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Water Nanofilms Mediate Adhesion and Heat Transfer at

Hematite-Hydrocarbon Interfaces

Fionn Carman,* Fernando Bresme, Billy Wu, Daniele Dini, and James P. Ewen

A detailed understanding of nanoscale heat transport at metal
oxide-hydrocarbon interfaces is critical for many applications that require
efficient thermal management. Under ambient conditions, water nanofilms
are expected to form at these interfaces, but these are rarely accounted for in
simulations. Using molecular dynamics simulations, it is shown that water
nanofilms at the hydroxylated hematite/poly-a-olefin (PAO) interface
significantly affect wettability and thermal transport. Including water
nanofilms improves agreement with experimental work of adhesion, which
cannot be replicated with anhydrous systems using realistic solid—liquid
interactions. For water films thicker than one monolayer, interfacial thermal
resistance (ITR) converges to a consistent value, independent of solid-liquid
interaction strength. This value is dominated by the ITR at the water/PAO
interface. The ITR at the water/PAO interface is dependent on the surface area
between the water film and the PAO and the magnitude of the interfacial

in components such as batteries,!]
motors,®] and electronic devices.[®) Ef-
ficient heat transfer ensures optimal
performance, prevents overheating,
and extends the operational lifespan
of these systems. The interfacial ther-
mal resistance (ITR) quantifies the
resistance to heat flow over an inter-
face and is given by the equation:l”]

_AT
Jq
where R, is the ITR, AT is the tem-

perature discontinuity at the interface
and J, is the heat flux normal to the

Ry 1)

potential. These simulations provide a more precise estimate of ITR at the
hematite/PAO interface by accounting for surface hydration expected in
experiments under ambient conditions. This study offers crucial insights into
the roles of surface hydroxylation and water nanofilms in controlling
wettability and thermal transport at industrially important interfaces.

1. Introduction

Understanding heat transfer at solid-liquid interfaces is impor-
tant for biosensing,!!! lubrication,>3! and thermal management
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plane of the interface. Minimizing
the ITR is essential to improve ther-
mal management in various appli-
cations, particularly those involving
micro or nanoscale components.[”8]

Nanoscale heat transfer at metal oxide-
hydrocarbon interfaces is of high impor-
tance for applications including cooling
fluids!®!% and lubricants.[>'"] However,
the I'TR has rarely been quantified for interfaces relevant to these
applications either through experiments or molecular simula-
tions. In a recent study,!'?! we investigated the ITR between
a hematite surface, a-Fe,0,(0001), and a hydrocarbon fluid,
poly-a-olefin (PAO), using non-equilibrium molecular dynamics
(NEMD) simulations. Our model was designed to mimic the in-
terface between the steel battery casing and the dielectric fluid in-
side battery immersion cooling systems.['"] The outer oxidation
layer of steel will be mostly a-Fe,O, at ambient temperatures!'’!
and the (0001) facet is the most thermodynamically stable.'*] The
a-Fe,0,(0001)/PAO interface is also important for understand-
ing the thermal properties of oil-based iron oxide nanofluids.**!
We evaluated various solid-liquid Lennard-Jones interaction
potentials,[1%18] which gave a wide range of ITR values (R, = 4-
21 K m? GW1).['4] Stronger interfacial interactions gave reduced
ITR and increased the fluid density close to the surface.'”] To
identify the most accurate solid-liquid interaction potential for
our system, we compared the work of adhesion determined us-
ing the dry-surface method,!*! to that calculated from the experi-
mental contact angle of PAO4 on steel.?] Here, the 4 refers to
the kinematic viscosity of PAO in cSt at 100 °C. The compar-
ison revealed that the existing hematite-hydrocarbon potentials
overestimated the work of adhesion from experiments.l'?l When
the strength of the solid-liquid potential was further reduced to
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match the experimental work of adhesion, the ITR increased sub-
stantially (R, = 33 Km? GW!)."2I This value of the ITR is similar
to that measured experimentally for the gold-hexadecane inter-
face (R, = 36 Km? GW™1).2!l The observed discrepancy between
the experimental and simulation work of adhesion using state-
of-the-art solid-liquid interatomic potentials!'®] suggests that the
metal oxide/hydrocarbon interface modeled in the simulation
differs from the experimental one. In our previous study,'? a dry
hematite surface was assumed to be directly in contact with the
PAO4 fluid. However, in experimental systems, thin water films
are known to form on the surface of metal oxides when the sur-
faces are exposed to air.[??l Adsorbed water molecules can also
partially dissociate, forming covalently bonded hydroxyl groups
on the oxide surface.??] Anhydrous a-Fe,0,(0001) is hydropho-
bic, but surface hydroxylation makes the surface hydrophilic due
to surface-water hydrogen bond interactions.[?)) Ambient pres-
sure X-ray photoelectron spectroscopy (XPS) studies revealed sur-
face hydroxylation on the a-Fe,0,(0001) surface at very low rela-
tive humidity (RH) ~1077 % at 295 K.1?*] Full surface hydroxyla-
tion occurs at RH values of around 5%.12*] In this study, we are tar-
geting these experimental conditions, corresponding to full sur-
face hydroxylation. At higher humidities, the onset of water ad-
sorption was observed, with the coverage reaching 1 water mono-
layer (ML) thickness (10 molecules nm~2) at 15% RH, increas-
ing to 1.5 ML at 34% RH.[?*] At very high humidity (~ 95% RH),
hematite nanoparticles can stabilize water nanofilms of up to 4-5
ML at 298 K.[%] The hydrophobicity of hematite can be restored
by heating the hydroxylated surface to 60 °C, which is sufficient to
remove the surface hydroxyls and surface-bound water layers.[?3]

