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Surfactants have attracted attention as a means of enhancing thermal transport across solid-liquid inter-
faces. In the present study, non-equilibrium molecular dynamics simulation was used to study the effect
of surfactants on interfacial thermal transport at solid-liquid interfaces, from the viewpoint of vibration-
mode matching. The solid atom, surfactant molecule, and solvent molecule were all represented by a sin-
gle atom. The vibrational characteristics of surfactant molecules were altered by changing surfactant
mass msf, surfactant concentration cgf, and the interaction strength between solid atoms and surfactant
molecules, &gq_s. For given values of cgr and &g4_s;1, the interfacial thermal resistance (ITR) between the
solid and surfactant solution exhibited a minimum as a function of mgy. This minimum was found to
result from the mutual interference of interparticle heat transfer among atoms in the solid surface layer,
and surfactant and solvent molecules in the first and second adsorption liquid layers. The amount of
interparticle heat transfer was only partly correlated with the traditionally used overlap of vibrational
density of states and with the matching of the characteristic frequencies associated with the spring con-
stant of potential of mean force, proposed here. From this result, we conclude that ITR at solid-liquid
interfaces can be minimized by optimizing the vibrational characteristics of surfactant molecules, but
the theory of vibration-mode matching should be refined in order to fully identify the condition under
which the best vibrational matching occurs between solid, surfactant, and solvent.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The miniaturization of electronic devices such as power mod-
ules has led to a sharp increase in the density of heat generated
from semiconductor components, and an efficient removal of the
excess heat has become a vital concern in many industrial fields.
A common way to improve heat dissipation in such devices is to
insert thermal interface materials (TIMs) [1,2] between a high-
heat-generating component and a heat sink. Since TIMs intend to
fill the gap formed by imperfect contact of two rough surfaces with
a highly thermally conductive material, liquid-like materials in
which carbon or metal/metal oxide fillers are dispersed are typi-
cally used as TIMs. In order to maximize the performance of TIMs,
it is necessary not only to increase intrinsic thermal conductivity of
TIM, but also to increase the interfacial thermal conductance (ITC)
or, equivalently, reduce the interfacial thermal resistance (ITR)
between TIMs and solid surfaces.
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Surfactants are widely used as additives in aqueous as well as
non-aqueous solvents for various purposes including reduction of
surface tension, modification of rheological properties, enhance-
ment of oil recovery, and control of wettability and surface friction
[3-6]. Both experimental and computational studies have shown
[7-12] that surfactants can improve ITC between solids and lig-
uids. On one hand, this effect of surfactant can be understood by
its strong affinity with both solid surface and solvent. A number
of molecular dynamics (MD) studies have found positive correla-
tions between ITC and the affinity between solids and liquids, in
view of interaction strength [13], surface charge [14], wetting/-
work of adhesion [15,16], and surface roughness [17]. In addition,
it has also been reported that ITC is correlated with the liquid
structure near solid surfaces [18], which can affect ITC indepen-
dently of the solid-liquid affinity [19,20]. In consistent with these
studies, our MD studies of surfactant-mediated interfacial heat
transfer [9,21-23] have revealed that the improvement of the
solid-liquid affinity and the induction of interfacial liquid structur-
ing are both important roles of surfactants in enhancing interfacial
thermal transport.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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On the other hand, mechanism of interfacial thermal transport
is often explored in view of vibrational modes. In particular, pho-
non conduction picture [24,25] implies a correlation between ITC
and the overlap of vibrational density of states (VDOS) of two
materials in contact [26]. This correlation is no more than a
hypothesis because VDOS is different from the spectrum of heat
flow itself, and a method for spectrally decomposing ITC at solid-
liquid interfaces has become available [27]. Nevertheless, VDOS
overlap is still widely used as a tool for understanding interfacial
thermal transport. The correlation between interfacial thermal
transport and VDOS overlap has been reported not only for
solid-solid interfaces [28-30], but also for solid-liquid interfaces
[31-36]. It was also suggested that temperature jump at a solid-
liquid phase boundary of the same substance can disappear when
a perfect vibrational coupling occurs [37]. Thus, the idea of
vibration-mode matching seems to work at solid-liquid interfaces,
even though phonon might not be suitable as a picture of thermal
energy carrier in liquids.

In the present study, we consider the surfactant-mediated ther-
mal transport from the viewpoint of vibration-mode matching.
Non-equilibrium MD (NEMD) simulations were performed for
the interface of a monatomic crystal and a surfactant solution com-
posed of monatomic surfactant and solvent molecules. The vibra-
tional characteristics of surfactant molecules were altered by
changing surfactant mass, surfactant concentration, and the inter-
action strength between solid atoms and surfactant molecules. The
total heat conduction at the interface was decomposed into the
heat transfer among atoms in the solid surface layer, and the sur-
factant and solvent molecules in the first and second adsorption
layers. For each pair of atoms and molecules, the correlation
between the amount of interparticle heat transfer and the degree
of vibration-mode matching was examined. In order to quantify
the degree of vibration-mode matching, two approaches were
examined here. One is VDOS overlap and the other is the matching
of the characteristic frequencies associated with the spring con-
stant of potential of mean force (PMF). PMF [38,39] is considered
to be the effective pair potential of the two particles in a medium
at finite temperature. If the medium is solid-like, it seems reason-
able to assume that particles oscillate near the potential minimum
and the associated vibrational frequency can be derived from the
spring constant of the PMF. We call this frequency the characteris-
tic frequency of PMF for short. In a liquid state, such vibration is
not persistent, but an instantaneous reciprocating motion that
occurs when two particles collide may be seen as part of this vibra-
tion, and the number of such collisions is quite large because sta-
tistically liquid molecules spend most of time near the minimum
of PMF. In addition, it is known [40,41] that there is a correlation
between thermal energy transfer due to pair interaction and PMF
(or, equivalently, radial distribution function as will be explained
later by Eq. (11)). Therefore, the matching in the characteristic fre-
quencies of PMF is worth considering.

