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ABSTRACT

In the present study, we investigated the effect of the number and position of functional groups, and the
length of the main chain and side chain in organic surfactant on adsorption behavior and interfacial heat
transfer between silica surface and alkane solvent by non-equilibrium molecular dynamics simulation,
where the surfactants were primary/secondary alcohol, monohydric/dihydric alcohol, and linear/
branched alcohol. The results showed a similar adsorption behavior for all the surfactant types, where
hydroxyl functional (—OH) groups adsorbed onto the silica surface and alkyl chain was in contact with
the solvent, which produced a heat path from silica via surfactant to solvent. The number of adsorbed
—OH groups did not directly translate to significantly decreased thermal boundary resistance due to
the adsorption structure. Coulomb interaction enabled the closer distance between primary terminal
—OH groups in surfactant and silica surface, which enhanced the solid-surfactant intermolecular heat
transfer. However, Coulomb interaction contributed less to shorten the molecular distances between sec-
ondary —OH groups in surfactant and silica surface, which was connected to less efficient heat transfer
from silica to surfactant and thereby did not enhance the interfacial heat transfer as much as surfactants
with terminal —OH. The increase in terminal —OH groups in the surfactant molecules could not signifi-
cantly reduce thermal boundary resistance, although the adsorption amount of —OH was distinctly
greater than that of surfactants with single —OH. The side chain in surfactant enabled the efficient
surfactant-solvent intermolecular heat transfer but related to the desorption of surfactant when decreas-
ing the temperature. Thus branched-chain dihydric alcohol performed better than other surfactants on
reducing thermal boundary resistance when the interfacial temperature was high enough to maintain
the sufficient adsorption amount. We considered such reverse temperature-sensitive surfactant has a
great potential application to fulfill multiple needs for heat dissipation of electronic devices, especially
the high temperature operation. The new insights obtained in the present study were a step towards a

molecular structure design of surfactant enhancing solid-liquid interfacial heat transfer.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

and the bulk thermal resistance of ultra-thin TIMs applied between
these electronic components has also become accordingly smaller.

Large thermal resistance in power modules usually occurs at
the joint interface due to the gap between individual electronic
components. In order to reduce such thermal resistance, thermal
interface materials (TIMs) with high thermal conductivity are used
to fill the gaps between solid surfaces [1,2]. Due to miniaturization
trends, many electronic components have reached nanoscale [3],
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In such cases, the performance of TIMs becomes mostly dependent
on the TIM-substrate thermal boundary resistance (Rp,). Past works
[4-7] showed that surface modification based on covalent bonds
can be successfully applied to reduce Ry, while our previous studies
[8-10] found that the surfactants based on physical adsorption can
also reduce Ry, in a simpler mechanism and is easier to apply. In one
of these previous works, it was demonstrated that an increase in
surfactant chain length could enhance the interfacial heat transfer
when simple linear alcohols were used as a surfactant [10]. How-
ever, the influence of more complicated molecular configurations
of polymer surfactant on interfacial thermal transfer remains
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poorly understood. For surfactant molecules with different chain
lengths and functional groups, a variety of adsorption structures
can form on the solid surface [11-15], which might affect the inter-
facial heat transfer. The purpose of this work, therefore, is to use
alcohol with different molecular structures as a surfactant to sys-
tematically clarify the mechanism by which the different number
and positions of functional groups and different lengths of the
main chain and the side chain of surfactant affects solid-liquid
interfacial heat transfer, and to determine the specific molecular
structure of surfactant that can effectively enhance the solid-liquid
interfacial heat transfer.

In the present study, non-equilibrium molecular dynamic
(NEMD) simulations were performed on the system where the liq-
uid of linear alkane solvent (tetracosane, Cy4Hsg) containing alco-
hol surfactant with different molecular structures was placed
between two hydrophilic silica surfaces. Alkanes are widely
employed as TIM [16], and silica commonly serves as dielectric lay-
ers of microelectronic components [17]. Alcohol can strongly inter-
act with many different substances because they are both
hydrophilic and hydrophobic and is frequently used to modify sur-
faces in many fields including the biological membrane [18] and
the manufacturing of electrochemical devices [19]. In order to shed
light on the molecular mechanisms of heat conduction at the inter-
face and its dependence on the structural and adsorption dynamics
characteristics of surfactant molecules, we chose primary and sec-
ondary monohydric alcohols, straight-chain and branched-chain
dihydric alcohols with different main chain or the side chain length
as polymer surfactants. We characterized the molecular arrange-
ment and structure of different surfactants at the interface region,
from which we extracted the specific intermolecular interactions
affecting the adsorption amount and contribution to heat transfer.
We found a special temperature-sensitive surfactant with a speci-
fic molecular structure. Temperature-sensitive surfactants are usu-
ally used for phase separation [20,21], while the new one we found
can be applied to control the interfacial heat transfer by changing
its adsorption amount according to the interfacial temperature.