The wettability of hydrocarbons or other non-polar fluids
on oxide surfaces, such as silica,!?! alumina,l?’! quartz,!*’]
sapphire,!?’] and mica,[?®! can be affected by thin interfacial wa-
ter layers. Depending on the relative hydrophilicity/oleophilicity
of the surface and the temperature, interfacial water droplets or
films can be formed.[?82°] The interfacial water molecules disrupt
the hydrocarbon-surface interactions, making the surface more
oleophobic than the dry surface.[?® The effect of thin water films
on the solid-liquid work of adhesion, W,;, can be understood by
combining Young’s equation with the Young—Dupré equation to
obtain W, in terms of the contact angle, 6, and the liquid—vapor
surface tension, y,:3"

Wy =y,(1+cosb) (2)

S|

Thus, the W, decreases as 0 increases. The experimental
steel /water contact angle (6, = 66.2°) gives W, = 101.0 m] m~2,
which is higher than the steel/PAO4 W, = 57.5 m] m~2,12] de-
spite the lower contact angle (6, = 10.9°). It should be noted
that the contact angles of steel and other surfaces are quite sen-
sitive to the presence of surface contaminants such as water
and hydrocarbons.®!l However, separate experiments of PAO6
on steel with a higher contact angle (6, = 21°) at 293 KI**] yields
a very similar work of adhesion (W, = 57 m] m~2), which gives
further confidence in our target value for the simulations. The
higher work of adhesion at the steel/water interface than for
steel/PAO4 suggests that the water nanofilm will be thermody-
namically stable.[?®] The discussion above indicates that the in-
ability of previous force-fields to reproduce the work of adhesion
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of hematite/PAO4 interfaces!'?] based on experimental contact
angles(?] could be due to the absence of an interfacial water layer.

2. Experimental Section

There was no attempt to control the atmosphere in the contact
angle experiments for PAO on steel(2°32] discussed above and the
relative humidity was not reported. To cover the possible range of
surface configurations in the experiments, we use fully hydrox-
ylated surfaces!?*] and water nanofilms with coverages ranging
from 0 to 4 ML, which in the absence of a PAO4 layer corre-
sponds to RH values of 5-95%.124%] Top-down views of the water
films for the different water coverages (0.5-4 ML) are shown in
Figure 1a—e. We show the interfacial structure of these nanoflims
and demonstrate their important role in determining the work
of adhesion in experimental systems, namely the hydroxylated
a-Fe,0,(0001)/PAO4 interface.