2. MD simulation
2.1. Molecular models and system details

The simulation system was consisted of two blocks of mona-
tomic crystal sandwiching a surfactant solution as shown in
Fig. 1(a). The solvent and surfactant molecules were both repre-
sented by a monatomic molecule in order to focus on the essential
physics. The pair interaction between liquid molecules was
expressed by Lennard-Jones (L) potential:

= [(9)" - (] 0
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where r is interatomic distance, and ¢ and ¢ are energy and dis-
tance parameters, respectively. The potential parameters of argon

[42], 0 = 3.405 A and & =1.65 x 107" ] were used for all of sol-
vent-solvent, solvent-surfactant, and surfactant-surfactant inter-
actions. The mass of solvent molecule was set to mg, = 39.95 u
while for the surfactant mass mgy, eleven cases from y = 0.1 to
5.0 were considered in terms of the surfactant-to-solvent mass
ratio y = mg/mg,. The largest y corresponds to the surfactant mass
of mgr=199.75 u, which is nearly the same as the mass of the solid
atom, mgq = 195.08 u. The solid atoms were assumed to be plat-
inum, and their pair interactions were described by Morse
potential:

Umorse(r) =D [e—Za(rfro) — 2(.3*“(’40)} 2)

where we adopted the potential parameters of Pamuk and Hali-
cioglu [43]: D = 1.16214 x 107" J, ry = 2.91049 A, and o = 1.
62597 A1,

The interaction between the solid atom and the solvent mole-
cule was described by L] potential and the parameters were chosen
as Gga-sv = 2.935 A and egq_qv = 0.33 x 102! ], which corresponds
to a low wettability of argon droplet on platinum crystal surface
with contact angle 6 ~ 140° according to Spijker et al. [44] (They
employed slightly different molecular models than ours.) For the
solid-surfactant interaction, the distance parameter was the same
as that of the solid-solvent interaction, but the energy parameter
Esid-sif Was set to be higher than eg4_g,. In order to investigate
the effect of the affinity between surfactant and solid surface, we
examined the two cases, &gd_sif = €low = 1.25 x 10721 J and &gq_f =-
g, = 5.00 x 107" ], which corresponds to 6 ~ 90" and 0 ~ 0,
respectively [44]. Hereafter, ‘affinity’ is used as the same meaning
as the strength of interaction. The cut-off radius for all the interac-
tions was set to be 12 A,

The x and y dimensions of the simulation box were S,, = 38.7
8 x 38.38 A2 and the periodic boundary conditions were applied
while a fixed boundary condition was applied in the z direction
by freezing the outermost solid atoms as will be described in Sec-
tion 2.2. Each of the left and right crystal blocks was composed of
3136 atoms arranged in the face-centered cubic crystal of plat-
inum, and the (111) face was in contact with the surfactant solu-
tion. One crystal block had 14 atomic layers along the z direction,
each containing 224 atoms. The surfactant solution contained
1600 molecules as the sum of solvent and surfactant molecules.
As shown in Fig. 1(b), the slab volume for the range z-
—10 <z < z.+ 10 A was defined as the liquid bulk region LB, where
z. is the center of the system in the z direction. The surfactant con-
centration css was defined as the percentage of the number of sur-
factant molecules to the total number of liquid molecules in LB. To
investigate the effect of surfactant concentration, we examined
four cases: ¢y = 5%, 15%, 30%, and 50%, as well as the pure solvent
case (cs;r = 0%). The method of controlling the surfactant concentra-
tion is described in Section 2.2.

2.2. Simulation procedures

LAMMPS software [45] was used for all MD simulations in the
present study. The numerical integration of equation of motion
was performed using velocity-Verlet algorithm with the simula-
tion timestep of 0.5 fs. This timestep is sufficiently short for resolv-
ing the vibration of solid atoms and the dynamics of surfactant
molecule with the smallest mass. The simulation procedure was
composed of Phase 1-4 as described below.

2.2.1. Phase 1
This phase aimed to adjust pressure and surfactant concentra-
tion to given values under constant heat flux. As shown in Fig. 1
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Fig. 1. (a) Snapshot of NEMD simulation system for the case with ¢ = 5%, = 1.0, and &gig_s;r = &nigh. (D) The profiles of temperature T (left axis) and number density (right
axis) of solid atoms (psia), solvent molecules (), and surfactant molecules (pg,) corresponding to subfigure (a). The region denoted by LB is the liquid bulk region, where
surfactant concentration cyy¢ is defined. (¢) An enlarged view of subfigure (b) near the left solid-liquid interface, in order to show the locations of a solid layer S1, liquid
adsorption layers L1 and L2, interfaces IF1 and IF2, and the definition of temperature jump AT, and AT,, where pjiq = psy + psif is the density of liquid molecules.

