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ABSTRACT: A material with anisotropic heat conduction
characteristics, which is determined by molecular scale structure,
provides a way of controlling heat flow in nanoscale spaces. As
such, here, we consider layer-by-layer (LbL) membranes, which are
an electrostatic assembly of polyelectrolyte multilayers and are
expected to have different heat conduction characteristics between
cross-plane and in-plane directions. We constructed models of a
poly(acrylic acid)/polyethylenimine (PAA/PEI) LbL membrane
sandwiched by charged solid walls and investigated their
anisotropic heat conduction using molecular dynamics simulations.
In the cross-plane direction, the thermal boundary resistance
between the solid wall and the LbL membrane and that between
the constituent PAA and PEI layers decrease with increasing degree
of ionization (solid surface charge density and the number of electric charges per PAA/PEI molecule). When the degree of
ionization is low, the cross-plane thermal conductivity of a constituent layer is higher than that of the bulk state. As the degree of
ionization increases, however, the cross-plane thermal conductivity of PAA, a linear polymer, decreases because of the increase in the
number of in-plane oriented polymer chains. In the in-plane direction, we investigated the heat conduction of each layer and found
the enhancement of effective in-plane thermal conductivity again due to the in-plane oriented chain alignment. The heat conduction
in the LbL membrane is three-dimensionally enhanced compared to those in the bulk states of the constituent polymers because of
the electrostatic interactions in the cross-plane direction and the molecular alignment in the in-plane direction.

■ INTRODUCTION
Advanced thermal management is a common and unavoidable
challenge in industrial fields. Thermal interface material (TIM)
is often inserted between two components such as heat source
and sink for effective heat transfer from one to the other, i.e.,
for reduction of thermal resistance. Further improvement of
TIMs has been required with an increase in the heat generation
density of high-performance devices such as power modules.
Generally, various types of thermal grease, elastomers, gels, or
phase-change materials are commercially used for TIMs, which
consist of polymers, with high-thermal-conductivity fillers such
as metals, ceramics, and carbon materials occasionally added.1

The thermal conductivity of polymeric matrices is not high,2

and the performance of TIMs is mainly determined from the
fillers. Although numerous studies3−5 of such polymer
composites have been conducted to improve thermal
conductivity, problems still remain, e.g., high cost, decreasing
softness due to high filler content, and insufficient thermal
percolation.
On the other hand, Shen et al. reported that the thermal

conductivity of highly drawn polyethylene nanofiber achieved
104 W/(m·K) in the fiber direction, i.e., in the direction of
intramolecular chains.6 Even in the case of heat conduction in
a bulk liquid of alkane, energy transfer via intramolecular

chains is the dominant factor that determines its thermal
conductivity,7 and thus, the molecular structure oriented in a
specific direction induces an anisotropic thermal conductivity.
Alkane chains with 12−18 C atoms have a single-chain thermal
conductance of ∼100 pW/K.8 Therefore, we can estimate that
thermal conductivity in the direction of intermolecular chains
is ∼100 W/(m·K) if the packing density is 1019 m−2 and the
ballistic phonon mean free path is ∼100 nm, which is
consistent with Shen’s result. In fact, self-assembled mono-
layers (SAMs), in which alkane chains align along the heat
flow, exhibit a significantly high thermal conductivity
compared to the bulk liquid of the same alkane molecules.9

These results indicate that depending on the aggregation
structure of chains, even polymers without fillers can be
sufficiently performant as a TIM. In the present study, we focus
on layer-by-layer (LbL) membranes10 as promising base
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materials for TIMs. In general, LbL membranes are fabricated
by successively depositing positively and negatively charged
materials onto a charged surface. This is a simple and versatile
approach to fabricate thin films on a substrate with various
surface structures and can give various features11 to LbL
membranes depending on the deposited materials, e.g.,
polymer,12,13 protein,14 carbon nanotube,15 and graphene.16

Successive depositions in the LbL fabrication approach
enable us to control the thickness of a membrane because the
thickness linearly increases with the number of layers.17−19 In
general, thickness is a major factor for the intrinsic thermal
resistance of a bulk material, through the relationship R = L/λ,
where R, L, and λ are the intrinsic thermal resistance, thickness,
and thermal conductivity of the material, respectively. This
controllable nature of thickness is a great advantage of LbL. In
addition, LbL membranes are soft and flexible materials, and in
principle, there is no restriction about substrate size and
topology because polymers can fill gaps realized by the surface
roughness on a substrate during the deposition process.20 As
for the point of thermal energy transfer, it is expected that the
LbL membrane has two characteristic heat transfer paths in the
in-plane and cross-plane directions. Because a constituent layer
is an ultrathin film, the polymer chains are mostly oriented in
the in-plane direction. Lussetti et al. created an oriented bulk
polymer by stretching a molecular dynamics (MD) simulation
system of an amorphous polyamide-6,6 in one direction and
found that the thermal conductivity parallel to the stretching
direction increases, while that perpendicular to the stretching
direction decreases compared to that of the isotropic system.21

Liu et al. also reported a similar result for bulk polyethylene
subjected to mechanical strain.22 Therefore, LbL membranes
are expected to have a high thermal conductivity in the in-
plane direction. Even in the case of heat dissipation in the
cross-plane direction, the high in-plane thermal conductivity
induces the heat spreading effect, in which a concentration of
heat is dispersed in the in-plane direction and effective heat
transfer area is expanded, and contributes to the overall cross-
plane heat transfer through the TIM. However, this in-plane
oriented structure does not help the cross-plane thermal
conductivity, as shown by Lussetti et al. However, in the case
of the LbL structure, the electrostatic interaction between
positively and negatively charged membranes may play an
important role in the heat transfer in the cross-plane direction.
Although not strictly a case of an LbL membrane, Kim et al.
reported that a blend of poly(acrylic acid) (PAA) and poly-N-
acryloyl piperidine (PAP) has a thermal conductivity about 7
times higher than that of each component.23 This is caused by
a structure where the hydrogen bonds between PAA, a
donating polymer, and PAP, an accepting polymer, are
homogeneously distributed inside the blend. This fact implies
that the electrostatic interaction between composed mem-
branes in an LbL membrane may improve the heat transport in
the cross-plane direction. Therefore, such an LbL membrane
with three-dimensional heat transfer paths due to the two
characteristic thermal transport mechanisms has a high
potential to exhibit a high three-dimensional thermal
conductivity required for high-performance TIMs. Experimen-
tally, the enhancement of heat transfer coefficient in pool
boiling by polyethylenimine (PEI)/multiwalled carbon nano-
tube LbL coating15 and the measurement of the thermal
conductivity of LbL membranes consisting of nanofibrillated
cellulose/graphene nanosheets16 and PAA/polyallyamine
hydrochloride24 were reported. Although several promising

results have been reported, heat conduction properties of LbL
membranes and their molecular mechanisms have not yet been
sufficiently analyzed. To evaluate the applicability of an LbL
membrane to TIM, it is necessary to clarify the mechanism of
thermal energy transport in LbL membranes and to find the
dominant factor that determines their heat conduction
property.
In this work, the heat conduction properties in the two

directions of the poly(acrylic acid)/polyethylenimine (PAA/
PEI) LbL membrane were investigated using MD simulation,
which has been widely used to explore the polymer thermal
conductivity.21,22,25−29 Two types of nonequilibrium molecular
dynamics (NEMD) simulations, where one of them was newly
developed by us, were conducted for the calculation of the
cross-plane and in-plane heat conduction properties, respec-
tively.