The paper is organized in three sections. The models and simu-
lation methods are presented in Section 2. The results are split in
Section 3.1 for the analysis of adsorption amount and arrangement
of surfactant molecules, Section 3.2 for the analysis of thermal
boundary resistance, and Section 3.3 for molecular-scale heat
transfer analysis. Finally, conclusions are drawn in Section 4.

2. Simulation methods
2.1. Molecular model

In the present study, four types of alcohol, examples in the bot-
tom panel of Fig. 1, were chosen as surfactants: primary alcohol (1-
Alco), secondary alcohol (2-Alco), straight-chain dihydric alcohol
(S-Diol), and branched-chain butanediol (B-Diol). The surfactant
chain length influence on adsorption and heat transfer was inves-
tigated by varying the alkyl chain lengths of 1-Alco, 2-Alco, and S-
Diol from 4 to 32, and varying the side chain length of B-Diol from
8 to 32, as emphasized by the blue color in the bottom panel of
Fig. 1. For convenience, we used the number of carbon atoms in
an alkyl chain (#C) to represent the length of the alkyl chain of
1-Alco, 2-Alco, and S-Diol, and that of the side chain of B-Diol. A
1-Alco molecule contains one hydroxyl (—OH) group bonded on
the primary carbon atom, and a 2-Alco molecule contains one
—OH group bonded on the secondary carbon atom at #C/2, close
to the center of the alkyl chain. A S-Diol molecule contains two
—OH groups bonded on both ends of the chain. A B-Diol molecule
contains two —OH groups bonded on both ends of the main chain,
where the side chain branches out at carbon 2. The main chain
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length is 4 for all B-Diol molecules even though the side change
can be longer than the main one.

The NERD force field [22-25] was used as the model for alcohol
surfactants and tetracosane solvent. This model is a united-atom
model, where hydroxyl H and O atoms of alcohol, and a single alkyl
group (—CH,,) are modeled as a single interaction site. United-atom
models have been reported to perform much better than all-atom
models when characterizing the liquid structural properties for n-
butanol [26] and 1,4-butanediol [27] and thermal conductivity for
alcohol and polymer liquid [28]. Thus, the united-atom force field
was considered appropriate for the current purpose to model the
adsorption behavior of alcohol surfactant affecting the thermal
energy transfer. Since the NERD force field only provides the
parameters for linear alcohols [22], linear-alkanes [24,25], and
branched-alkanes [23], in order to study the thermal property of
alcohol surfactant with different molecular structure and obtain
comparable results with linear alcohols, parameters for 2-Alco, S-
Diol, and B-Diol were obtained by combining the NERD force field
parameters for linear alcohols and branched-alkanes. The specific
potential parameters used in the present study are listed in the
Supporting Information (Table S1), and the method of combining
NERD parameters for 2-Alco, S-Diol, and B-Diol is similar to that
used in the TraPPE force filed [29,30]. In addition, we carried out
additional calculations for various alcohols at #C = 4, and found
that the deviations in liquid density from experimental data for
1-butanol [31], 2-butanol [31], and 1,4-butanediol [32] at
293.15 K were less than 3.9%, and the deviations in thermal con-
ductivity for 1-butanol and 2-butanol at 293.15 K [31], and 1,4-
butanediol at 333 K [33] were less than 4%. Although it is difficult
to verify all the parameters due to the limited experimental data,
we consider that our extension of NERD force field to branched-
chain alcohols is reasonably sound to clarify the relationship
between molecular heat transfer mechanisms and the molecular
structure of surfactant.

Silica with hydrophilic silanol surface modification (Si-OH) was
used as a solid surface because alcohol surfactants prefer to form
hydrogen bonds with silanols and readily form adsorption layers
[34] when compared to silane surface modifications (Si-H), also
demonstrated in our previous work [10]. The force field for the sil-
ica is an all-atom model developed by Lopes [35] from the
CHARMM empirical force field, which has been successfully used
to determine the structure and dynamic behavior of hydrated
materials [36]. The force field parameters are provided in the Sup-
porting Information (Table S2). The silica-surfactant, silica-solvent,
and surfactant-solvent interactions were modeled by Lennard-
Jones (L) potential, where LJ parameters were obtained by using
the Lorentz-Berthelot combing rules, similar to previous studies
on silica-alkane interface [37,38].

2.2. Simulation process and analysis procedure

Here we introduce the simulation process in brief since it is
essentially the same as in our previous paper, where more detailed
description of the simulation procedure is provided [10]. LAMMPS
[39] was used for all the MD simulations. Initially, the system was
enclosed in a box with dimensions of 59 x 63.6 x 600 A%, and the
periodic boundary condition was applied in the x and y directions.
Two silica walls were placed on the left and right sides of the sys-
tem in the z direction and solvent molecules were placed randomly
between the silica surfaces to construct a liquid film. Afterward,
alcohol molecules were placed near the silica surfaces, partly over-
lapping the constructed solvent film. The following equilibration
procedure would fully mix the surfactant and solvent to eliminate
the influence of the initial artificial placement of liquid molecules.
The overall concentration of surfactant, i.e., the mole fraction of
surfactant alcohol, c2'¢", was 5% for all the systems.