(a), a constant heat flux was imposed in the z direction by control-
ling the temperature of the second outermost atom layers in the
left and right crystals to 146 K and 94 K, respectively, using the
Langevin thermostat. While the outermost layer in the left crystal
block was frozen, the atoms in the outermost layer in the right
crystal were subject to a constant external force in the z direction
corresponding to a pressure of 4.5 MPa. This method of pressure
controlling faithfully mimics the pressure equilibration in practical
systems and is one possible way when the system is not periodic in
the direction of pressure control. This pressure condition was cho-
sen so that the liquid molecules are in a liquid-like state, based on
the fact that the critical point of the L] fluid employed here as the
solvent (argon) is approximately at 146 K and 4.5 MPa [42]. Our
previous study confirmed [9] that with this temperature and pres-
sure setting, no clear vaporization of liquid molecules occurs. We
also note that the system was not relaxed to an equilibrium state
before applying the temperature difference. In the present case,
it is reasonably expected that our system composed of monatomic
molecules is rarely trapped in a metastable basin of free energy,
unlike the case of, e.g., long chain polymers. In such a case, the final
non-equilibrium steady state is not significantly dependent on
specific thermodynamic paths, and the relaxation to an equilib-
rium state is not always necessary. The phase-1 simulation was
performed for 30 ns and was conducted for different values of cq
and Esld-srf-

During the phase-1 simulation, surfactant concentration was
adjusted to the target value c¢ in a dynamical manner. Before
the simulation starts, the liquid molecules were all set to ‘solvent’
and were randomly arranged between the crystal blocks. For every
1000 steps, liquid molecules with a fraction cgr were randomly
picked from the bulk liquid region LB and were switched to ‘surfac-
tant’ by artificially resetting their interaction parameter with solid
atoms to &gq_s;r, While the rest of molecules in LB were similarly
reset to ‘solvent’. At this stage, the surfactant and solvent mole-
cules have the same mass. At the end of the simulation, the system
reached a steady state, and the surfactant concentration in LB and
the position of the outermost layer in the right crystal were nearly
constant.

2.2.2. Phase 2

The outermost layer of the right crystal was fixed to its average
position, which was obtained from the time average over the last
5 ns of phase 1, and the dynamical switching of liquid molecular
type was turned off. The system was then relaxed for 10 ns.

2.2.3. Phase 3

The simulation for each ¢ and &g4_s;s further branched into 11
cases corresponding to different values of surfactant mass, mgs.
After the change of mygy, the system was equilibrated for 30 ns.
At the end of phase 3, the system was considered to reach a non-
equilibrium steady state under constant heat flux for each set of
Csrfy M, and Esld-srf-

2.2.4. Phase 4

The production run was conducted for 100 ns to sample the
data for analysis. The statistical error of a physical quantity was
estimated from the standard error of mean over the five average
values obtained by dividing the production run into five 20 ns
segments.

2.3. Analysis of interfacial thermal transport and vibrational
characteristics

The density and temperature profiles of the surfactant solution
were calculated by dividing the system into slabs of a width
Az =0.1 A in the z direction, whereas those of the solid atoms were
calculated layer by layer. As an example, the density and tempera-
ture profiles near the left interface for the case with y = 1.0,
Csef = 15%, and &gjq_sef = €nigh are shown in Fig. 1(b). The density pro-
file shows that in addition to the solid atom layers, the liquid mole-
cules in the vicinity of the solid surface form adsorption layers. We
considered interfaces of these layers at the midpoint of the peaks
of two adjacent layers. Of these interlayer interfaces, only interface
1 (IF1) and interface 2 (IF2) shown in Fig. 1(c) were found to make
a significant contribution to the total ITR at the left solid-liquid
interface. Therefore, ITR at the left interface, Rjef;, Was approxi-
mated as
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Rt ~ Ry + Ry 3)
where the ITR at interface I was calculated as
Ri = ATi/)ext 4)

Here, AT, is the temperature difference between the surface
solid layer S1 and the first adsorption layer L1, and AT, is that
between L1 and the second adsorption layer L2. ITR was thus cal-
culated based on the temperature of the atom and molecular layers
on both sides of the interface. This definition is somewhat different
from the commonly used one where linear temperature profiles in
the solid and liquid sides are extrapolated to the interface position
to calculate the temperature difference [26]. However, for the pre-
sent purpose of analyzing interfacial heat transfer and vibration-
mode matching layer by layer, it is considered to be more rigorous
to use the actual layer temperature, rather than the extrapolated
one.

The value of externally applied heat flux Jex was calculated as

Jew = (E- —E)/(25y) (5)

where (...) means the time average, and £, >0 and E_ < 0 are
the rates of energy injection per unit time from the Langevin ther-
mostats coupled with the left and right crystals, respectively. The
ITR at the right interface, Rign,, Was similarly computed, and the
average of Rjere and Ryighe Was calculated as

Rave = (Riefe + Rrigne) /2 (6)

In the present study, the detailed analysis of interfacial thermal
transport and vibration-mode matching was performed only for
the left interface, since Riere and Ryigne sShowed similar dependences
on y, Csp, and &gq_s,r. To analyze the molecular-scale heat transfer,
the z component of the internal heat flux across an interlayer inter-
face I, J;, was calculated using the method of planes (MoP) formal-
ism as [46,47]

.IISxy = <Z eiyz.ié(zi _Zl)>
+ <411 Z Zfij -vi[sgn(z; — z;) — sgn(z; — z,)}> (7)

=

where e; = mv;/2 + (1/2)3 Uy, m; Vi, v; and z; are the
mechanical energy, mass, velocity vector, the z component of
velocity, and the z position of atom i, respectively; Uy is the inter-
action potential between atoms i and j and f;; = —0Uj/0r; is the cor-
responding force on atom i; z; is the z position of the interface I; sgn
(z) is the sign of z. The Dirac delta function was approximated as
zi—z)) ~ [0(zF —z1) — 0(z; —z))]/(zf —z7), where 0(z) is the
Heaviside step function, i.e., 0(z) = 1 if z> 0 and 0(z) = 0 otherwise;
zf =z + v,;At/2 + f,;At? /(4m;) are the z; at a half timestep earlier

Table 1
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and later than the current timestep; At is the timestep; and f;; is
the z component of force on atom i. The first term in Eq. (7) is
due to the atoms and molecules crossing the interface and is
referred to as the particle transport term. On the other hand, the
second term comes from the interactions across the interface and
is called the interaction term.

