BC values for the thiolated PEG /

gold and thiolated PEG / water pairs are shown in Table S10. The water has been categorized into

interfacial and bulk regions, where interfacial water comprises solvent molecules that are trapped

in the thiolated PEG layer, and bulk water captures the solvent molecules outside that region. The

magnitude of BC values are larger for each pair here than those for the same pairs calculated

with mass densities. These coefficients appear to be unaffected by metallic polarizability or planar

facet, but the mean BC values for the thiolated PEG / gold pair are higher in the 10 Å nanospheres

than for the other systems. As expected, there is very little difference between the BCs for bulk

and interfacial water, and their power spectra exhibit a significant amount of overlap with that of

thiolated PEG. In Table 3, we noted that the BCs for the thiolated PEG-gold pair in the Au(111)

systems were about twice as large as those for the Au(110) and Au(100) systems, but that difference

does not exist here.

Table S10: Vibrational power spectral overlap measured using Bhattacharyya coefficients,
showing the degree of similarity between the thiolated PEG and the other two components of
the metal / ligand / water systems.

Facet Metal
BC with thiolated PEG (unitless)

Interfacial water Bulk water Gold

(111)
non-polarizable 0.740 ± 0.007 0.737 ± 0.007 0.434 ± 0.007
polarizable 0.732 ± 0.008 0.741 ± 0.014 0.447 ± 0.013

(110)
non-polarizable 0.737 ± 0.011 0.745 ± 0.007 0.438 ± 0.018
polarizable 0.735 ± 0.009 0.735 ± 0.002 0.426 ± 0.006

(100)
non-polarizable 0.747 ± 0.007 0.747 ± 0.004 0.424 ± 0.013
polarizable 0.736 ± 0.007 0.739 ± 0.007 0.423 ± 0.015

NP (r = 10 Å)
non-polarizable 0.739 ± 0.015 0.740 ± 0.014 0.452 ± 0.022
polarizable 0.740 ± 0.011 0.740 ± 0.013 0.452 ± 0.016

NP (r = 20 Å)
non-polarizable 0.745 ± 0.004 0.745 ± 0.004 0.429 ± 0.008
polarizable 0.741 ± 0.005 0.742 ± 0.004 0.427 ± 0.006
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Charge Penetration at the Interface

The image charge effect describes the phenomenon in which a metallic species responds to a

nearby external charge by inducing the opposite charge on its surface. DR-EAM has previously

been shown to replicate this effect in systems of bare gold solvated in water.S7,S10 To investigate

how these systems respond when the gold is polarizable, we calculated the charge density as a

function of z (for planar systems) or r (for spherical systems).
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Figure S8: Charge density as a function of z in planar systems using the polarizable metal potential
DR-EAM. The dashed red line indicates the gold/thiolated PEG interface in each plot.

Figure S8 shows the charge density as a function of z for planar systems. The positive peak

directly to the left of the interface on each plot (dashed red line) represents the positive charge of

the surface gold atoms responding to the negatively charged sulfur atoms near the surface. The

magnitude of these peaks does not vary significantly, suggesting that the difference in gold atom
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packing across fcc lattices does not change the ordering of charges at the gold surface. The negative

peak directly adjacent to the gold represents the sulfur atoms in the thiolated PEG molecules.

Unlike the gold peaks, these vary across gold facets, as does the magnitude of the ether oxygen

peaks starting at around 20 Å. This difference in the gold surface disruption likely leads to the

differing magnitudes of sulfur and ether oxygen peaks. It is also clear from these plots that the

ligand layer is more ordered on the Au(110) and Au(100) facets.

The charge density as a function of r is shown for spherical systems in Figure S9. Here, the

magnitude of the first gold peak is approximately equal in both systems, as is the sulfur peak.

However, the magnitude of the second gold peak differs greatly, with a much larger magnitude

in the smaller systems. Additionally, the ether oxygens appear to be more ordered in systems

where the gold radius is 20 Å, with clear ordering out to r = 30 Å, the approximate location of

the hydroxyl oxygen. In the smaller nanospheres, the thiolated PEG chains have more internal

disorder, and the ether oxygen minima are discernible only out to r = 15 Å.
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Figure S9: Charge density as a function of r in spherical systems using the polarizable metal
potential DR-EAM.
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