» “surf?
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Fig. 1. Side view of the simulation system is shown in the top panel, where a liquid layer consisting of tetracosane (solvent) and alcohol (surfactant) molecules is placed
between two hydroxylated silica surfaces. The examples of four types of alcohol when the #C = 4 and 8 are illustrated in the bottom panel. The part of the chain is marked in

blue, where chain length is varied as a parameter.

NEMD simulations [40] were performed on the system to inves-
tigate heat transfer characteristics. We will refer the silica walls as
“left” and “right” in accordance to the Fig. 1 in the z direction. Ini-
tially, a temperature annealing process that consists of a volume
shrinkage step and a fluctuation step was carried out at least 8
times for a total run of 10 ns to sufficiently disperse surfactant
molecules into the solvent. Afterwards, the temperatures of the
outmost O layers of silica walls on the left and right sides were
set to 330 K as a heat sink and 390 K as a heat source, respectively,
by Langevin thermostat with a damping coefficient of 100 fs. The
pressure of the system was controlled at 1 atm by fixing the out-
most Si layer of the left silica wall and subjecting a constant force
to the outmost Si layer of the right silica wall in the z direction for a
run of 20 ns. The z dimension of the system was obtained as shown
in Tables 1 and 2. Finally, the outmost Si layers of silica walls on
the right side were fixed, and the simulation with the same tem-
perature setting was continually carried out for 80 ns. We carried
out one long-time simulation for each kind of surfactant to esti-
mate the number density and other properties. Because the surfac-
tant adsorption due to hydrogen bond at the interface is a dynamic
process where both the adsorption and desorption occurs, the
interfacial density will reach constant value after a long-time sim-

Table 1

ulation when a certain adsorption capacity has been reached. The
analysis data was collected from the last 60 ns after the 20 ns equi-
libration for the system to reach a non-equilibrium steady state
under constant heat flux Ji,. The magnitude of the heat flux
induced to the system across a control surface with surface area
Sxy was obtained as follows [41]:

[source Esink

]in - zsxyt (1)

where E°“¢ and ES"* are the kinetic energy added in the heat
source and subtracted from the heat sink over time t by Langevin
thermostat, respectively.

The thermal boundary resistance at the silica-liquid interface,
Ry, was evaluated by

AT

.]in '
where temperature jump ATis the difference between the temper-
ature of a silica wall and liquid at the interface, which was obtained

by the linear extrapolation method as described in our previous
study [10].

R (2)

Simulation conditions for the cases with primary alcohol (1-Alco) and secondary alcohol (2-Alco) as a surfactant at mole fraction of c2¢f = 5%.

surf

#C (1-Alco)  z-dimension [A] chulk Bulk density of the liquid [g/cm®]  #C (2-Alco)  z-dimension [A] chulk Bulk density of the liquid [g/cm?]
4 235.30 1.24% 0.740 4 235.12 0.46% 0.740
8 236.71 1.17% 0.741 8 236.66 1.71% 0.740
16 239.46 1.74% 0.740 16 239.59 1.47% 0.742
24 242.03 1.36% 0.741 24 242.34 3.49% 0.741
32 24517 1.24% 0.742 32 24517 2.50% 0.743
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Table 2
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Simulation conditions for the cases with straight-chain diol (S-Diol) and branched-chain butane diol (B-Diol) as a surfactant at mole fraction of c'¢f = 5%

surf

#C (S-Diol)  z-Dimension [A] chulk Bulk density of the liquid [g/cm®]  #C (B-Diol)  z-Dimension [A] chulk Bulk density of the liquid [g/cm?]
4 234.87 0.05% 0.741 4 236.67 2.51% 0.742
8 236.54 0.04% 0.741 8 238.04 3.50% 0.743
16 239.51 0.10% 0.742 16 240.98 0.99% 0.743
24 242.25 0.41% 0.741 24 243.34 3.11% 0.743
32 245.04 0.30% 0.742 32 246.48 3.62% 0.744

The heat flux in the z direction J, across a control surface with
surface area S, in the z-direction can be expressed for n-body
potentials as follows [42]:

n-1 n

1
DAL D DD DD DEED D D DD DY
S ‘Uz,s} all n - body S1 $1>$; Sn>Sp_1 n a=1 p=o+1
potential

where the first term on the right side represents the sum of kinetic
and potential energy due to the movement of site s, and the second
term represents the heat flux due to inter- and intramolecular
(stretching, angle, and torsion) interactions. In this equation, n; is
1 or 0 depending on if site s has crossed S, during a single time
step, v, and v; is the z component of velocity and velocity vector
of site s, respectively, F;;; and z; is the force exerted on site s due
to n-body potential energy U and z-coordinate of site s, and Heav-
iside step function H(x) is O if x less than 0 or 1 if x larger than 0.
The decomposition of heat flux in a control volume can be obtained
by integrating Eq. (3) along the direction perpendicular to the con-
trol surface [42]. For calculation details refer to our previous study
[10].