■ MOLECULAR DYNAMICS SIMULATIONS
Figure 1 shows the flowchart of the present MD simulations.
There are three main parts: construction of simulation systems

from step (1) to (3), cross-plane NEMD simulations from step
(C-4) to (C-6), and in-plane NEMD simulations from step (I-
4) to (I-6). Each part is described in detail in later sections.
In our present systems, an LbL membrane consisting of two

types of ionized polymers is sandwiched between two parallel
solid walls, as shown in Figure 2c. Detailed explanations for the
LbL membrane and the solid walls are given in the following
sections. The CHARMM General Force Field (CGenFF),30−34

an all-atom force field, was used for all polymer molecules. The
CHARMM potential energy function is expressed as a

Figure 1. Flowchart of the present simulations.
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superposition of bonded interactions (bonds, angles, and
dihedrals) and nonbonded interactions (van der Waals (vdW)
and electrostatic interactions). The vdW interactions are
treated as the 12−6 Lennard-Jones (LJ) potential. The force-
field parameters for the polymer molecules were determined by
Ligand Reader & Modeler in CHARMM-GUI,35−37 a web-
based CGenFF input generator. The solid wall was modeled by
platinum atoms with the LJ potential, and the potential well
depth and equilibrium nonbond distance parameters were set
at 7.80 kcal/mol and 2.845 Å, respectively.38 The LJ potential
parameters between the solid and polymer atoms were
calculated using the Lorentz−Berthelot mixing rules as usual
in the CHARMM force field.
LAMMPS package39 was used to conduct all of the MD

simulations. Unless otherwise specified, the simulation settings
described below were used. For the LJ potential, a smooth
cutoff40,41 was applied from 10 to 12 Å. In the x and y
directions, periodic boundary conditions were applied, while
nonperiodic boundary conditions were applied in the z
direction. Corresponding to these boundary conditions, to
calculate the electrostatic interactions in a two-dimensional
periodic system, the particle−particle particle−mesh (PPPM)
method42 with the EW3DC method43 was used. Here, the real-
space cutoff of 9 Å, accuracy of 10−6, and extending factor of
3.0 for the EW3DC were used. For the time integrator, the
reversible reference system propagator algorithm (r-RESPA)44

was used, and two-level time steps, 0.2 fs for bond and angle
and 1.0 fs for the other interactions, were used.
LbL Membranes. Figure 2a,b shows examples of molecular

structures of the ionized PAA and PEI molecules, respectively.
Isotactic PAA with a degree of polymerization of 10 was
selected as the polyanion. In the ionized PAA molecules,
negatively ionized monomers, in which the COOH group is

replaced by the COO− form, were assigned as uniformly as
possible among 10 monomers, as shown in Figure 2a. As the
polycation, hyperbranched PEI with a degree of polymerization
of 13 was selected and its molecular structure was determined
according to previous works.29,45 Positively ionized monomers
were assigned on the primary amines, i.e., the terminal NH2
group was replaced by the NH3

+ form, because the primary
amines are more nucleophilic.45,46 These polymers were
selected for the present simulation as they are often used for
LbL membranes.15,17−19,47 In addition, both polymers have
almost the same radius of gyration, i.e., molecular size,27,29 and
the effect of either linear or branching structure can be
examined systematically. The heat conduction properties of
bulk PAA and PEI were investigated in our previous works.27,29

In the present simulations, the number of ionized monomers,
i.e., degree of ionization, was varied from 1 to 4, which
hereinafter are denoted by ±1 to ±4 e, respectively, where e is
the elementary charge. For example, the degree of ionization of
±4 e indicates that the membrane is composed of ionized PAA
with an electric charge of −4 e and ionized PEI with that of +4
e.
PAA and PEI layers, three for each, were interlaminated so

that each layer is parallel to the solid surfaces, as shown in
Figure 2c. The leftmost polymer layer is PAA, and the
rightmost one is PEI, and for convenience, each layer is named
as PAA1, PEI1, PAA2, PEI2, PAA3, and PEI3 from the leftmost
layer. The number of molecules in each layer is 48; therefore,
the LbL membrane is neutral for all degrees of ionization.

Solid Walls with Surface Charge. Each solid wall
consisted of 15 atomic layers with a face-centered cubic
(FCC) (111) crystal plane perpendicular to the z axis. The
sizes of the solid wall in the x and y directions were 143.84 and
33.54 Å, respectively, and one layer consisted of 728 atoms,

Figure 2. Molecular structures of (a) ionized PAA with a charge of −4 e and (b) ionized PEI with a charge of +4 e, and computational domains of
(c) cross-plane NEMD and (d) in-plane NEMD simulations.
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where the lattice constant is 3.912 Å.48 To realize polymer
adsorption on a substrate by electrostatic interaction in an LbL
system, an electric charge was given to each atom in the solid
surface layers adjacent to the LbL membrane. The left-hand-
side surface layer was positively charged to be opposite to the
adjacent negatively ionized PAA layer, and the right-hand-side
surface layer was negatively charged against the adjacent
positively ionized PEI layer. The total charge of each surface
layer was determined to cancel one-half of the total charge of
the adjacent polymer layer, and this total charge was
distributed to 728 surface atoms equally. This is because it
was reported in previous experimental research that surface
charge determines the amount of deposited polymer, and its
value is one-half of the total charge in a single deposited
polymer layer.49 The absolute values of the surface charge
density of each surface layer are 4.97 × 10−3, 9.95 × 10−3, 1.49
× 10−2, and 1.99 × 10−2 e/Å2 for the cases of ±1, ±2, ±3, and
±4 e, respectively, and they fall within a reasonable range
compared to those of silica, mica, and TiO2.

50−53 In
preliminary simulations, it was confirmed that the solid
structure is maintained even when the solid wall has surface
atomic charges in vacuum. Although this model surface cannot
represent an actual charged solid surface perfectly, such a
model has been often used to provide an electrostatic field and
to capture primary features of polymer on a charged
surface.51,54−57

Construction of Simulation System. In this section, we
provide the construction procedures of the present simulation
system, which correspond to steps (1)−(3) in Figure 1. The
procedure of step (1) is given in the Supporting Information in
detail and is only briefly described here. The MD box with a
size of 143.84 × 33.54 × 129.80 Å3 was divided into six small
slabs in the z direction. Ionized PAA molecules were placed in
the first, third, and fifth slabs, and ionized PEI molecules were
placed in the second, fourth, and sixth slabs. The number of
molecules in each slab was 48. The widths of the slabs in the z
direction for PAA and PEI were 9.6 and 10 Å, respectively. At
this time, each slab was partitioned by imaginary walls to keep
PAA and PEI immiscible. The solid walls were positioned on
both sides. In the present simulations, there were no
counterions because in an actual LbL membrane, counterions
are excluded from polymer layers during film growth.49,58