Following our previous study,'?l PAO4 is represented by hy-
drogenated 1-decene trimer molecules, modeled with the LOPLS-
AA force-field (FF)?*3¢l and the internal surface interactions
are from INTERFACE-FF.'®] The surfaces were generated us-
ing ASEP”] and had dimensions of 50 x 44 x 53 A. We investi-
gated the a-Fe,0,(0001) surface with a half-metal termination
(R-Fe-O5-Fe) and a hydroxylated oxygen termination (R-Fe-Fe-
(OH);)."* Since 1 ML coverages are reached at low RH (5%),[2
we only consider fully hydroxylated surfaces. The a-Fe,0,(0001)
surfaces were fully hydroxylated by removing the terminal Fe
layer and adding hydrogen atoms above the surface oxygens,
yielding a hydroxyl coverage of 13.6 nm™2.12%) Interactions in the
solid hematite region were described by INTERFACE-FF!*®l and
the hydroxyl parameters were taken from ClayFF.['*] The SPC/E
model® is used for the water molecules. Previous studies have
confirmed that this model reproduces the experimental density
dependence of the thermal conductivity of liquid water.3*l The
0.5, 1.0, 1.5, 3.0, and 4.0 ML water films contained 110, 220, 330,
660, and 880 water molecules each, respectively. The systems
contained 220 PAO4 molecules on either side of the hematite
surface. The systems had dimensions of 50 x 44 A in x and y
and a range of 237-259 A in z, depending on water film thickness.
Periodic boundary conditions were applied in all directions. For
the solid-liquid interface, we compare three potentials with rel-
atively weak (Clay-FF),14%) intermediate (INTERFACE-FF),[®]
and strong (Savio et al.)['’! Lennard-Jones interactions. These
span the possible interaction strengths that can be expected in
experiments, with INTERFACE-FF(!#! likely being the most ac-
curate since wetting properties were included in the parameteri-
zation. The Lennard—Jones potential curves are shown for the Fe—
C interactions for each force-field in the Supporting Information
(Figure S1) and full parameters for each potential can be found
in Table S1 (Supporting Information).

2.1. Work of Adhesion

Previous simulations have used the work of adhesion to param-
eterize interfacial force fields.*!l The work of adhesion has been
shown to be correlated with the ITR in both experiments!*!
and simulations.*¥ Indeed, in our previous study with anhy-
drous surfaces,!'?l we showed a clear correlation between the
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Figure 1. Top-down view of water films on fully hydroxylated hematite surface at varying coverages: a) 0.5 ML, b) 1.0 ML, ¢) 1.5 ML, d) 3.0 ML, and e) 4.0
ML. For clarity, only water and hydroxyl atoms are shown and the hydroxyl atoms are transparent. f) Side view of system used to calculate the ITR of the
hydroxylated a-Fe,O5-water-PAO4 interface, shown for a water coverage of 4.0 ML and intermediate (INTERFACE-FF)['8] hematite-PAO4 interactions.
Snapshots rendered using VMD.[33] Iron atoms are represented in orange, oxygen are red, carbon is cyan, and hydrogen is white. g) Through-film
temperature profiles of the a-Fe,O; surface (orange markers), water films (red markers) and PAO4 fluid (cyan markers). The red and blue shaded
regions represent the positions of the hot and cold thermostats, respectively.

work of adhesion and the ITR. To quantify the surface wetta-
bility, we employ state-of-the-art computational methods based
on the dry-surface approach.l'®) An initial starting configuration
for the work of adhesion calculations contained a 50 X 44 x 55
A? hematite surface, with or without surface hydroxylation. The
surface was placed between two liquid layers, first a water re-
gion with thicknesses 0-4 ML and then the PAO4 region, con-
taining 220 molecules per side. The work of adhesion was cal-
culated using the dry-surface method!*! with damped Coulomb
interactions.!*¥] Using this method, hematite-PAO and water-
PAO interactions were described by the potential:

U= AUy + Ugul 3)

where 4 represents the coupling parameter. U;; was given by a
Lennard Jones potential and U, was given by a damped shifted
force model, described by Fennel:[**]

Ucoul = 4i9; p

c

xp(—a’r?
| eten _ ety +<effcr(:trc) . % el m(r—g))] “
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where g was the charge of particles i or j, erfc() is the complemen-
tary error-function, « is the damping parameter and r, is the cut-
off distance of Coulombic interactions. The cutoff distance was
set to a value of r, = 12 A and the damping parameter was set to
avalue of @ = 0.2 A-".

The simulation procedure was the same as used in our previ-
ous work.['2] All simulations were performed in LAMMPS!#6] ys-
ing velocity-Verlet integration with a timestep of 0.5 fs. The initial
configurations were energy minimized, followed by a 1 ns equili-
bration in the NPT ensemble at 300 K with anisotropic pressure
coupling set to 1 atm along the z-axis. A Nosé—Hoover thermostat
and barostat!*’~* were employed, with temperature and pressure
damping time constants of 0.1 ps and 1.0 ps, respectively. Subse-
quently, a 0.25 ns equilibration was performed in the NVT en-
semble at 300 K using a Nosé-Hoover thermostat.[**!] Produc-
tion runs were performed in the NPT ensemble at T = 300 K
and P = 1 atm in the z-direction using a Nosé-Hoover thermo-
stat and barostat with damping coefficients of 0.1 ps and 1.0 ps,
respectively.*’~*1 L] and Coulombic forces for hematite-PAO and
water-PAO interactions were gradually switched off by scaling A
from A = 1, which represents fully coupled surface-PAO4 inter-
actions, to 4 = 0, which represents fully uncoupled surface-PAO4
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interactions. The water monolayer was treated as part of the sur-
face in these calculations, therefore, hematite-water interactions
were maintained throughout the simulations.