The detailed conditions for each system are summarized in
Tables 1 and 2, where the equilibrium mole fractions of alcohol
in the bulk area, c%4¥, were measured in the area away from a silica
further than 50 A as defined in Fig. 1. The equations of motion were
time-integrated by a standard Velocity Verlet algorithm with a
time step of 0.5 fs. Coulomb interactions were calculated by the
Particle-Particle-Particle-Mesh (PPPM) approach [43] with a rela-
tive force accuracy of 10 and a real space cut-off radius of 12 A,
where the method of applying non-periodic boundary condition
in the z direction on the system is provided by Yel et al [44]. The
cutoff distance for L] potential was also set as 12 A. RATTLE algo-
rithm [45] was used to constrain the O-H bonds of silanols. The
USER-INTEL package [46] in LAMMPS was used to deal with
long-range Coulomb interaction in order to enhance computational
efficiency.

3. Results and discussion
3.1. Adsorption amount and molecular arrangement

The site number density profile of 1,4-butanediol surfactant,
tetracosane solvent, and silica wall are shown in Fig. 2 as an exam-
ple. The positions of “Interlayer 1” and “Interlayer 2” are defined at
the coordinates of the closest and second-closest number density
minimum of solvent to the silica surface. The first (1st) and second
(2nd) adsorption layers are defined as between the silica surface

and “Interlayer 1”, and between “Interlayer 1” and “Interlayer 2",
respectively. We defined the area number densities of adsorbed
molecules to qualify the adsorption amount, which was obtained

Sy _FS/f-U : vs/f){H(ZSaz - ny) - H(ZS/f _ZXJ/)} s

by integrating the number density of corresponding interaction
sites in the 1st adsorption layer in the z direction.

The area number density of hydroxyl (—OH) groups and alkyl
(—CH,) groups of different alcohol surfactants in the 1st adsorption
layer is plotted against #C on the cold and hot sides as shown in
Fig. 3, where the cold and hot sides correspond to the left and right
sides in Fig. 2, respectively. The simulation snapshots at the inter-
face for different alcohol cases are shown in Fig. 4. We also calcu-
lated the orientation order parameter P(z) to quantify the
orientation of alcohol molecules with respect to the z-axis (the
normal of the silica surface) as follows [48]:

1
P@) =5 (3cos?0 ;. — 1) (4)
where the angle bracket indicates the ensemble average, and
cost;_; . ,, is given by
U; U2
cosb? . =" = 5
O [ o) )

whereu, /|u,|is the unit vector in the z direction, u;_; . 2)/|Ui_¢ - 2)|is
the unit vector of the connecting line between ith site and (i + 2)th
site whose definition is illustrated in Fig. S1 in the Supporting Infor-
mation, and the corresponding z-coordinate for P(z) is the midpoint
between ith site and (i + 2)th site in the z-direction. The value of P(z)
ranges from — 0.5 to 1, where a positive value corresponds to an
orthogonal arrangement of molecules to the z-axis, while a negative
value corresponds to a parallel arrangement of molecules to the z-
axis, and zero value corresponds to randomly oriented molecules.
For the cases with different surfactant alcohols when #C = 16, the
orientation order parameter P(z) of alcohol and the number density
profiles of the interaction sites of alcohol, solvent, and silica are
shown in Fig. 5 as an example, and other cases are shown in Sec-
tion 2 of the Supporting Information.

For all types of alcohol, the amount of adsorbed —OH groups
does not substantially change with increasing chain length as
shown in Fig. 3A and B, while the amount of adsorbed —CH,, groups
increases as shown in Fig. 3C and D. In other words, for the same
type of surfactant, the amount of adsorbed alcohol molecules
remains almost constant independently of chain length, which
indicates the adsorption is mostly affected by the —OH groups
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Fig. 2. The site number density profile of 1,4-butanediol (S-Diol) surfactant molecules, tetracosane solvent molecules, and silica walls with silanol surface modification. The
left panel shows the locations of the first (1st) and second (2nd) adsorption layers. The positions of “Interlayer 1” and “Interlayer 2” are also shown as dashed vertical lines.
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Fig. 3. Area number density of (A, B) hydroxyl (—OH) groups and (C, D) alkyl groups (—CH,) in 1-Alco, 2-Alco, S-Diol, and B-Diol molecules in the 1st adsorption layer near the
Si-OH surfaces on cold and hot sides as a function of #C. The error bars were calculated by the block average method [47] where the last 20 ns of the simulation is evenly

divided into 5 blocks. The calculated error bars were too small to be observable.