In step (2), the system equilibration was conducted under a
uniform temperature and constant pressure for 20 ns. From
step (2), the slab partitions were removed, and PAA and PEI
were allowed to interdiffuse. From the second to fifth
outermost layers of both solid walls, Langevin thermostats59

with a damping coefficient of 100 fs were applied and the
control temperature was set at 300 K. The outermost layers
were subjected to a constant inward force. Here, the relative
positions of the atoms in the outermost layers were fixed, and
they were only able to move in the z direction an identical
amount and acted as a piston to maintain the constant system
pressure. The control pressure was set at 1 atm. The total
translational momentum of the system was set to zero by
subtracting the momentary center-of-mass velocity from each
atom every 10 ps to avoid system drift during the simulation.
In step (3), for further equilibration, an annealing process

for structure relaxation described below was conducted: (a)
Warming up the whole system from 300 to 500 K in 50 ps
under a constant volume. (b) Equilibration for 100 ps at 500 K
under the constant volume. (c) Cooling the whole system from
500 to 300 K in 50 ps under the constant volume. (d)

Equilibration for 300 ps at 300 K and 1 atm. This annealing
cycle from (a) to (d) was repeated eight times, and then
further equilibration was conducted for 5 ns. The system
temperature in (a)−(c) was controlled by a Nose−́Hoover
thermostat60 with a damping coefficient of 100 fs, and the
simulation procedures of (d) and the final equilibration were
the same as step (2). The final density of the LbL membrane of
approximately 1.155 g/cm3 was obtained for all ionization
conditions (see Figure S3).

Methodology of Cross-Plane NEMD Simulations. In
this section, we provide the procedures of the present cross-
plane NEMD simulation, steps (C-4)−(C-6) in Figure 1.
Following step (3), the relaxation run of the cross-plane
NEMD simulation under a constant pressure was conducted
for 15 ns in step (C-4). The simulation procedure is the same
as that of step (2) except for the temperature setting. The
control temperatures were set to 330 and 270 K for the left
(heat source) and right (heat sink) thermostats, respectively,
to induce a steady temperature gradient in the z direction, i.e.,
in the cross-plane direction. In step (C-5), the outermost layers
were fixed and the relaxation run under a constant volume was
conducted for 5 ns. The positions of the outermost layers were
determined from their mean coordinates during the last 5 ns of
step (C-4), while the zeroing out of the system translational
momentum was turned off.
Following the relaxation runs, the production run was

carried out for 10 ns in step (C-6) using the system shown in
Figure 2c. The heat flux, J⊥, in the cross-plane direction was
obtained from the following equation:

=
−

⊥
⊥

J
E E

A t2
left right

(1)

where Eleft and Eright are the total kinetic energies added to the
simulation system by the left and right thermostats over time t,
respectively, and A⊥ is the xy cross section of the MD box. For
each ionization condition, 10 simulations starting from the
same state after step (C-5) with different random forces, i.e.,
using a different pseudorandom number sequence for the
Langevin thermostats, were carried out to enhance statistical
accuracy. Therefore, the total combined length of production
runs of each condition was 100 ns.

Methodology of In-Plane NEMD Simulations. In this
section, we provide the procedures of the present in-plane
NEMD simulation, steps (I-4)−(I-6) in Figure 1. Following
step (3), the system equilibration under constant temperature
and constant volume was conducted for 5 ns in step (I-4).
During the present in-plane MD simulations, Pt atoms of the
solid walls were fixed at perfect FCC crystal positions to
investigate only heat flow in the x direction, i.e., in the in-plane
direction (see the Supporting Information for details). This
technique has been often used in the previous works to prevent
heat exchange with the surrounding walls.61−63 The positions
of the innermost surface layers adjacent to the LbL membrane
were determined from the mean position during the last 5 ns of
step (3). Two Langevin thermostats with a damping coefficient
of 1000 fs were set at both edges and the center of the MD box
along the x direction, and the widths in the x direction of the
ends and center thermostats are 1/14 and 2/14 of the domain
length in the x direction, respectively. The control temperature
was set at 300 K.
In step (I-5), the relaxation of the in-plane NEMD

simulation was conducted for 20 ns. The edge (heat source)
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and center (heat sink) thermostats were set at 330 and 270 K,
respectively. In the present in-plane NEMD simulation, the
heat source and sink consisted of six independent small
Langevin thermostats, respectively, aligned in the z direction,
as shown in Figure 2d. Hereinafter, these small thermostats are
referred to “arrayed thermostats”. The z positions of the
arrayed thermostat borders correspond to the intersections of
the density profiles of PAA and PEI obtained in step (I-4), and
thus, each layer in the LbL membrane has an individual heat
source and sink. Using this system, we can obtain the heat flux
through a single layer in the in-plane direction from computing
the kinetic energy that was added to the single layer by the
corresponding arrayed thermostats as follows

=
−

J
E E

A t4
i

i i

i
edges center

(2)

where J∥
i is the in-plane heat flux through the ith layer; Eedges

i

and Ecenter
i are the total kinetic energies added by the edges and

center arrayed thermostats at the ith layer over time t,
respectively; and A∥

i is the yz cross section of the ith layer. The
constant in the denominator of eq 2 is 4 rather than 2 found in
eq 1 because the number of thermostat interfaces is doubled.
This arrayed thermostat system was developed by referring to
Liang’s system.62

Following the relaxation run in step (I-5), the production
run of the in-plane NEMD simulation was carried out for 5 ns
in step (I-6) using the system shown in Figure 2d. Two control
volumes with a width of 3/14 of the domain length in the x
direction were placed between the edge and center thermo-
stats. As with the cross-plane NEMD simulation, the total
combined length of production runs of each condition was 5 ns
× 10 cases.

■ RESULTS AND DISCUSSION
Structure of LbL Membrane. Before the analysis of heat

conduction, we discuss the structure of the LbL membranes
constructed in the present study. Figure 3 shows the electric
charge density and mass density profiles in the z direction

obtained in the cross-plane NEMD simulation, step (C-6),
where the degrees of ionization are ±1 and ±4 e. The MD box
was divided into slabs with a width of 1.0 and 0.5 Å in the z
direction for the calculation of charge and mass densities,
respectively, and the local charge and mass densities for each
slab were calculated. We note that almost the same profiles
were obtained for the equilibrium state (step (3)) and the state
under in-plane thermal gradient (I-6). In the polymer density
profiles, no significant difference between the profiles of ±1
and ±4 e was observed. Although broad density peaks of PAA
and PEI alternate, no well-defined interface between the PAA
and PEI layers can be seen, which suggests interdiffusion.
Hereinafter, such fuzzy interfaces between the polymer layers
are called “interlayers”. Such interpenetration between the
adjacent polymer layers agrees well with structural properties
of an LbL membranes reported in the previous experimen-
tal20,49,58,64 and simulation54 research. Except for layers
adjacent to the solid walls, there is a plateau regime, and this
indicates that these layers have a bulk-like region. In the charge
density profiles, the total charge is almost neutral at any z
position except near the solid walls. On the other hand, the
PAA and PEI components of the charge density are negatively
and positively overcharged only at the interlayer, respectively,
and the degree of the overcharging increases as the degree of
ionization increases. The integral of each overcharged peak is
almost equal to one-half of total charge in the respective single
layer. Therefore, the charges of the PAA and PEI layers balance
each other out at the interlayers. Similarly, the integral of each
charge density profile in the first layer adsorbed on the solid
surface balances out that of the respective adjacent wall. These
properties of the charge distribution such as neutralizing each
other and the existence of the overcharging at the interlayers
agree well with those reported in the literature.49 From the
above results, we conclude that our simulation systems
appropriately reproduce actual LbL membranes and are
reasonable to clarify heat conduction through LbL membranes.