A, was sampled at 24 equally spaced data points in the range
A € (0,1]. At each point, the system was equilibrated for 0.25 ns
followed by a 0.75 ns run to obtain u,, the surface-liquid potential
energy per unit area. The work of adhesion could be obtained
using the equation:

1 Oouy
WSZ:__/0<61>{M (5)

2.2. Interfacial Thermal Resistance

Previous NEMD simulations have shown that interfacial layers,
such as graphene sheets®®! or surfactant monolayers adsorbed
from solution,l!) can significantly affect the ITR at solid-liquid
interfaces. Here we investigate the impact of water nanofilms by
computing the ITR for the hydroxylated hematite/PAO4 inter-
face using NEMD simulations.*?] Figure 1f shows a snapshot of
a system with a water coverage of 4.0 ML used for both the ITR
and the W, calculations, while an example temperature profile
obtained from NEMD simulations is presented in Figure 1g. Sim-
ulations were performed using the same initial configurations
as described above. However, in this case short range electro-
static forces were described using a Coulombic potential and long
range electrostatic interactions were evaluated using the particle-
particle particle-mesh (PPPM) solver!>}] with a relative error in
the forces of 1 x 1075.

The ITR was calculated using the boundary-driven NEMD
approach®? used in our previous work.!'?] Five independent re-
peats were performed for each system, with each trajectory be-
ing given its own randomly generated initial velocity seed. The
initial configurations were equilibrated following the same pro-
cedure described for the work of adhesion. To calculate the ITR,
a heat flux was applied along the z-axis, by defining hot and cold
thermostat regions in the xy plane, each with a thickness of 10
A, located at the centre and the edge of the simulation box, re-
spectively. The temperatures in these regions were maintained
at 325 and 275 K for the hot and cold regions, respectively, us-
ing a Langevin thermostat.>* A temperature damping coefficient
of 1.0 ps was applied to ensure energy conservation during the
NEMD simulations.>®! The NEMD simulations were performed
for 5.5 ns, with the first 0.5 ns discarded to allow the system to
reach a steady non-equilibrium state. Temperature profile were
calculated by dividing the system into 400 bins along the z-axis
and the temperature within each bin (b) was calculated using the
equation:

Neb )
> m
1 1

T(b) = Nk

(©)

where m; and v, are the mass and velocities of a particle i within
the bin and Ny is the total number of degrees of freedom in the
bin. As the force fields used for hematite and PAO were fully
flexible, Ny = 3N,, where N, was the number of atoms in each
bin.[>®! In the case of water, the local temperature needed to be
corrected to account for the reduced degrees of freedom in rigid
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water model.’”] Oxygen and hydrogen temperature profiles were
calculated separately where N; = 2.8106N, for oxygen and N, =
1.5947N, for hydrogen.l*”]

2.3. MSD

The in-plane self-diffusion coefficient, D,, of the different water
films, 0.5-4.0 ML, were calculated by analyzing the mean squared
displacement (MSD) in the xy directions and applying the Ein-
stein relation:

d(r?, (1)
4D, = — (7)

where <”,2¢y(t)> is the MSD in the xy plane at time, t, given by:

(2 (1) = (2(0) + (7 () ®)
The MSD components in the x and y directions are computed as:

N

) = + Xl - %(0)? o)

i=1

) = + X0 v 0)? (10)

i=1

where N is the total number of molecules, x(t) and y(t) are the
coordinates of molecule i at time ¢, and x(0) and y(0) are the initial
coordinates at t = 0.