rather than the alkyl chain. According to the peak positions of den-
sity profiles in Fig. 5, for all the surfactant cases, peak positions of
density profiles are located in the order of hydroxyl H, O, and —CH,
groups. Therefore, according to our definition of P(z) for each sur-
factant in the above paragraph and in the Supporting Information
(Fig. S1), P(z) near the silica surface is mostly contributed by the tilt

of connecting line between hydroxyl H and —CH, groups, quantify-
ing the orientation of —CH,OH groups. For 1-Alco, 2-Alco, and S-
Diol, the orientation parameter value is close to 1 between the den-
sity peaks of hydroxyl H and —CH, groups, which means that most
—CH,OH groups are orientated vertically. In case of B-Diol, the ori-
entation parameter value is close to 0 between the density peaks of
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hydroxyl H and —CH, groups, which means that most —CH,OH
groups are orientated randomly. The low density distribution at
the peak position of P(z) near the silica surface for B-Diol means
that only a small amount of —CH,OH groups that very close to
the silica surface shows vertical orientation, while the orientation
of CH,OH groups become more random when slightly far away
from silica surface. This adsorption phenomenon can be observed
in Fig. 4.

Although in most cases the adsorption amount of —OH groups
of 2-Alco is close to that of 1-Alco (Fig. 3A, B), the adsorption struc-
ture for 1-Alco and 2-Alco is different as shown in Fig. 4A and B.
From the density profile in Fig. 5, compared with 1-Alco, 2-Alco
shows a greater distance between Si and —OH groups and a larger
overlapping area between alcohol CH, groups and solvent, which
indicates that the adsorbed “—CH,0H” groups of 2-Alco are further
away from the silica surface and closer to the first solvent adsorp-
tion layer. The structural analysis also shows that adsorbed 2-Alco
tilt farther from silica surface compared with 1-Alco, where an
average angle between the z-axis and OH bond 6}, ., ranges from
62° to 71° for 2-Alco while this angle is almost kept at 55° for 1-
Alco.

The number of adsorbed —OH groups in S-Diol is about 2.4
times larger than that of 1-Alco as shown in Fig. 3A and B, which
indicates a second —OH group in the alcohol molecule significantly
increases the adsorption amount of functional groups. Desbene
et al. proposed that the adsorption behavior of nonionic surfactant
is determined by a combination of the primary and secondary

CH, (Surf) — Interlayerl
Solv
15 1
B
1 05
05 § poeme=s
0 -0.5 /\/\
25 26 27 28 29 30 31 32 33 34 35
15 1 : 1.5
D  B-Diol
L
0.5
0 -05 0

25 26 27 28 29 30 31 32 33 34 35
z [A]

Fig. 5. Orientation distributions (left axis) of alcohol molecules and normalized number density distributions (right axis) of the hydroxyl H and O, and —CH, groups (—CH,
groups adjacent to hydroxyl O) of alcohol, silica, and solvent for the cases of 1-Alco, 2-Alco, S-Diol, and B-Diol on the cold side when #C = 16. The 1st adsorption layer is
defined as between the silica and “Interlayer 1”.
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adsorption mechanisms, that is, a direct interaction between solid-
philic component of the surfactant and the solid surface, and a lat-
eral interaction between the surfactant molecules, respectively
[49]. The high adsorption amount of S-Diol is mostly due to the pri-
mary adsorption mechanism. Wider adsorption density layers of
—OH groups in S-Diol and B-Diol than that in 1-Alco is observed
in Fig. 5, which is mostly due to the secondary adsorption, that is
in the 1st adsorption layer some neighboring —OH groups in dihy-
dric alcohol molecules cross link with each other instead of directly
adsorbing onto silica surface. The short chain S-Diol shows a wider
number density of —OH groups than long chain S-Diol as shown in
Fig. S3 in the Supporting Information, which indicates that —OH
groups of short chain S-Diol cross link easier with neighboring
—OH groups of S-Diol in the 1st adsorption layer. An increase in
the number of —OH groups in alcohol causing increased adsorption
of alcohol molecules on a hydrated surface has also been observed
in other works [50].

From the number density profiles on the hot side (Fig. 3B, D),
the adsorption amounts of —OH groups for S-Diol and B-Diol are
similar, but more —CH,, groups distribute in the 1st adsorption
layer for S-Diol than for B-Diol as the chain length increases. This
is because in most cases, both —OH groups in one S-Diol molecule
are located in the 1st adsorption layer (more than 96% with #C
from 4 to 24 and about 71% with #C = 32), thereby alkyl chain
between —OH groups of S-Diol is mostly limited in the vicinity of
silica surface as shown in Fig. 4C, while the side alkyl chain of B-
Diol molecule can easily elongate to the bulk liquid as shown in
Fig. 4D.