Cross-Plane Heat Conduction. Figure 4a−d shows
temperature and density profiles in the cross-plane NEMD
for the degrees of ionization of ±1−4 e, respectively. The
profiles were calculated with the slab widths of 0.5 Å for PAA
and PEI and 0.1 Å for Pt. Using density profiles, the LbL
membrane regions are divided into two types: a bulk-layer
region and an interlayer region. Here, the bulk-layer region is
defined as a region where the density ratio of a nondominant
polymer to a dominant polymer is less than 20%. For example,
at z = 60.25 Å in Figure 4a, the density ratio is 0.053/1.139 =
4.7%, where the dominant polymer is PAA and the
nondominant polymer is PEI; hence, this point belongs to
the PAA2 bulk-layer region. Note that the left and right edges
of the bulk-layer regions of PAA1 and PEI3, respectively, are
defined as the highest-density peak positions because their
positions cannot be determined using the density ratio. The
region between two bulk-layer regions is defined as the
interlayer region, e.g., the PAA2/PEI2 interlayer region is
located between the bulk-layer regions of PAA2 and PEI2. In
Figure 4, the bulk-layer regions are colored gray, while
interlayer regions are kept white. In the bulk-layer regions of
both PAA and PEI, linear temperature profiles were formed for
all cases. The black solid lines in the LbL membrane graphs in
Figure 4 represent linear fittings to the temperature profiles
inside each bulk-layer region. The black solid lines in the wall
represent similar linear fittings for the Pt crystal, where the
temperature profiles over the 8th to 12th layers counting from

Figure 3. Profiles of electric charge density (solid lines, left axis), and
mass density (transparent lines, right axis) in the z direction for the
degrees of ionization of (a) ±1 e and (b) ±4 e. The total charge is the
sum of Pt, PAA, and PEI charges. The mass density for Pt is displayed
at a scale of 0.017 compared to that of the polymers.
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the outermost layer were used to avoid the effect of
thermostats and interfaces. There is a temperature difference
at not only the solid/polymer interface but also the polymer/
polymer interlayer when we compute respective polymer
temperatures. The temperature jump, ΔTinterface

i , at the solid/
polymer interface is defined as the difference between the
extrapolated values of the linear fittings of the wall and
adjacent polymer bulk-layer region at the midpoint between
the innermost solid layer and the highest-density peak position,
as shown in Figure 4b. Similarly, we define the temperature
jump, ΔTinterlayer

i , at the polymer/polymer interlayer as the
difference between the extrapolated values of the fitted lines in
the polymer bulk-layer regions at the center of the interlayer
region, as shown in Figure 4e. Using these temperature jumps
and linear fittings with extrapolation, the temperature profile of
the system can be modeled as a step-like profile consisting of
the black solid (linear fittings) and dashed (temperature
jumps) lines. As shown in Figure 4e, even though the actual
temperature profile of all components (purple line) differs
from such a step-like profile, this model is useful to investigate
the microscopic heat conduction properties in our LbL
membrane systems.
The overall thermal resistance, Roverall, between the two solid

surfaces sandwiching the LbL membrane is given by

=
Δ

⊥
R

T
Joverall
overall

(3)

where ΔToverall is calculated from the difference between the
extrapolated values of the linear fittings of the wall temperature
at the solid/polymer interfaces, as shown in Figure 4b. The
cross-plane heat flux, J⊥, was computed by eq 1 and was on
average J⊥ ∼1.9 GW/m2. Figure 5 shows the overall thermal
resistance as a function of the degree of ionization. The error
bars represent the 95% confidence interval for the error of the

mean. The lowest overall thermal resistance Roverall is in the
case of ±3 e, i.e., the highest degree of ionization does not
produce the lowest thermal resistance. To clarify this tendency,
Roverall is divided into three types of resistances as follows
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(4)

where Rinterface
i is the thermal boundary resistance (TBR) at the

solid/polymer interface, Rinterlayer
i is the TBR at the polymer/

polymer interlayer, and Rbulk‑layer
i is the thermal resistance of

polymer bulk-layer. The macroscopic thermal resistance of a
material with thickness L and thermal conductivity λ is given
by L/λ, and hence, Rbulk‑layer

i is given by Li/λ⊥
i . Here, λ⊥

i is the
cross-plane thermal conductivity of a bulk-layer region i and is
calculated from Fourier’s law using the temperature gradient
obtained from the linear fitting for each bulk-layer region in
Figure 4 and J⊥. The thickness Li is the distance between

Figure 4. Temperature (points) and mass density (transparent lines) profiles in the cross-plane NEMD for the degree of ionization of (a) ±1 e, (b)
±2 e, (c) ±3 e, and (d) ±4 e. (e, f) Close-up views of the temperature profiles enclosed by a dashed rectangle in (a) and (d), respectively.

Figure 5. Overall thermal resistance, Roverall, as a function of degree of
ionization.
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points at which temperature jumps were defined, i.e., not the
width of the bulk-layer region. Each thermal resistance type is
analyzed separately in the following paragraphs.
First, we investigate the TBR at the solid/polymer interface.

Figure 6 shows the TBRs, Rinterface
i , and mean values of the

interfacial potential energy per unit area, which is the total
energy between the solid wall and remaining atoms, at the Pt/
PAA and Pt/PEI interfaces as functions of the degree of
ionization. The TBR at the solid/polymer interface decreases
with increasing absolute value of the interfacial potential
energy due to the higher degree of ionization, and a similar
tendency was reported in the previous works for solid/simple
liquid interfaces.65−69 For TBR at a solid/liquid interface in
general, the amount of adsorbed molecules is also an important
factor. However, as shown in Figure 4, the density profiles are
almost the same for various ionization conditions. Therefore,
the reduction of TBR at the solid/polymer interface is caused
not by an increase in the amount of adsorbed polymer but only
by the improved affinity due to the enhancement of
electrostatic interaction between the charged surface and the
adsorbed polymer. Similar results have been reported for
gold−SAM−water system.70−72 In such a system, the
interfacial thermal conductance across the SAM/water inter-
face improved with increasing polarity of the SAM because
more polar functionalized surface can lead to stronger
electrostatic interaction across the SAM/water interface.
Second, we describe the interpolymer TBR. Figure 7 shows

the TBRs, Rinterlayer
i , at the polymer/polymer interlayers as

functions of the degree of ionization. All TBRs at the
interlayers have a similar tendency to the solid/polymer
interface observed in Figure 6, and they decrease with
increasing degree of ionization. As shown in Figure 3, the
degree of overcharging at the interlayer increases with the
degree of ionization, and hence, it is expected that higher

overcharging enables the stronger electrostatic interaction
between ionized PAA and PEI at the interlayers, reducing their
TBR. To confirm this, we calculated radial distribution
functions (RDFs) between atom pairs in the interlayer regions.
The interlayer regions have a finite width in the z direction, as
shown in Figure 4, and hence, the RDF for a limited region73

was used. A detailed description can be found in the
Supporting Information.
Figure 8a shows the total RDF and its components in the