3. Results and Discussion

Figure 2 shows the mass density and temperature profiles for
the systems considered in this study. Results are shown only
for INTERFACE-FF,!'8] the equivalent plots for ClayFF!'®! and
the Savio et al.l'’] force field are shown in the Supporting In-
formation (Figure S2 and Figure S3, respectively). The apparent
non-linearity and fluctuations observed in the temperature pro-
files within the hematite slab are due to statistical noise in bins
containing relatively few atoms. Surface hydroxylation has previ-
ously been shown to increase the hydrophilicity of hematitel?*]
and other oxides, such as silica,l®® due to increased hydro-
gen bonding. This hydrophilicity is confirmed by a pronounced
peak in the water mass density profile close to the hydroxylated
hematite/water interface in Figure 2b—f. This sharp peak near the
surface indicates a dense layering of water molecules, which is
known to enhance thermal conductivity and reduce the ITR.[5%60]
As a result, we observe a very small temperature drop at the hy-
droxylated hematite/water interface and therefore an almost neg-
ligible ITR of ~ 0.3 Km? GW~!. Throughout the simulations, the
water molecules remained close to the hydroxylated surface due
to strong hydrogen bonding interactions and their low solubility
in PAO4, which naturally prevented diffusion into the oil.

The behaviour of the PAO4 fluid also varies with water cover-
age. For the anhydrous (not pictured) and the hydroxylated sys-
tem (Figure 2a), strong layering is observed in the PAO4 density
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Figure 2. Temperature (symbols) and density (lines) profiles for the hydroxylated surfaces with a) 0, b) 0.5, c¢) 1.0, d) 1.5, e) 3.0, and f) 4.0 ML water
coverage. Results shown for the intermediate (INTERFACE-FF)['®] interactions. The vertical dashed lines represent the interfaces between the surface,
water and PAO4 regions. The thick solid lines represent the linear fit temperature profiles within these regions. Data points outside of the fitting regions
and in regions of low density have been removed for clarity. Zoomed-in snapshots of the systems rendered using VMD.[3]
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Figure 3. a) Mean squared displacement (MSD) in the xy plane for water molecules in water films of varying coverages and bulk water. b) In-plane
self-diffusion coefficient (D,,) plotted as a function of water coverage (lower axis) and water layer thickness (upper axis), calculated at 325 K. The dashed
horizontal line represents the results calculated from bulk water simulations at 325 K. Note that the data is plotted for water coverage, and while the
water layer thickness values do not exactly align, they are included as an approximate guide.

profile, with a pronounced first density peak that is strongly de-
pendent on the strength of the solid-liquid interactions.!'2] How-
ever, as the thickness of the water film increases the PAO4 struc-
ture becomes progressively less ordered. By 3.0 and 4.0 ML cov-
erage, the first PAO4 density peak is substantially reduced, and
density oscillations in the PAO4 layer are no longer apparent.
This may be due to the screening of the hematite-PAO4 interac-
tions by the hydroxyl groups and water molecules. However, ther-
mal capillary wave (CW) fluctuations, which are reduced when
the water film is in contact with the solid surface, may also play
a role. These fluctuations smooth out the apparent layering of
water and PAO4 molecules, especially for thick water films, even
though the underlying structure remains intact.[°!)

For the 0.5 ML water system (Figure 2b), both water and PAO4
molecules are in direct contact with the hydroxylated hematite
surface, as evidenced by the overlapping first density peak and
the inhomogeneous density profile, indicating a mixed interface
for thermal transport. At 1 ML water coverage (Figure 2c), the
density profiles show limited direct contact between the PAO4
molecules and the surface, with the in-plane density profile re-
vealing a homogeneous interface. For water coverages above 1
ML (Figure 2d—f), there is an apparent overlap in the density pro-
files for the water and PAO4 molecules, suggesting an interface
width of ~5 A. However, this may also result from CW fluctu-
ations, which blur the sharpness of the interfacial structure de-
spite the presence of molecular layering.[1]

To determine the mobility of the confined water molecules, we
tracked the mean square displacement, for all water molecules
contrained in the film, in the surface plane to calculate the self-
diffusion coefficient at 325 K, D, , as shown in Figure 3. D, de-
creases significantly from 4 ML (1.72 nm? ns™!) to 0.5 ML (0.23
nm? ns~!), where a higher proportion of the water molecules are
immobilized close to the surface. This observation is consistent
with previous MD simulations of hydrophilic surfaces.[®?! In con-
trast, the self-diffusion coefficient for bulk water at 325 K was 4.58
nm? ns~!, which is close to the experimental value at this tem-
perature, D = 4.1 nm? ns~L.1%] Despite their reduced mobility
near the surface, the water molecules remain diffusive, suggest-
ing that they do not solidify as has been observed for some other
surfaces such as mica.l® This is further confirmed by the oxygen-
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oxygen radial distribution functions (RDFs) shown in the Sup-
porting Information (Figure S4), which do not exhibit any long-
range order. Unlike some other minerals, ice nucleation does not
occur for the a-Fe,0,(0001) surface due to the large mismatch
with the basal plane triangular lattice.[*]