Different from the hot side, B-Diol on the cold side shows much
lower adsorption amount of —OH groups than S-Diol as shown in
Fig. 3A. It is considered that the different adsorption amount of sur-
factant is a result of the balance of the interaction strength
between solid-surfactant, surfactant-solvent, and solid-solvent. S.
Partyka et al. found the adsorption of nonionic surfactant increases
at the water-solid interface with increasing the temperature [51].
They proposed that because the adsorption of water is lower at the
higher temperature, water solvent is displaced easily from the
solid surface at the higher temperature. In our cases, the adsorp-
tion of alkane solvent onto Si-OH surface is also lower when inter-
facial temperature is higher [37,38]. Making the same assumption
for solid-solvent interface, it is reasonable to consider that easier
displacement of alkane solvent is responsible for the high adsorp-
tion of B-Diol surfactant on the hot side. Regarding the cold side,
the adsorption of alkane solvent onto silica surface becomes stron-
ger at the lower interfacial temperature, thereby the adsorption
competition between surfactant and solvent might occur. How-
ever, only B-Diols show much smaller adsorption on the cold side
than on the hot side, while no distinct change is observed for S-Diol
on both sides. Previous work indicated that surfactant adsorption
is mostly affected by surfactant-solvent interactions when the
temperature closes to the lower consolute phase boundary [52].
Since B-Diols have higher solvent affinity than S-Diols due to their
adsorption structure as we discussed in the last paragraph and in
Section 3 of the Supporting Information, B-Diol is easier to be
attracted by the surrounding solvent molecules than S-diols. In
addition, the interfacial density of solvent is higher at lower inter-
facial temperature, which means there are more solvent molecules
that can attract the adsorbed surfactant on the cold side. As a
result, the adsorption amount of B-Diols decreases obviously and
becomes much less than S-Diols on the cold side.

3.2. Thermal boundary resistance
Thermal boundary resistance Ry, for different alcohol surfactants

is plotted against #C in Fig. 6. As chain length increases, R, dis-
tinctly decreases for 1-Alco, S-Diol, and B-Diol molecules, while
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no obvious decrease in Ry, is observed for 2-Alco. From the struc-
ture analysis in Section 3.1, we found adsorbed “—CH,0OH” groups
in 2-Alco are farther away from the silica surface than that in 1-
Alco and dihydric alcohols. A previous study [53] indicated that
the hydrogen bond mostly contributed to interfacial heat transfer
indirectly, by decreasing intermolecular distance and thereby
increasing repulsive vdW interaction. Therefore, compared with
1-Alco, the higher R, for 2-Alco can be attributed to the larger dis-
tance between silica and adsorbed “—CH,OH” groups of 2-Alco,
which will be discussed later.

Different from our expectation, although S-Diol shows much
higher adsorption amount of —OH groups than that of 1-Alco
(Fig. 3), the performance of S-Diol surfactant on reducing R is
not much better than that of 1-Alco as shown in Fig. 6, especially
for the short-chain surfactant. This indicates that not only the
number of functional groups in surfactant molecule is important
for interfacial heat transfer, but also adsorption structure should
be considered which will be discussed in Section 3.3.

Although most of liquids show higher interfacial density on the
cold side than on the hot side near the solid surface [54], B-Diol
show higher adsorption amount on the hot side than on the cold
side as we discussed in Section 3.1. Due to this, the cases of B-
Diol show much lower R, on the hot side. Such reverse
temperature-sensitive property allows B-Diol surfactant to signifi-
cantly enhance interfacial heat transfer with increasing the interfa-
cial temperature. B-Diol is also the best surfactant on reducing R},
compared with other surfactants on the hot side, which relates
to the surfactant-solvent heat transfer and will be discussed in
the next section.

3.3. Molecular-scale heat transfer analysis

In order to clarify the heat transfer from silica surface to alcohol
and how the thermal energy finally diffuses into solvent, heat flux
across the silica-liquid interface is decomposed into silica-
surfactant and silica-solvent intermolecular contributions based
on Eq. (3) as shown in Fig. 7A. The breakdown of heat flux across
liquid-liquid interlayer (“Interlayer1” in Fig. 2) is shown in
Fig. 7B, where the intermolecular contributions between surfactant
in the 1st adsorption layer (1) and surfactant in the bulk area
(bulk), between surfactant (1) and solvent (bulk), between solvent
(1) and solvent (bulk), and between solvent (1) and surfactant
(bulk) are separately shown. The calculation details are provided
in our previous study [10].