PAA2/PEI2 interlayer region for the degree of ionization of ±4

e. In this RDF, only C, O, and N atoms were considered to
capture the backbone of polymers and only intermolecular
pairs were considered. The total RDF was decomposed into
three components based on polymer types, PAA···PAA, PEI···
PEI, and PAA···PEI, where gPAA···PAA(r) + gPEI···PEI(r) +
gPAA···PEI(r) = gTotal(r) → 1 as r → ∞. In the interlayer region,
the component of the heterogeneous pair PAA···PEI is
dominant, and hence, the intermolecular interaction between
PAA and PEI molecules plays an important role in determining
heat conduction at the interlayer. In the other interlayer
regions, similar distributions were obtained, while the
component of homogeneous pairs is dominant in the bulk-
layer region (not shown). Figure 8b shows a comparison of
gPAA···PEI(r) in the PAA2/PEI2 interlayer region for various
ionization conditions. The first peak becomes higher as the
degree of ionization increases. In Figure 8c (inset), gPAA···PEI(r)
for ±4 e was decomposed into three components based on the
combination of atom types. The first peak corresponds to N−
H···O hydrogen bonds, where hydrogen bonds between NH3+

and COO− are dominant.
Using Figure 8b,c, the coordination numbers within the

range of r < 3 Å and its components were calculated as shown
in Figure 9 by integrating over the sphere with radius r (i.e., we
assume that the RDF in the z direction is the same as

Figure 6. Thermal boundary resistances, Rinterface
i , and interfacial

potential energies per unit area at solid/polymer interfaces as
functions of degree of ionization.

Figure 7. Thermal boundary resistances, Rinterlayer
i , at polymer/

polymer interlayers as functions of degree of ionization.

Figure 8. Slab geometry-based radial distribution functions (RDFs) in
the PAA2/PEI2 interlayer region. (a) RDFs for ±4 e and its
component based on the combination of polymer types of selected
atoms. (b) RDFs of PAA···PEI pairs, gPAA···PEI(r), for various
ionization conditions. (c) The inset graph in (b): RDFs of PAA···
PEI pairs for ±4 e and its component based on the combination of
atom types of selected atoms. In (a)−(c), the green solid lines are the
same plots for gPAA···PEI(r) for ±4 e.
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gPAA···PEI(r)). Figure 9 also provides an illustration of the
hydrogen bonds of (a) NH3+···COO− and (b) NH3+···COOH.
The coordination number increases with the degree of
ionization, and the component of NH3+···COO− becomes
dominant, as was observed from RDF in Figure 8. Such
hydrogen bonds in which both donor and acceptor atoms are
ionized are called salt bridges and have a significantly higher
bonding energy than hydrogen bonds between unionized
atoms or between ionized and unionized atoms.74 Salt bridges
can be often seen in proteins and have an important role in
protein stability.75−78 The number of salt bridges in the
interlayer region increases with the degree of ionization. Wei et
al.79,80 reported that in the system of ionized polymer with
counterions, the electrostatic interaction between oppositely
charged atoms does not improve the thermal conductivity
directly but leads to shifting the vdW force to the stronger
repulsive regime by attracting atoms closer together, and this
repulsive vdW force enhances the heat conduction. Therefore,
in the LbL system, it is likely that salt bridges, i.e., stiff
noncovalent bonds via the electrostatic interaction, lead to the
stronger repulsive vdW force and enhance heat conduction,
i.e., reduce TBR, at the interlayers.
Third, we investigate bulk-layer thermal conductivity. Figure

10 shows the cross-plane thermal conductivity, λ⊥
i , of each

bulk-layer region as functions of the degree of ionization.
Compared to the thermal conductivities of the bulk PAA27 and
PEI,29 0.339 and 0.219 W/(m·K), respectively, the cross-plane
thermal conductivities of PAA and PEI in the case of ±1 e are
unexpectedly higher in spite of the in-plane oriented structure.
Although the average mass densities of the PAA1 and PEI3
bulk-layer regions that are adjacent to solid surfaces are higher
than the respective bulk densities of PAA and PEI due to the
interfacial adsorption, the average densities of the other layers
are almost the same as each bulk density (see Figure S4). A

possible reason for the higher thermal conductivities is that the
thermal conductivity of the ionized polymer is higher than that
of the neutral polymer because of chain extension and increase
of elastic modulus.81 The cross-plane thermal conductivity of
PAA decreases with increasing degree of ionization, while that
of PEI is almost constant regardless of the degree of ionization.
To clarify this different tendency, we considered the gyration
tensor R for each molecule and defined the order parameter as
2⟨Rzz⟩/⟨Rxx + Ryy⟩,

21 where ⟨ ⟩ denotes an ensemble average.
This quantity is unity for a completely random and isotropic
system, whereas it is less than unity for a system oriented in the
in-plane direction (inside the xy plane). Figure 11 shows the

order parameters of each bulk-layer region as functions of the
degree of ionization, and a similar tendency with the cross-
plane thermal conductivity was obtained. PAA, a linear
polymer, is more oriented in the in-plane direction as the
degree of ionization increases because ionized PAA was
attracted by positively charged layers and a linear structure is
easy to align in the in-plane direction. Therefore, the cross-
plane thermal conductivity of PAA decreases. On the other
hand, PEI, a hyperbranched polymer, is difficult to align in the
in-plane direction due to its steric hindrance, resulting in the
almost constant cross-plane thermal conductivity of PEI.
Among the various ionization conditions, the thickness Li is
almost the same, and hence, the thermal resistance, Rbulk‑layer

i ,
has a reciprocal tendency of the cross-plane thermal
conductivity, λ⊥

i , when the degree of ionization changes. In
fact, the thermal resistance of the PAA bulk-layer increases
with the degree of ionization, whereas that of the PEI bulk-
layer is almost constant (see Figure S5).
The reason for the overall thermal resistance to have the

minimum value at ±3 e, as shown in Figure 5, is the trade-off
relationship in which the TBRs at the solid/polymer interface
and at the polymer/polymer interlayer decrease with the
degree of ionization, whereas the thermal resistance of the PAA
bulk-layer increases with the degree of ionization because of
decreasing the cross-plane thermal conductivity. The different
tendency of the cross-plane thermal conductivity depending on
the molecular structures suggests that the trade-off relationship
between TBRs and cross-plane thermal conductivity might be
overcome if hyperbranched polymers are used for both
positively and negatively charged layers. In such an LbL
membrane, the overall thermal resistance might decrease with
increasing degree of ionization. In the present study, it was
found that the electrostatic interaction has an important role in
forming effective heat transfer paths at the solid/polymer
interface and at the polymer/polymer interlayer in the cross-
plane heat conduction through the LbL membrane.

Figure 9. Coordination numbers within the range of r < 3 Å
calculated from RDFs of PAA···PEI pairs, gPAA···PEI(r), in the PAA2/
PEI2 interlayer region and its component based on the combination of
atom types of selected atoms.

Figure 10. Cross-plane thermal conductivities, λ⊥
i , of each bulk-layer

region as functions of degree of ionization.