The two interfaces IF1 and IF2 divide the left solid-liquid inter-
face into three spatial domains: S1, L1, and L2. The partial heat flux,
Jx, which represents a partial contribution to J; from specific atom
pairs in specific spatial domains, can be obtained by restricting i
and j in the summations in Eq. (7) to these atoms. It is known that
the direct heat transfer due to the van der Waals force can only
reach the first neighbor molecules [40]. Therefore, only the atoms
in the two layers making interface I can contribute to J;. For exam-
ple, in the case of the system shown in Fig. 1, the applied heat flux
calculated by Eq. (5) was Jext = 424 + 6 MW/m?2. The heat flux
between S1 and L1 was calculated as 418 + 1 MW/m? and that
between L1 and L2 as 416 + 1 MW/m?, which are almost equal
to the total heat flux across IF1 and IF2, respectively. With this fact
in mind, the ITR at IF1 was decomposed in terms of partial ITC Gy =-
Jx | AT; as

1/R1 = Gi = Gi trans + Gaid1—srf1 + Gsidi—sivt (8)

where G ans 1S the particle transport term, and Ggp is the par-
tial ITC due to the interaction between the two particle groups A
and B, and the subscripts sld1, srf1, and slv1 denote the solid atoms
in S1, surfactant molecules in L1, and solvent molecules in L1,
respectively. The ITR at IF2 was similarly decomposed as

1/Ry =G,
= Gz,trans + Gsrfl—srfz + Gsrfl—sle + Gslvl—srfz + Gslv] —slv2 (9)

where subscripts srf2 and slv2 are the surfactant and solvent
molecules in L2, respectively.

As for the vibrational characteristics, VDOS was calculated by
the Fourier transform of the mass-weighted velocity autocorrela-
tion function as [48],

P(v)=CY m / (vi(t) - vi(0))e~2mdt (10)

where v is frequency and C is the normalization constant to
ensure [P(v)dv = 1. This normalized VDOS profile P(v), which is
effectively seen as the probability distribution of a single normal
mode, was evaluated for each particle type and each region in
Fig. 1(c). The overlap area O4_p between two VDOS profiles P4(v)
and Pg(v) was calculated by [28,31] Oup = [ min[Pa(V), Pg(v)]dv,
where min[P4(v),Pg(v)] is the smaller of P4(v) and Pg(v).

The characteristic frequency of PMF was derived as follows. For
an interacting pair of particles A and B, the curve of PMF, wug(r),

Target surfactant concentration ¢, number density of liquid molecules, piiq = psir + Psiv, and actual surfactant concentration cg* = psrf/ piiq at the bulk liquid region (LB), and piiq
and ¢ in the first adsorption layer (L1). Here, psr and pg, are the number density of surfactant and solvent molecules, respectively. The values of pjiq and c,* are the average
over the simulations for different surfactant-to-solvent mass ratio, and those for L1 are further averaged over the left and right interfaces. The figure in the parentheses denotes

the standard deviation of the last digit.

LB L1

Cse % Pliq 1/A3 Cort" % Pliq 1/1‘“\3 Cort™ %

5 0.01736(6) 5.0(2) 0.0125(3) 38(2)

15 0.0174(2) 15.6(5) 0.0153(2) 67.9(4)

30 0.0173(3) 31(1) 0.0169(3) 83(1)

50 0.01720(9) 50.1(3) 0.0177(2) 91.6(3)

5 0.01702(4) 5.6(1) 0.0256(2) 99.989(1)
15 0.01719(4) 13.9(1) 0.0257(2) 99.9962(8)
30 0.01713(3) 30.37(7) 0.02599(2) 99.9986(2)
50 0.01719(2) 46.89(6) 0.02602(2) 99.9994(1)

4
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Fig. 2. Average of thermal resistance values at the left and right solid-liquid interfaces for the (a) low and (b) high solid-surfactant affinity cases, plotted as a function of

surfactant concentration for each surfactant-to-solvent mass ratio y.

was calculated from the radial distribution function gup(r) as
[38,39]

Wpg(T) = —kgTaplng,s(1) (11)

where kg is the Boltzmann constant and Ty is temperature. As
in the case of partial ITCs, each of particles A and B is assumed to
be located in S1, L1, or L2. The radial distribution function between
local volumes was computed using the method of Ref. [49], and the
temperature in Eq. (11) was approximated as T = (Tsq + T11)/2 and
Tag = (Tq + Ti2)/2 for the A-B pairs interacting across IF1 and IF2,
respectively, where Ts;, Ty, and T, are the average temperature
of S1, L1, and L2, respectively. The curve of PMF near the first min-
imum was fitted by a harmonic potential kap(r—Tminaz)?/2 to deter-
mine the spring constant ks and the equilibrium position rminag ,
from which the characteristic frequency of PMF was derived as

- 1 kAB
fAB*ﬁH’u—AB

where pap = mamp/(my + mp) is the reduced mass. The fitting
was performed for the range rminag — Ar < 1 < rminag + Ar, and
Ar was set to 1.5 A except that Ar = 3.0 A was used for the
solid-solvent pair since the minimum of the PMF was rather broad.