Fig. 7 takes the cases of S-Diol as an example because the
dependence of decomposition of heat flux on surfactant chain
length is similar for all surfactants. As the surfactant chain length
increases, the vdW and Coulomb intermolecular heat transfer
between silica and surfactant (“Si-Surf (vdW)” and (“Si-Surf (Coul)”
in Fig. 7A) across the silica-liquid interface increase, and gradually
exceed the heat transfer amount between silica and solvent (“Si-
Solv (vdW)” in Fig. 7A). Additionally, trends of increasing vdW
intermolecular heat transfer between surfactant and solvent (“Surf
(1)-Solv (bulk)” in Fig. 7B) across interlayer for surfactant chain
longer than 8 have not been particularly clear for S-Diol, unlike
our previous study [10] where the trends were clearly observed
for 1-Alco across all chain lengths. This is because compared with
1-Alcos, the alkyl chains of S-Diols distribute more in the first
adsorption layer as shown in Fig. 3C, in other words, the alkyl
chains of S-Diols prefer to spread onto the surface rather than elon-
gate to the bulk liquid, which results in less contact area with sol-
vent, and Surf (1)-Solv (bulk) does not increase apparently with #C
past 8. Moreover, “other” term in Fig. 7B consists of the contribu-
tion from intramolecular interaction (bond stretching, angle bend-
ing, and torsion interaction in surfactant and solvent molecules),
that from silica-liquid intermolecular interaction, and energy
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Fig. 6. Thermal boundary resistance Ry, for the cases with different alcohol surfactant on the (A) cold and (B) hot sides as a function of #C. Error bars display the standard error

of the mean estimated by the block average method [47] where the data is evenly divided into 6 blocks.
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Fig. 7. The interaction contribution to heat flux (A) across the solid-liquid interface, (B) across the liquid-liquid interlayer (Interlayer 1), and (C) between alcohol surfactant
and tetracosane solvent in the 1st and 2nd adsorption layers on the cold side for the cases of S-Diol with #C from 4 to 32.

transfer via molecular migration at the interlayer, where the first
term is dominant, and the last two terms are negligibly small. Sim-
ilar to our previous study for 1-Alco [10], with increasing the S-
Diols surfactant chain length, more alkane solvent near the solid
surface is replaced by alkyl chain of surfactant. This replacement
explains why the “other” term, which is mostly contributed by
intramolecular interaction, increases with the surfactant chain
length as shown Fig. 7B. Thus, the increasing trend of this term
indicates that the intramolecular heat transfer along the surfactant
chain increases as surfactant chain becomes longer.

The components of heat flux due to the intermolecular interac-
tion between surfactant and solvent molecules in the 1st or 2nd
adsorption layers were calculated as shown in Fig. 7C. The 1st
and 2nd adsorption layers are defined in Section 3.1 as shown in
Fig. 2. For all types of alcohol surfactants, the heat transfer from
surfactant to solvent in the 2nd adsorption layer (“Surf(2)-Solv
(2)” in Fig. 7C) is larger than that that in the 1st adsorption layer
(“Surf(1)-Solv(1)” in Fig. 7C), which indicates that the exchange
of thermal energy between surfactant and solvent is more efficient
in the 2nd adsorption layer than in the 1st adsorption layer. It also
can be observed from the larger temperature difference between
surfactant and solvent in the 2nd adsorption layer than that in
the 1st adsorption layer as shown in Fig. S6 in the Supporting Infor-
mation. This is because that the heat is mostly transferred from sil-
ica surface to —OH groups of surfactants due to hydrogen bond and
then along the alcohol molecular chains to the —CH,, groups of sur-

factant in the 2nd adsorption layer due to intramolecular heat
transfer. The excellent heat conduction along the alcohol molecular
chains [55] result in the temperature of surfactant in the 2nd
adsorption layer is close to that in the 1st adsorption layer. Never-
theless, the heat transfer between flat arranged solvent adsorption
layers is mostly contributed by their intermolecular interaction,
which is not as efficient as the heat transfer in surfactant. As we
discussed in Section 3.1, compared with S-Diol, adsorbed B-Diol
molecules prefer to elongate to the bulk liquid instead of distribut-
ing in the 1st adsorption layer, which results in more efficient
surfactant-solvent intermolecular heat transfer. As a result, B-
Diol shows lower Ry, than S-Diol at the similar adsorption amount
on the hot side as shown in Fig. 6B.

The interfacial thermal conductance (ITC) is the inverse of R},
defined by Eq. (2). The silica-surfactant partial ITC can be obtained
by dividing the silica-surfactant interaction contribution to heat

flux by the temperature jump as (J&5"" + J5- ") /|AT|. Then we
further divided silica-surfactant partial ITC by the area number
density of interaction site of surfactant (H, O, CH,) in the 1st
adsorption layer, so that per-site surfactant contribution to partial
ITC is obtained and plotted in Fig. 8 for 1-Alco and S-diol. Com-
pared with 1-Alco, S-diol shows lower site contributions to ITC,
which indicates that the average thermal enhancement per S-diol
molecule is not as large as that of each 1-Alco molecule. This is
mostly because that although S-Diol shows much higher adsorp-
tion amount of —OH groups than 1-Alco (Fig. 3), not all of those
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The standard error of mean estimated by the block average method [47] where the
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—OH groups form direct hydrogen bonds with silica surface, espe-
cially for short chain S-Diol as we discussed in Section 3.1. There-
fore, —OH groups of S-Diol that cross link with other S-Diol —OH
groups in the 1st adsorption layer cannot effectively contribute
to interfacial heat transfer.