Figure 11. Order parameters, 2⟨Rzz⟩/⟨Rxx + Ryy⟩, in each bulk-layer
region as functions of degree of ionization.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c00845
Langmuir 2020, 36, 6482−6493

6489

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00845/suppl_file/la0c00845_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00845/suppl_file/la0c00845_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00845?fig=fig11&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00845?ref=pdf


Actual LbL membranes in practical applications generally
have more layers compared to our model. Under the same
ionization condition, Figure 7 shows that the TBRs at each
interlayer have almost the same value and Figure 10 shows that
the respective cross-plane thermal conductivities for the PAA
and PEI layers also have almost the same values. Therefore, the
overall thermal resistance of practical LbL membranes with a
larger number of layers can be estimated by considering that
these values of interlayer and thermal resistance per layer are
maintained as long as the polymer layers are interlaminated
orderly. In addition, although in the present MD simulation
the thickness of each layer is almost the same, the thickness
might change with the number of layers in actual LbL
membranes. The influence of changing the thickness on the
overall thermal resistance can be estimated as dependent only
on the thickness Li using eq 4 if we assume that the cross-plane
thermal conductivity does not change significantly with the
thickness.
In-Plane Heat Conduction. Figure 12 shows the temper-

ature profiles in each layer along the x direction, i.e., the in-

plane direction, in the in-plane NEMD simulation for the
degree of ionization of ±1 e. Although the heat source and sink
were independently set for each layer, almost the same
temperature profiles were formed in each layer, indicating that
the temperature gradient, i.e., net heat flux, in the z direction is
almost zero. On the basis of this result, heat fluxes through
each layer can be computed individually from the added
kinetic energies in each arrayed thermostat using eq 2. For
each ionization condition, the temperature gradient, ∂T/∂x,
was given as the average of those calculated from linear fittings
in the 12 control volumes. The in-plane thermal conductivity,
λ∥
i , for each layer was calculated using this average temperature
gradient, and the respective in-plane heat flux, J∥

i , is displayed
in Figure 13. For reference, the same protocol was performed
for the neutral systems in which neutral PAA or PEI was
sandwiched by uncharged Pt walls, and λ∥

i is also plotted in
Figure 13. Here, the total number of polymer molecules in the
neutral systems is the same as that of the LbL systems, and the
layer positions, i.e., the arrayed thermostat positions, were
determined from each density profile, as described in Figure
S6.
The in-plane thermal conductivities of each PAA and PEI

layer were around 0.28−0.35 and 0.26−0.34 W/(m·K),
respectively, and the corresponding mean values were 0.328
and 0.305 W/(m·K). The PAA layers have a −19 to 5%
enhancement and the PEI layers have a 19−54% enhancement
from the respective bulk thermal conductivities. Strictly

speaking, although the bulk-layer regions in the cross-plane
NEMD simulations were considered as mostly pure, the layers
in these in-plane simulations should be considered as PAA-rich
or PEI-rich due to interdiffusion, as is seen in Figure 2d. The
PEI layers contain a small amount of PAA with higher thermal
conductivity, and also the in-plane oriented structure induces a
large enhancement in thermal conductivity, whereas it seems
that for the PAA layer, the significant enhancement was not
obtained because of the conflicting effect between the
inclusion of the lower thermal conductivity polymer and the
oriented structure.
In Figure 13, the neutral PEI in the vicinity of the walls has a

higher in-plane thermal conductivity than that of bulk PEI
because of the in-plane oriented structure and high density due
to the existence of solid surface, whereas in the middle region,
it is almost the same as the bulk thermal conductivity. This is
because the in-plane oriented structure of the neutral PEI
disappears in the middle region and it behaves as a bulk (see
Figure S6). On the other hand, the results in Figure 13 indicate
that the in-plane thermal conductivities of the LbL membrane
maintains relatively high values in the whole region because the
highly oriented structure in the in-plane direction is sustained
at all regions due to the thinned layer structure which is a
characteristic property of LbL membranes. The neutral PAA
also maintains a higher in-plane thermal conductivity in the
whole region. This is because the highly oriented structure of
linear polymers due to the existence of solid surfaces extends
over a longer distance than PEI. However, it is believed that
the in-plane thermal conductivity of the neutral PAA will also
decrease to the bulk value as seen for that of the neutral PEI in
Figure 13 when the thickness of the PAA film increases enough
for the oriented structure to disappear.
If we apply the macroscopic heat conduction model for a

multilayered flat plate, the effective thermal conductivity of this
layered structure is calculated as the volume average thermal
conductivity. With this model, the effective in-plane thermal
conductivities of the LbL membranes are calculated as 0.333,
0.321, 0.298, and 0.313 W/(m·K) for the conditions of ±1,
±2, ±3, and ±4 e, respectively. Using the bulk thermal
conductivities and the volume ratio of PAA and PEI calculated
from the bulk densities, the volume average thermal

Figure 12. Temperature profiles for each layer along the x direction in
the in-plane NEMD for the degree of ionization of ±1 e. The red and
blue parts represent the heat source and sink, respectively, and the
green parts represent the control volumes.

Figure 13. In-plane thermal conductivity, λ∥
i , distributions in the z

direction for each polymer layer in an LbL membrane for different
degrees of ionization (from ±1 to ±4 e). The filled and open symbols
represent the results of PAA and PEI layers, respectively. The abscissa
represents the center position of each polymer layer. The results for
the single-component neutral membranes are also included.
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conductivity would be 0.283 W/(m·K). Compared to this
value, the effective in-plane thermal conductivity in the LbL
membranes was higher for all ionization conditions. Lussetti et
al.21 and Liu et al.22 reported over 30% enhancement of
polymer thermal conductivity in the oriented direction.
Comparing with these past works, the enhancement obtained
in the present LbL membrane is small. This is because the heat
flow direction coincides with the oriented direction in their
cases, whereas in our LbL systems, the axis of molecular
alignment in the xy plane deviated from the heat flow
direction, the x direction. We defined another orientation
order parameter, ⟨Rxx/Ryy⟩, for each layer using the gyration
tensor. This quantity represents a degree of molecular
alignment in the x direction, and it is unity for isotropic
alignment on the xy plane. For PAA layers, ⟨Rxx/Ryy⟩ falls
within the range of 0.67−1.38, showing varying deviation of
the axis of molecular alignment from the heat flow direction.
The present in-plane NEMD simulation can only capture the
enhancement of the x direction thermal conductivity, and
hence, the enhancement of the in-plane thermal conductivity
by the in-plane oriented structure might not be evaluated
accurately. This fact may also explain why the in-plane thermal
conductivity of PAA does not increase with the degree of
ionization although the cross-plane thermal conductivity
decreases with decreasing order parameter. This feature may
be more pronounced in linear polymers than branched
polymers.