The work of adhesion at 300 K is presented in Figure 4 as a
function of water coverage for weak (ClayFF),!!%! intermediate
(INTERFACE-FF),'8 and strong (Savio et al.)l'”] solid-liquid in-
teractions. In our previous study, we observed that for anhydrous
a-Fe,0,(0001) surfaces, W, was strongly dependent on solid—
liquid interaction strength, with W being overestimated in all
cases.[?] For hydroxylated surfaces without water (filled markers,
0 ML), W, was reduced with respect to the non-hydroxylated an-
hydrous surfaces (unfilled markers, 0 ML) for all three FFs. W
was still overestimated compared to the experimental value,?!
apart from the low interaction strength FF (ClayFF),[!) where

Water Layer Thickness / A
4 6 8

0 2 10 12
160 — . . . . . .
--- Experiment
1401 B ClayFF
¥ Savio
€
S
~
@
= ==
20 |
0 T T

0.0 0.5 1?0 1?5 2?0 2?5 3:0 3t5 4.0
Water Coverage / ML

Figure 4. Work of adhesion, W,;, as a function of water coverage for the low
(ClayFF),["®] intermediate (INTERFACE-FF),["8] and high (Savio et al.)[”]
solid-liquid interaction strengths. Anhydrous and hydroxylated surfaces
are represented by unfilled and filled markers, respectively. The result for
the anhydrous surface with the Savio et al. force field (W, = 405 m) m~2) is
not shown. Experimental W, is calculated from the contact angle of PAO4
on steel reported by Kalin and Polajnar.[20]
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surface hydroxylation alone led to good agreement. For the other
two FFs (INTERFACE-FF['®l and Savio etal.),l'”] the inclusion of a
partial water monolayer (0.5 ML) led to a further reduction in W_;
however, we still observed a considerable overestimation in W.
Increasing the water film thickness led to further reductions in
W for the intermediate and strong interaction FFs, while W, for
the weak interactions remained consistent with the experimental
value. For intermediate interactions, W aligned with the experi-
mental value at water coverages > 1.0 ML, whereas for strong in-
teractions, agreement was only achieved at a film thickness of >
3.0 ML. When the water layer is included, the hematite/PAO4 in-
teractions are screened, and the work of adhesion eventually be-
comes dominated by the water/PAO4 interactions. The stronger
the hematite/PAO4 interactions, the thicker the water film re-
quired to fully screen them. Once these interactions are fully
screened, W becomes independent of the water coverage and
consistently matches the experimental value.?” The result at 4.0
ML effectively represents W for the water/PAO4 interface, as the
PAO4 is decoupled from hematite surface due to the thickness of
the water film. This resultis in reasonable agreement with the ex-
pected value from the work of Aveyard and Haydon (W; = 52 m]
m~2), based on the number of methylene and methyl groups in
the PAO4 molecules. %]

To quantify the ITR of the hematite/water/PAO4 interface, we
considered the overall ITR, Ry, using a thermal circuitin series:

Rtoml = Rhem/wuter + Rwater + Rwuter/PAO (11)

where R, u. the ITR of the hematite/water interface, R,
is the thermal resistance per unit area of the water film and

Ryuierjpac 18 the ITR of the water/PAO4 interface. R, was cal-
culated according to:
Rwutzr = L (12)

K water

where L and «,,,,, are the thickness and the thermal conduc-
tivity of the water film, respectively. «,,,,, was calculated using
Fourier’s law:(®”]

e/
VT

water

A= (13)
where VT is the temperature gradient obtained from the water
temperature profiles.

The total ITR for the different FFs and water coverages is
shown in Figure 53, and the contributions of each component are
shown for each forcefield in Figure Sb—d. For the 0.5 and 1.0 ML
films, the R,,,., was assumed to be negligible as the films were
< 1 molecule thick. However, as the water coverage increases,
this contribution becomes more significant. Even for the thickest
water films, R, is much smaller than R, pso, Which is due
to the relatively high thermal conductivity of water compared to
PAO.BI