In addition, the intramolecular interaction contribution to heat
transfer at the interlayer for the case of S-Diol becomes higher than
that of 1-Alco when the surfactant chain length increases as shown
in Fig. S5 of the Supporting Information. In other words, the second
adsorbed —OH groups of surfactant molecules effectively improve
the intramolecular heat transfer only when the surfactant chain is
longer than 8. It is expected that S-Diol would reduce R, more
effectively than 1-Alco when its chain length becomes much
longer.

In order to investigate the difference in heat transfer between
the cases of 1-Alco and 2-Alco, each contribution of hydroxyl O
and the —CH, group of 1-Alco and 2-Alco to partial ITC are
obtained and plotted in Fig. 9 on the hot side. The data on the cold
side is not shown here due to their similarity to the hot side. In
addition, the heat transfer from silica to the hydroxyl H of alcohol

is negligibly small due to the weak interaction strength and mis-
match of frequency vibration between H atoms and silica surface
[56,57] and thereby not calculated in the present study. The contri-
butions to ITC from each hydroxyl O and —CH, group of 2-Alco are
clearly lower than those of 1-Alco, which indicates that the energy
transfer from silica surface to adsorbed “—CH,OH” groups of 2-Alco
is not as efficient as that of 1-Alco. This phenomenon results from
the difference in the adsorption arrangement of the surfactant
molecule as we discussed in Section 3.1, where the long distance
between silica surface and adsorbed “—CH,OH” groups of 2-Alco
prevents the efficient heat transfer from silica to surfactant. As a
result, for the cases of 2-Alco, although the heat path from silica
via surfactant to solvent becomes dominant as the surfactant chain
length increases (Fig. 7), Ry is not reduced (Fig. 6).

4. Conclusions

This paper focused on the investigation of the effect of the num-
ber and the position of hydroxyl groups and the length of the main
chain and side chain in the organic surfactant molecules on the
silica-alkane interfacial heat transfer by MD simulation. Linear pri-
mary alcohol, secondary alcohol, straight-chain diol, and branched-
chain diol with different chain lengths as organic surfactants were
compared.

Overall, thermal boundary resistance R, was mostly determined
by the adsorption amount and the molecular arrangement of sur-
factant at interface region, which was a result of the competition
between the silica-surfactant, silica-solvent, and solvent-
surfactant interactions. The increase in the adsorption amount or
the number of functional groups of surfactant does not necessarily
increase the interfacial heat transfer. Primary hydroxyl groups of
alcohol showed the perpendicular binding mode onto silica sur-
face, which produced an efficient microscopic heat path from silica
to surfactant. However, secondary hydroxyl groups of alcohol
resulted in a larger distance from silica surface, which prevented
efficient interfacial heat transfer. Due to this, secondary alcohol
surfactants hardly reduce R,. Compared with linear monohydric
alcohols, linear dihydric alcohols showed higher adsorption
amount because multiple hydroxyl groups have a stronger aggre-
gation effect on alcohol molecules in the adsorption layer due to
Coulomb interaction. However, the performance of linear dihydric
alcohols on the reduction of R, was on par with linear monohydric
alcohols. This is because not all —OH groups of linear dihydric alco-
hol can form direct hydrogen bonds with silica surface due to other
—OH groups in dihydric alcohol, and the second —OH group
increases alcohol intramolecular heat transfer only when alcohol
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chain become very long. Compared with linear dihydric alcohol,
the branched dihydric alcohol showed higher R, on the cold side
and lower Ry, on the hot side. This is because branched dihydric
alcohol has a larger preference to bulk liquid, which improves
the surfactant-solvent intermolecular heat transfer but leads to
the desorption of surfactant at the low interfacial temperature.
The branched dihydric alcohol performed better on reducing Ry
than other alcohol when the interfacial temperature was high
enough to maintain the adsorption amount of surfactant at suffi-
ciently high level. From the application point of TIM, the operating
temperature of the power module becomes increasingly high due
to continual device miniaturization, for example, some SiC-based
electronic devices operate at temperatures as high as 450 °C [58].
Thus we consider the molecule containing two solid-philic termi-
nal functional groups and a solvent-philic long side chain, such
as branched dihydric alcohol surfactant, has a great potential appli-
cation to enhance the substrate-TIM interfacial heat transfer on the
high operating temperature environment. Furthermore, the ability
to spontaneously enhance heat dissipation rate with increasing
interfacial temperature makes such temperature-sensitive surfac-
tant ideal for a number of applications, including some precise
electronic devices that lay on the requirement within a limited
temperature range. Given the high-efficiency surfactants discov-
ered in the present study and their temperature dependence, we
propose that future work is to further improve the molecular struc-
ture of such surfactant and to determine its effect on interfacial
thermal conductance at various temperature conditions.
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