(12)

3. Results and discussions
3.1. Liquid density

In Table 1, the liquid density pjiq and surfactant concentration
csrfF measured during the production run in LB and those in L1
averaged over the left and right interfaces are summarized for each
target surfactant concentration cg¢ and solid-liquid affinity &gg_s;+.
Since change in the surfactant mass did not significantly alter the
density profiles of solvent and surfactant molecules, the average
values over the simulations with different values of mg;s were listed
for each cgr and egq_s,r. As denoted by the figure in the parentheses,
the standard deviation due to different mg values is less than 1%
and 5% for pjiq and cq¢* in LB, respectively, and less than 2% and
4% for piq and cef* in L1, respectively. The insensitivity of liquid
structure to the variation of molecular mass was also reported by
Ge and Chen [36]. The surfactant concentration cs¢* in LB is close
to the target value cgy, indicating that the scheme of controlling
surfactant concentration was successful.

As has been observed in past studies [9,21] and is demon-
strated in Fig. 1(b), surfactant molecules are preferentially
adsorbed on the solid surface according to their higher affinity

T T T L 0.14 T T T — T T
08 |(a) Low afﬁnity| (b) High affinit —x=5.0
I ] 0.12} 120 arany . x=3.0
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Fig. 3. Interfacial thermal resistance as a function of the density peak of the first adsorption layer, plotted for various values of surfactant-to-solvent mass ratio y and
surfactant concentration cg. Subfigures (a) and (b) are the results for the low and high solid-surfactant affinity cases, respectively. The solid curve represents the fitting with

the rational function in Eq. (13) for each value of yx.
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to the solid atoms than that of solvent molecules. The surfactant
concentration in L1 increases with increasing cg¢ and &gq_srr, and
consequently L1 is mostly occupied by surfactant molecules
except for a few cases with low affinity and low cg¢. For the high
affinity case, L1 contains almost no solvent molecule regardless
of the value of cgs¢.

3.2. Total ITR

In Fig. 2, the average ITR, Ry, calculated by Eq. (6) is plotted as
a function of surfactant concentration cs¢ for each value of the
mass ratio y. All cases containing surfactant molecules have a
lower value of R, than that in the pure solvent case, R,y = 0.84
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+ 0.06 m?K/MW. When compared at the same mass ratio, Raye is
lower for larger values of cg;r and &g4_s:1, €XCept some cases of high
values of y (x = 5.0 for the low affinity and y > 1.0 for the high
affinity), where the c,r dependence is not clear within the statisti-
cal error. Such effect of surfactant concentration and solid-liquid
affinity on ITR is similar to what has been reported in other MD
studies [8,9,21].

MD studies on the graphene-water interface have reported
[14,18] that when ITR is plotted as a function of the density peak
of the first adsorption layer, ppeax, the curves for different wettabil-
ity and pressure conditions collapse onto a single rational function
of the form

Ruve :A/(ppeak +B) (13)

where A and B are fitting parameters. We examined this relation
for our systems and the result is displayed in Fig. 3, where ppea is
the average of the first adsorption peaks at the left and right inter-
faces. The fitting curve is also plotted for each mass ratio y, only if
the result is well described by Eq. (13). For the low affinity case
(Fig. 3(a)), the different curves for y < 0.5 can be well represented
by a single rational function as reported in Refs. [14,18]. However,
as y increases, the curve deviates from the master curve. For the
high affinity case (Fig. 3(b)), the peak height did not change signif-
icantly with surfactant concentration, and it was difficult to see if
the relation holds or not because R, is insensitive to the small
change in the peak height. Thus, the inverse relation between R,ye
and ppeax might hold also in the present systems, but the relation is
not described by a single master curve when surfactant mass is
large.

As demonstrated in Figs. 2 and 3, the ITR is significantly affected
by the surfactant mass. This mass dependence should be attributed
to the change in the vibrational characteristics, since the liquid
structure was almost unchanged by the variation of surfactant
mass as discussed in Section 3.1. When the ITR for each surfactant
concentration is plotted as a function of the mass ratio, the curve
shows a minimum at a certain value of y, as shown in Fig. 4. When
Csrt is 5%, the minimum is located at y = 0.3 and y ~ 0.4 at the low
and high affinity cases, respectively, and the location appears to
slightly shift to a lower value when cg;¢ increases up to 50%.

As can be seen by comparing Fig. 5(a) and (d) with Fig. 4(a) and
(b), respectively, the ITR of the left solid-liquid interface, R,
shows quite a similar result to R,... Therefore, in the following
investigation, we will focus on the left interface and perform the
detailed analysis on interfacial heat transfer and vibration-mode
matching. In Fig. 5(b) and (c), the y dependence of R in the
low affinity case was decomposed into those of R; and R,, respec-
tively, according to Eq. (3), and those in the high affinity case are
shown in Fig. 5(e) and (f), respectively. The curves for the low affin-
ity case are noisier than those for the high affinity case because of
the large statistical error due to the low heat flux values. It is
clearly shown for both affinity cases that R; determines the overall
trend of Riere While R; slightly shifts the minimum position of Reg
from that of R;. However, it should be noted that in the low affinity
case, R; is much higher than R, whereas in the high affinity case, Ry
and R, are comparable for most values of y as a result of the signif-
icant decrease in R;. The origin of the curve shapes for R; and R,
will be discussed in more detail in Section 3.3.