■ CONCLUSIONS
In this work, we constructed models of a poly(acrylic acid)
(PAA)/polyethylenimine (PEI) layer-by-layer (LbL) mem-
brane sandwiched by charged solid walls for various ionization
conditions represented by different charge densities of the solid
walls and degrees of ionization of each polymer and
investigated the heat conduction properties in the cross-
plane and in-plane directions using NEMD simulations. LbL
membranes can transfer heat efficiently in both the cross- and
in-plane directions using different mechanisms, and this
suggests a new strategy to enhance heat conduction of
polymeric materials in three-dimensional directions using
LbL membranes. Each heat conduction mechanism is
summarized below.
In the cross-plane NEMD simulations, the overall thermal

resistance is divided into three types of resistances: TBR at
solid/polymer interfaces, TBR at polymer/polymer interlayers,
and thermal resistance in bulk-layers. The TBRs at interfaces
and interlayers decreased with increasing degree of ionization,
and hence, we concluded that efficient heat transfer paths are
formed by electrostatic interaction. The tendency of the
thermal resistance in bulk-layers with increasing degree of
ionization depended on the molecular structure.
In the in-plane NEMD simulations, each polymer layer in

the LbL membranes showed a high in-plane thermal
conductivity due to the thinned layer structure. As a result,
the effective in-plane thermal conductivity of the LbL
membranes was higher than the volume average of bulk
thermal conductivity of the constituent polymers.
Although we dealt with the LbL membrane that has a well-

defined structure, actual LbL membranes would be more
complicated. The boundaries between constituent layers may
be ambiguous and the degree of ionization may be distributed
nonuniformly. Nevertheless, the picture of the in-plane and
cross-plane heat conductions obtained here for an ideal LbL

membrane is still helpful as a basis when one investigates heat
conduction in such realistic membranes.
Although the heat conduction properties obtained here are

not high enough to replace existing TIMs, our work presents a
proper understanding of the different mechanisms of the cross-
plane and in-plane heat conductions in LbL membranes and
provides important knowledge for the development of a high-
performance LbL-based TIM.
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Abbas, Z. Surface Charge and Interfacial Potential of Titanium
Dioxide Nanoparticles: Experimental and Theoretical Investigations.
J. Colloid Interface Sci. 2013, 407, 168−176.
(53) Jalil, A. H.; Pyell, U. Quantification of Zeta-Potential and
Electrokinetic Surface Charge Density for Colloidal Silica Nano-
particles Dependent on Type and Concentration of the Counterion:
Probing the Outer Helmholtz Plane. J. Phys. Chem. C 2018, 122,
4437−4453.
(54) Patel, P. A.; Jeon, J.; Mather, P. T.; Dobrynin, A. V. Molecular
Dynamics Simulations of Layer-by-Layer Assembly of Polyelectrolytes
at Charged Surfaces: Effects of Chain Degree of Polymerization and
Fraction of Charged Monomers. Langmuir 2005, 21, 6113−6122.
(55) Carrillo, J.-M. Y.; Dobrynin, A. V. Layer-by-Layer Assembly of
Polyelectrolyte Chains and Nanoparticles on Nanoporous Substrates:
Molecular Dynamics Simulations. Langmuir 2012, 28, 1531−1538.
(56) Qiu, Y.; Chen, Y. Counterions and Water Molecules in
Charged Silicon Nanochannels: The Influence of Surface Charge
Discreteness. Mol. Simul. 2015, 41, 1187−1192.
(57) Konishi, M.; Washizu, H. Understanding the Effect of the Base
Oil on the Physical Adsorption Process of Organic Additives Using
Molecular Dynamcis. Tribol. Int. 2019, No. 105568.
(58) Laurent, D.; Schlenoff, J. B. Multilayer Assemblies of Redox
Polyelectrolytes. Langmuir 1997, 13, 1552−1557.
(59) Schneider, T.; Stoll, E. Molecular-Dynamics Study of a Three-
Dimensional One-Component Model for Distortive Phase Tran-
sitions. Phys. Rev. B 1978, 17, 1302−1322.
(60) Shinoda, W.; Shiga, M.; Mikami, M. Rapid Estimation of Elastic
Constants by Molecular Dynamics Simulation under Constant Stress.
Phys. Rev. B 2004, 69, No. 134103.
(61) Xue, L.; Keblinski, P.; Phillpot, S. R.; Choi, S. U. S.; Eastman, J.
A. Effect of Liquid Layering at the Liquid-Solid Interface on Thermal
Transport. Int. J. Heat Mass Transfer 2004, 47, 4277−4284.
(62) Liang, Z.; Tsai, H. L. Thermal Conductivity of Interfacial
Layers in Nanofluids. Phys. Rev. E 2011, 83, No. 041602.
(63) Babaei, H.; Keblinski, P.; Khodadadi, J. M. Improvement in
Thermal Conductivity of Paraffin by Adding High Aspect-Ratio
Carbon-Based Nano-Fillers. Phys. Lett. A 2013, 377, 1358−1361.
(64) Decher, G.; Lvov, Y.; Schmitt, J. Proof of Multilayer Structural
Organization in Self-Assembled Polycation-Polyanion Molecular
Films. Thin Solid Films 1994, 244, 772−777.

(65) Maruyama, S.; Kimura, T. A Study on Thermal Resistance over
a Solid-Liquid Interface by the Molecular Dynamics Method. Therm.
Sci. Eng. 1999, 7, 63−68.
(66) Wang, Y.; Keblinski, P. Role of Wetting and Nanoscale
Roughness on Thermal Conductance at Liquid-Solid Interface. Appl.
Phys. Lett. 2011, 99, No. 073112.
(67) Surblys, D.; Kawagoe, Y.; Shibahara, M.; Ohara, T. Molecular
Dynamics Investigation of Surface Roughness Scale Effect on
Interfacial Thermal Conductance at Solid-Liquid Interfaces. J. Chem.
Phys. 2019, 150, No. 114705.
(68) Guo, Y.; Surblys, D.; Kawagoe, Y.; Matsubara, H.; Liu, X.;
Ohara, T. A Molecular Dynamics Study on the Effect of Surfactant
Adsorption on Heat Transfer at a Solid-Liquid Interface. Int. J. Heat
Transfer 2019, 135, 115−123.
(69) Guo, Y.; Surblys, D.; Kawagoe, Y.; Matsubara, H.; Ohara, T. A
Molecular Dynamics Study of Heat Transfer over an Ultra-Thin
Liquid Film with Surfactant between Solid Surfaces. J. Appl. Phys.
2019, 126, No. 185302.
(70) Kikugawa, G.; Ohara, T.; Kawaguchi, T.; Kinefuchi, I.;
Matsumoto, Y. A Molecular Dynamics Study on Heat Transfer
Characteristics over the Interface of Self-Assembled Monolayer and
Water Solvent. J. Heat Transfer 2014, 136, No. 102401.
(71) Wei, X.; Zhang, T.; Luo, T. Thermal Energy Transport across
Hard-Soft Interfaces. ACS Energy Lett. 2017, 2, 2283−2292.
(72) Huang, D.; Ma, R.; Zhang, T.; Luo, T. Origin of Hydrophilic
Surface Functionalization-Induced Thermal Conductance Enhance-
ment across Solid-Water Interfaces. ACS Appl. Mater. Interfaces 2018,
10, 28159−28165.
(73) Matsubara, H.; Pichierri, F.; Kurihara, K. Unraveling the
Properties of Octamethylcyclotetrasiloxane under Nanoscale Confine-
ment: Atomistic View of the Liquidlike State from Molecular
Dynamics Simulation. J. Chem. Phys. 2011, 134, No. 044536.
(74) Petsko, G. A.; Ringe, D. Protein Structure and Function; New
Science Press Ltd., 2004.
(75) Hendsch, Z. S.; Tidor, B. Do Salt Bridges Stabilize Proteins? A
Continuum Electrostatic Analysis. Protein Sci. 1994, 3, 211−226.
(76) Sindelar, C. V.; Hendsch, Z. S.; Tidor, B. Effects of Salt Bridges
on Protein Structure and Design. Protein Sci. 1998, 7, 1898−1914.
(77) Kumar, S.; Nussinov, R. Close-Range Electrostatic Interactions
in Proteins. ChemBioChem 2002, 3, 604−617.
(78) Donald, J. E.; Kulp, D. W.; DeGrado, W. F. Salt Bridges:
Geometrically Specific, Designable Interactions. Proteins: Struct.,
Funct., Bioinf. 2011, 79, 898−915.
(79) Wei, X.; Luo, T. Role of Ionization in Thermal Transport of
Solid Polyelectrolytes. J. Phys. Chem. C 2019, 123, 12659−12665.
(80) Wei, X.; Ma, R.; Luo, T. Thermal Conductivity of
Polyelectrolytes with Different Counterions. J. Phys. Chem. C 2020,
124, 4483−4488.
(81) Shanker, A.; Li, C.; Kim, G. H.; Gidley, D.; Pipe, K. P.; Kim, J.
High Thermal Conductivity in Electrostatically Engineered Amor-
phous Polymers. Sci. Adv. 2017, 3, No. e1700342.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c00845
Langmuir 2020, 36, 6482−6493