The magnitude of the interfacial potential energy is presented
as a function of water film thickness for the 3 force-fields in
the Supporting Information (Figure S5). This was calculated by
summing all of the pairwise energies (L] and Coulombic) be-
tween the surface atoms (Hematite and water film) and the PAO4
atoms. As the film thickness increases, the interfacial potential
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energy decreases and converges towards a consistent value of
~ 300 kcal/mol due to the screening of the Hematite/PAO4 in-
teractions by the water film. At water coverages of > 0.5 ML,
the water layer entirely screens the low (ClayFF)['®! and interme-
diate (INTERFACE-FF)'®] hematite-PAO4 interactions, which
means that the ITR is mainly dependent on the water/hematite
and water/PAO4 interactions. Since water/hematite and wa-
ter/PAO4 interactions remain constant, we see a similar ITR
for the weak and intermediate interactions for water coverages
of 0.5 ML and above. In the case with high solid-liquid interac-
tion strengths (Savio et al.),l'”] the hematite/PAO4 interactions
are strong enough to be felt by the PAO4 molecules in the pres-
ence of thicker water films; however, the increased water film
thickness leads to an increased screening of these interactions
and therefore an increase in ITR. For thinner films, the ITR at
the water/PAO4 interface is controlled by both the water/PAO4
interactions and the hematite/PAO4 interactions, leading to a
lower ITR. At 1.5 ML coverage and above, the hematite/PAO4
interactions are almost entirely screened by the water layer and
the ITR converges with the weak and intermediate FFs. The wa-
ter layer isolates the PAO4 from the surface and the ITR at the
water/PAO4 interface is governed only by the water/PAO4 inter-
actions. Unlike for the anhydrous hematite/PAO4 interface,!?]
there is no clear correlation between R, and W,;, as shown in the
Supporting Information (Figure S6). This has also been noted
from previous NEMD simulations of the interface between a
hydroxylated surface and hydrocarbons.[®®! This observation is
likely due to the screening effects of the hydroxyls and wa-
ter molecules.

The ITR at the hydroxylated hematite/water interface was
found to be very low (~ 0.3 m? K GW~!). This can be attributed to
strong interfacial hydrogen bonding, which enhances vibrational
coupling across the interface and promotes more efficient en-
ergy transfer compared to van der Waals-dominated interactions
at the hematite/PAO and water/PAO interfaces.l! To demon-
strate this, we analyzed the vibrational density of states (VDOS)
for water and PAO4 molecules near the surface (Figure S7, Sup-
porting Information). The VDOS was obtained from the Fourier
transform of the velocity autocorrelation function (VACF), with a
correlation time of 4 ps:

D, (@) = /0 (Vo (O)Y, () - €2 ds (14)

where (v,(0)v,(t)) is the VACF of species @, and w is the fre-
quency. To capture the behaviour of the interfacial atoms, the
VDOS was computed for atoms within a 2 A region on either
side of the interface.

To quantify the degree of overlap in the VDOS, the overlap in-
tegral, S, was calculated according to the equation:7%7!]

ooDui a)DsuraceCwa
s " Dpis@) D) 5

/(‘)OO Dﬂuid (w) dew /0°° Dsurface (w) dew

where Dy, is the VDOS for the PAO or water regions close
to the hematite surface and D, . is the VDOS for the sur-
face. The overlap integral for the hydroxyl/ water interface (S =
4.1 X 107%) is almost double that of the overlap integral for the
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Figure 5. a) Interfacial thermal resistance, R, shown as a function of water-coverage. Results are displayed for low (ClayFF),["®] intermediate
(INTERFACE-FF),["® and high (Savio et al.)l'”! solid—liquid interaction strengths. Anhydrous and hydroxylated surfaces are represented by unfilled
and filled symbols, respectively. b—d) Total ITR and its contributions to the hematite/water/PAO4 ITR are shown for weak (ClayFF)['] (b), intermediate
(INTERFACE-FF)I"] (c), and strong (Savio et al.)l"7] (d) solid-liquid interactions. The bar plots show the total ITR (solid black line) and its contributions:
hematite/water ITR (maroon), water thermal resistance (orange), water/PAO ITR (teal) and hematite/PAO4 ITR (purple). Anhydrous surface results are

not displayed.

hydroxyl/PAO4 interface (S = 2.5 X 107?), partially explaining the
lower ITR at this interface.

Our calculated ITR for the hematite/water interface (~ 0.3
m? K GW™!) was somewhat lower than the value reported by
Gonzalez-Valle et al.l%! for water-alumina interfaces (~ 4.5 m?
K GW™1). This discrepancy may arise from differences in both
charge equilibration methods and the nature of the surfaces stud-
ied. Their work employed reactive MD simulations to dynam-
ically adjust partial charges, mitigating the overestimation of
Coulombic interactions. In contrast, our simulations did not in-
clude this correction, potentially leading to stronger Coulombic
interactions and artificially enhanced interfacial bonding, which
would lower the ITR. Additionally, hematite and alumina have
distinct surface chemistries which could further influence inter-
facial bonding and energy transfer.