3.3. Decomposition of ITR at each interface

The molecular-scale building blocks of R; were examined by
decomposing the corresponding ITC G; = 1/R; into the partial ITCs
according to Eq. (8). For each surfactant concentration, the partial
ITCs are plotted as a function of y in Fig. 6. For all cases, no particle
passed through IF1 and therefore the particle transport term Gy trans
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Fig. 6. Decomposition of thermal conductance at IF1, Gy, into the molecular-scale
contributions from the interactions among solid atoms in S1 (sld1), surfactant
molecules in L1 (srfl), and solvent molecule in L1 (slvl). The curves for each
surfactant concentration cg,¢ are plotted as a function of surfactant-to-solvent mass
ratio. Subfigures (a) and (b) are the results for the high and low solid-surfactant
affinity cases, respectively. The locations of layers S1 and L1 and interface IF1 are
illustrated in Fig. 1(c).

was zero. The contribution of the solid-surfactant interaction,
Gsia1-scf1, dominates Gy, and thus the minimum position of R; cor-
responds to the peak position of Ggqq_srf1. This result is somewhat
expected since L1 is mostly composed of surfactant molecules.
Similarly, the decomposition of G, at IF2 according to Eq. (9) is
shown in Fig. 7. The result for the low affinity case is shown in
Fig. 7(a) and (b), where the results for y > 4.0 are excluded because
the statistical error was too large for the data to be physically
meaningful. As shown in Fig. 7(b), the particle transport term G,
trans Makes only a minor contribution to G,, since the layer-to-
layer migration of a molecule occurs only occasionally. The contri-
bution of Ggy1_srr2 i even smaller owing to the lack of relevant
molecular pairs. Therefore, the remaining components determine
G, and R,. The contributions of the interactions between homoge-
neous molecular pairs, Gg1_srr> and Ggy1_siv2 in Fig. 7(a), are nearly
monotonically dependent on y whereas that of heterogeneous
pair, Gg1_siv2 in Fig. 7(b), appears to have a peak around y = 1,
where the surfactant and solvent molecules have the same mass.
As shown in Fig. 7(c) and (d), the partial ITCs for the high affinity
case exhibit similar features to those for the low affinity case,
but, different from the low affinity case, the peak position of Gg,.
f1_slv2 1S located at y = 2 as shown in Fig. 7(d). The deviation of
the peak position from y = 1 indicates that the effective interaction
between the surfactant molecules in L1 and the solvent molecules
in L2 is different from the surfactant-solvent interaction in the
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bulk liquid region LB. This difference is reasonable considering that
the liquid structure in L1 is significantly different from that in LB
owing to the effect of the strong solid-surfactant interaction.

The result in Fig. 7 demonstrates that the complex behavior of
R, in Fig. 5(c) and (f) results from the interference between Ggf;_
stz Gsivi_siva, and Gge1_s1v2, but the y dependence of each compo-
nent is relatively simple. The correlation between these partial ITCs
and the vibrational characteristics of the relevant atoms and mole-
cules will be investigated in Sections 3.4 and 3.5.

3.4. Overlap of vibrational density of states

An example of VDOS is displayed in Fig. 8, which is the result for
the high affinity case with cs¢ = 5%. The VDOS curves of surfactant
molecules in L2 and L1 are shown by the solid curves in Fig. 8(a)
and (b), respectively. It can be seen that the surfactant VDOS moves
to the high-frequency side as y decreases, and accordingly the
degree of overlap with the VDOS of solvent molecules and that of
solid atoms dramatically changes. We note that the VDOS curves
of solvent molecules and solid atoms included in the figure are those
for x = 1, but almost the same curves are obtained for different val-
ues of x. In L2, as shown in Fig. 8(a), the VDOS of surfactant mole-
cules for y < 1 is characterized by a single peak. The peak is likely
because a surfactant molecule, which is lighter than solvent in this
case, can vibrate for a while inside a cage temporarily formed by
the surrounding solvent molecules. Differently from that in L2, the
VDOS profile of surfactant molecules in L1 is a superposition of
two peaks. The decomposition of Eq. (10) into the x, ¥, and z compo-

nents showed that the lower peak or shoulder at the lower frequency
side is originated from the vibration in the x and y directions, while
the higher peak from the vibration in the z direction.

The overlap of VDOS profiles for each A-B pair is shown in Fig. 9
as a function of y. It can be seen that as a whole, the change in
VDOS overlap by varying surfactant concentration cs is relatively
small. In the following, the y dependence of VDOS overlap is com-
pared with the corresponding curve of the partial ITC shown in
Figs. 6 and 7. Regarding IF1, the curves of O4p (Fig. 9(a) and (c))
and Ggp (Fig. 6(a) and (b)) are well correlated even though the cor-
relation is not perfect. In particular, for the high affinity case, the
VDOS overlap and partial ITC for solid-surfactant pair, Ogq1_srf1
in Fig. 9(c) and Ggq1_s:£1 in Fig. 6(b), respectively, are quite similar
in the points that they have a single peak and decay with increas-
ing y, although the peak positions are slightly different: y = 0.2 for
Og1d1-srr1 and y = 0.3-0.4 for Ggq1_sr11. However, for the low affinity
case, the peak is not seen in Ogqq_sf1 in Fig. 9(a) whereas Gga1_sif1
exhibits it, albeit blunt. Thus, the peak in Ggq4i_s:f1 Seems to be
located at the position of the best frequency matching, but VDOS
overlap explains only a part of it.