6493

https://dx.doi.org/10.1063/1.479595
https://dx.doi.org/10.1063/1.479595
https://dx.doi.org/10.1063/1.463137
https://dx.doi.org/10.1063/1.463137
https://dx.doi.org/10.1016/j.bpj.2011.04.045
https://dx.doi.org/10.1016/j.bpj.2011.04.045
https://dx.doi.org/10.1016/j.bpj.2011.04.045
https://dx.doi.org/10.1006/bioo.1994.1025
https://dx.doi.org/10.1006/bioo.1994.1025
https://dx.doi.org/10.1021/cr400531v
https://dx.doi.org/10.1021/cr400531v
https://dx.doi.org/10.1103/PhysRev.25.753
https://dx.doi.org/10.1103/PhysRev.25.753
https://dx.doi.org/10.1021/ja980350+
https://dx.doi.org/10.1021/ja980350+
https://dx.doi.org/10.1080/18811248.1996.9732018
https://dx.doi.org/10.1080/18811248.1996.9732018
https://dx.doi.org/10.1021/la303323r
https://dx.doi.org/10.1021/la303323r
https://dx.doi.org/10.1016/j.jcis.2013.06.015
https://dx.doi.org/10.1016/j.jcis.2013.06.015
https://dx.doi.org/10.1021/acs.jpcc.7b12525
https://dx.doi.org/10.1021/acs.jpcc.7b12525
https://dx.doi.org/10.1021/acs.jpcc.7b12525
https://dx.doi.org/10.1021/acs.jpcc.7b12525
https://dx.doi.org/10.1021/la050432t
https://dx.doi.org/10.1021/la050432t
https://dx.doi.org/10.1021/la050432t
https://dx.doi.org/10.1021/la050432t
https://dx.doi.org/10.1021/la203940w
https://dx.doi.org/10.1021/la203940w
https://dx.doi.org/10.1021/la203940w
https://dx.doi.org/10.1080/08927022.2014.961017
https://dx.doi.org/10.1080/08927022.2014.961017
https://dx.doi.org/10.1080/08927022.2014.961017
https://dx.doi.org/10.1016/j.triboint.2019.01.027
https://dx.doi.org/10.1016/j.triboint.2019.01.027
https://dx.doi.org/10.1016/j.triboint.2019.01.027
https://dx.doi.org/10.1021/la960959t
https://dx.doi.org/10.1021/la960959t
https://dx.doi.org/10.1103/PhysRevB.17.1302
https://dx.doi.org/10.1103/PhysRevB.17.1302
https://dx.doi.org/10.1103/PhysRevB.17.1302
https://dx.doi.org/10.1103/PhysRevB.69.134103
https://dx.doi.org/10.1103/PhysRevB.69.134103
https://dx.doi.org/10.1016/j.ijheatmasstransfer.2004.05.016
https://dx.doi.org/10.1016/j.ijheatmasstransfer.2004.05.016
https://dx.doi.org/10.1103/PhysRevE.83.041602
https://dx.doi.org/10.1103/PhysRevE.83.041602
https://dx.doi.org/10.1016/j.physleta.2013.03.040
https://dx.doi.org/10.1016/j.physleta.2013.03.040
https://dx.doi.org/10.1016/j.physleta.2013.03.040
https://dx.doi.org/10.1016/0040-6090(94)90569-X
https://dx.doi.org/10.1016/0040-6090(94)90569-X
https://dx.doi.org/10.1016/0040-6090(94)90569-X
https://dx.doi.org/10.1063/1.3626850
https://dx.doi.org/10.1063/1.3626850
https://dx.doi.org/10.1063/1.5081103
https://dx.doi.org/10.1063/1.5081103
https://dx.doi.org/10.1063/1.5081103
https://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.01.131
https://dx.doi.org/10.1016/j.ijheatmasstransfer.2019.01.131
https://dx.doi.org/10.1063/1.5123583
https://dx.doi.org/10.1063/1.5123583
https://dx.doi.org/10.1063/1.5123583
https://dx.doi.org/10.1115/1.4027910
https://dx.doi.org/10.1115/1.4027910
https://dx.doi.org/10.1115/1.4027910
https://dx.doi.org/10.1021/acsenergylett.7b00570
https://dx.doi.org/10.1021/acsenergylett.7b00570
https://dx.doi.org/10.1021/acsami.8b03709
https://dx.doi.org/10.1021/acsami.8b03709
https://dx.doi.org/10.1021/acsami.8b03709
https://dx.doi.org/10.1063/1.3530591
https://dx.doi.org/10.1063/1.3530591
https://dx.doi.org/10.1063/1.3530591
https://dx.doi.org/10.1063/1.3530591
https://dx.doi.org/10.1002/pro.5560030206
https://dx.doi.org/10.1002/pro.5560030206
https://dx.doi.org/10.1002/pro.5560070906
https://dx.doi.org/10.1002/pro.5560070906
https://dx.doi.org/10.1002/1439-7633(20020703)3:7<604::AID-CBIC604>3.0.CO;2-X
https://dx.doi.org/10.1002/1439-7633(20020703)3:7<604::AID-CBIC604>3.0.CO;2-X
https://dx.doi.org/10.1002/prot.22927
https://dx.doi.org/10.1002/prot.22927
https://dx.doi.org/10.1021/acs.jpcc.9b03064
https://dx.doi.org/10.1021/acs.jpcc.9b03064
https://dx.doi.org/10.1021/acs.jpcc.9b11689
https://dx.doi.org/10.1021/acs.jpcc.9b11689
https://dx.doi.org/10.1126/sciadv.1700342
https://dx.doi.org/10.1126/sciadv.1700342
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00845?ref=pdf