The same conclusion can be derived for IF2. For the surfactant-
surfactant pair, the correlation between the VDOS overlap Ogf;_si2
(Fig. 9(b) and (d)) and the partial ITC Gg1_si2 (Fig. 7(a) and (c))
may not be so clear, although the weak y dependence of Ogyf1_s2
is in accordance with that of Gg_sr» When cg¢ is low. On the other
hand, for the surfactant-solvent pair, Os_siv2 (Fig. 9(b) and (d)) is
well correlated with Gg1_s1v2 (Fig. 7(b) and (d)) except that their
peak positions are different in the high affinity case (Fig. 9(d)
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Fig. 8. (a) Vibrational density of states (VDOS) calculated for ¢y = 5% and é&gq-
sif = €nign- The solid curves with different colors show the VDOS of surfactant
molecules in L2 (srf2) for different surfactant-to-solvent mass ratio y. The filled
curves represent the VDOS of solvent molecules in L2 (slv2, cyan) and that of solid
atoms in S1 (sld1, ochre) for x = 1.0. (b) The same as (a) except that the solid curves
are the VDOS of surfactant molecules in L1 (srf1). The locations of layers S1, L1, and
L2 are illustrated in Fig. 1(c).

and 7(d)): yx = 3.0-4.0 for O _siv2 and y = 2.0 for G _gv2- For the
low affinity case, the peak position at y = 1 may not be surprising
since when y = 1, a solvent molecule and a surfactant molecule are
indistinguishable except the interaction strength with solid atoms,
and also the effect of solid-surfactant interaction is relatively low
for the low affinity case. Using NEMD simulation of L] particles, Ge
and Chen [36] also investigated the mass dependence of VDOS
overlap at the solid-liquid interface by varying the mass of solid
LJ particles, mgjq. In their cases of pure solid-liquid interface, ther-
mal conductance monotonically increased with increasing mygyg,
and the correlation between VDOS overlap and ITC was rather high.
The result in the present study, however, demonstrates that when
the particle mass dependence of ITC is not monotonic, the depen-
dence is not explained solely by VDOS overlap.
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3.5. Matching of characteristic frequencies of PMF

In Fig. 10, the PMF between two surfactant molecules in L1 and
that between two solvent molecules in L2, both obtained for the
high affinity case with ¢y = 5% and y = 0.3, are depicted as an
example. For ease of comparison, each PMF curve is shifted by a
constant energy value so that the minimum energy is zero.
Although the L] potentials of the two pairs are the same, they exhi-
bit different PMF curves because of the difference in liquid struc-
ture and molecular mass, and therefore the associated
characteristic frequencies are different.

In Fig. 11, the characteristic frequency of PMF for each A-B pair,
fas, is plotted as a function of . For each value of y, the calculated
values for different cgy, indicated by different markers in Fig. 11,
almost completely overlap, which means that the spring constant
kap in Eq. (12) is independent of surfactant concentration. The y
dependence of fsp is obtained if Eq. (12) is rewritten in terms of

¥, which gives 27f,; =

27fpp = y/kag(mz! + mgly-1) if A is surfactant, and fup is constant

if A and B are not surfactant. The continuous curve in Fig. 11 repre-
sents this curve after fitting to the MD data with ksz as a
parameter.

Although not included in Fig. 11, the characteristic frequency of
PMF for the solid-solid pair within S1, fgq1_s1a1, Was almost inde-
pendent of cgy, ¥, and &qgq_r, and the average over all simulation
cases wWas fgdqi-sia1 = 5.190 THz with the standard deviation of
0.005 THz. Since the frequency of solid-surfactant pair across IF1,
fsia1-scr1, 1S monotonically decreasing with y as shown in Fig. 11
(a) and (c), this frequency is closest to fgq1-s.a1 When y = 0.1 for
both low and high affinity cases. This value of y is different from
the peak position of Ggqg1_s£1 in Fig. 6, ¥ = 0.3-0.4. Therefore, the
peak position is not explained by the matching in the characteristic
frequency of PMF. In solid-like states like S1 and L1, many kinds of
phonon modes are involved in the heat transfer, and so it might be
difficult to represent them by a single characteristic frequency.

In contrast, at IF2, Fig. 11(b) shows that for the low affinity case,
the frequency matches between fye1_srr2, forfi-siva, and fsvi_siv2 at
x =1 and this value of y is equal to the peak position of Gg_siv2
in Fig. 7(b) except csr = 30%. In the high affinity case, the frequency
for the surfactant-surfactant pair, fs1_srr2, is higher overall than in
the low affinity case according to the higher spring constant kg _
stif1, While fo1_sv2 does not change significantly. As a result, the
cross point of fo s> and fse1_siv2 shifts to y = 2 as shown Fig. 11
(d). Again, this value of y corresponds to the peak position of G-
f1-siv2 iN Fig. 7(d). The result can be interpreted that when the char-
acteristic frequency of PMF of surfactant-surfactant pair is equal to
that of solvent-solvent pair, that of surfactant-solvent pair is also
the same, and then, the partial ITC of the surfactant-solvent is
maximized. Thus, PMF may provide a new frequency matching
law at interfaces between liquid-like regions as IF2, although it
does not work at interfaces of solid-like regions as IF1.

The exact reason for the minimum position of G; at x = 0.3-0.4
was not very clear from the present result, even though VDOS
overlap exhibited a peak at similar position. Zhang et al. [50] in
their study of the scattering boundary method reported a peak
behavior similar to ours for the ITC at the joint of two dissimilar
one-dimensional harmonic chains. They found that the ITC is max-
imized when the spring constants satisfy ki, = k1k,/(k; + k), where
kq> is the spring constant of harmonic potential jointing the two
chains, and k; and k, are the spring constants of the two chains.
This rule is not applied to our case where the change in ITC is
caused solely by mgs without changing spring constants (the
potential parameters of the constituent particles). Similar but
slightly more complicated rules were also proposed for the case

kag(my! +mgly-1) if B is surfactant,
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Fig. 9. VDOS overlap among solid atoms in S1 (sld1), solvent molecules in L1 (slv1l) and L2 (slv2), and surfactant molecules in L1 (srf1) and L2 (srf2), plotted as a function of
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while (c) and (d) are the same as (a) and (b), respectively, for the high affinity case. The locations of interfaces IF1 and IF2, and layers S1, L1, and L2 are illustrated in Fig. 1(c).

where a coupler chain is inserted between the two chains [51]. Sal-
tonstall et al. also derived a simple expression for the transmission
coefficient of a chain-coupler-chain system on the basis of non-
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Fig. 10. Potential of mean force (PMF) as a function of intermolecular distance r for
the surfactant molecules in L1 (red triangle) and that for the solvent molecules in L2
(blue circle), both calculated for ¢y = 5%, % = 0.3, and &sjq-sif = €nign. The solid line
near the minimum of PMF is the fitting curve based on a harmonic approximation.
The locations of layers L1 and L2 are illustrated in Fig. 1(c).

10

equilibrium Green’s function theory [52]. These rules predict that
the ITC between two one-dimensional chains is maximized when
the mass of the coupler particle is somewhere between those of
the two chains. In contrast, in the present case, the value of mg;
that maximizes G; is smaller than both mg, and mgg. Thus, none
of these rules explained the peak of G; in our three-dimensional
case, but further studies on one-dimensional chain systems would
be effective in finding the underlying mechanism of vibration-
mode matching that is not captured by VDOS overlap and the char-
acteristic frequency of PMF.

In the present study, we mainly considered ITR at solid-liquid
interfaces as one important factor that governs the performance
of TIM. When trying to reduce the overall thermal resistance
between two solid surfaces by inserting a surfactant solution as a
TIM, one must also take the thermal conductivity in the bulk liquid
region into account. It is expected that thermal conductivity of a
typical surfactant solution has a similar nature to that of the ITC
at the liquid-liquid interface IF2: that is, based on the partial ITCs
in Fig. 7, the thermal conductivity is likely higher with decreasing
surfactant mass and with increasing overlap in the characteristic
frequency of PMF between solvent and surfactant molecules. On
the other hand, since the characteristic frequency in solids in gen-
eral is much higher than that in liquids, surfactants that maximize
the vibrational matching with solvents are likely to have poor
vibrational matching with solids. One must consider such a trade-
off in selecting optimal surfactants that minimize the overall ther-
mal resistance.
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Fig. 11. Characteristic frequency of PMF for various pairs among solid atoms in S1 (sld1), solvent molecules in L1 (slv1) and L2 (slv2), and surfactant molecules in L1 (srf1) and
L2 (srf2), plotted as a function of surfactant-to-solvent mass ratio. Different markers indicate different surfactant concentration c,¢ while the continuous curve represents the
fitting according to Eq. (12). (a) and (b) are the results for the particle pairs interacting across IF1 and IF2, respectively, both for the low solid-surfactant affinity case. (¢) and
(d) are the same as (a) and (b), respectively, for the high affinity case. The locations of interfaces IF1 and IF2 and layers S1, L1, and L2 are illustrated in Fig. 1(c).

4. Conclusions

In the present study, NEMD simulation was used to study the
effect of surfactants on interfacial thermal transport at solid-liquid
interfaces, from the viewpoint of vibration-mode matching. As the
parameters to alter the vibration characteristics of surfactant
molecules, surfactant concentration cgy, solid-surfactant affinity
&sd-si, and the mass of surfactant in terms of surfactant-to-
solvent mass ratio y were considered.

For given values of csfand &gq_sp, the interfacial thermal resis-
tance (ITR) at the solid-liquid interface was minimized when
x = 0.2-0.4. It was found that this minimum mainly comes from
the ITR between solid surface layer and the first liquid adsorption
layer, but also affected by that between the first and second
adsorption layers. These layer-by-layer ITRs were decomposed into
the contributions from molecular-scale heat transfer between
atoms and molecules, and the decomposed components showed
some correlations with the degree of vibration-mode matching,
although the correlation was not perfect. In finding such correla-
tions, the matching of the characteristic frequencies of potential
of mean force was proved to be useful as a measure of vibration-
mode matching in liquids, in addition to the conventionally used
VDOS overlap.

The present result suggests that the minimum of ITR is deter-
mined by a certain kind of vibration-mode matching. It is therefore
likely that ITR at solid-liquid interfaces can be minimized by opti-
mizing the vibrational characteristics of surfactant molecules, but
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the theory of vibration-mode matching should be refined in order
to fully identify the condition under which the best vibrational
matching occurs between solid, surfactant, and solvent.
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