The contribution of the thermal resistance of the water film,
which increased with the thickness of the film, was generally not
a major contributor to the total ITR, as shown in Figure 5b—d. In-
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stead, the total ITR is dominated by the liquid-liquid (PAO/water)
interface. Water and alkanes such as PAO4 exhibit low solubility,
which is known to lead to a large ITR.[7?]

The water/PAO4 ITR was found to be dependent on the struc-
ture of the water film near the interface. The water/PAO4 ITR
is presented as a function of the water film thickness, for each
forcefield, in the Supporting Information (Figure S8). For 0.5 ML
water coverage, the incomplete surface coverage results in a het-
erogeneous interface with overlapping density profiles of PAO4
and water (Figure 2b). This resulted in a lower ITR with respect
to films with 1.0 ML coverage, where the water forms a densely
packed and highly structured layer with negligible overlap ob-
served in the density profiles (Figure 2c).

For the low (ClayFF)['®] and intermediate (INTERFACE-FF)!*]
hematite-PAO4 interactions, a noticeable spike in the total ITR
is observed for the 1.0 ML water films. To better understand this
observation, we calculated the surface area of the water/PAO4
interface by generating a height map from the atomic positions of
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Figure 6. Interfacial thermal resistance, R;, shown as a function of the

water/PAO4 interface surface area for the low (ClayFF),['®l intermedi-

ate (INTERFACE-FF),!"8 and high (Savio et al.)l'”] solid-liquid interaction

strengths at different water coverages. Results for the 0.5 ML water films

are represented by unfilled markers and are not included in linear fits.

the water film. The areas of the resulting quadrilateral elements
were then summed. Height maps for different water films are
provided in the Supporting Information (Figure S9).

The water/PAO4 ITR is plotted as a function of the interface
surface area in Figure 6 for different water coverages. The 0.5 ML
results are shown as unfilled markers because the water layer
does not cover the surface and some PAO molecules are in di-
rect contact with the surface. For low (ClayFF)[!®] and interme-
diate (INTERFACE-FF)'8] hematite-PAO4 interactions, the ITR
decreases with increasing surface area. This is consistent with a
previous MD study, where it was noted that an increased effec-
tive contact area between a self-assembled monolayer and an or-
ganic liquid enhanced interfacial thermal transport.”3] Further-
more, Shavelier et al.”* observed that interfacial thermal con-
ductance was higher in systems where there was greater physi-
cal overlap between ligands and solvent molecules for gold sur-
faces and nanoparticles functionalized with MTAB (16-mercapto-
hexadecyl-trimethylammonium bromide) compared to CTAB
(cetyltrimethylammonium bromide).

For the high hematite-PAO4 interaction strength (Savio
et al.),['”] the ITR is less sensitive to the surface area. This can
be explained by the competing effect of the interfacial potential
energy!’3] as the water coverage increases. For the low (ClayFF)!1¢]
and intermediate (INTERFACE-FF)'®] hematite-PAO4 interac-
tions, the interfacial potential remains roughly constant across
different water coverages, as shown in the Supporting Informa-
tion (Figure S5). This is due to screening effects, meaning that
the PAO/water surface area is the dominant factor in determin-
ing ITR. For strong hematite-PAO4 interactions (Savio et al.),!”]
increasing the water coverage results in a significant reduction
in the interfacial potential. This reduction in interfacial potential
increases the ITR,[”3] counteracting the decrease in ITR caused
by the increase in surface area for higher water coverage. Further-
more, analysis of the vibrational density of states (VDOS) showed
that the vibrational mismatch between the water and the PAO
was the same for all systems, and as such, the changes in ITR
can be attributed to the surface area contact and the interfacial

Adv. Mater. Interfaces 2025, 12, €2500267 €2500267 (9 of 11)

www.advmatinterfaces.de

potential energy. VDOS for different water are displayed in the
Supporting Information (Figure S10).

4, Conclusion

In our previous study,[*?! we observed a wide range of ITR val-
ues for the anhydrous a-Fe,0,(0001)/PAO4 interface (R, = 4-21
K m? GW') depending on the strength of the solid-liquid inter-
action potential. To match the work of adhesion calculated from
contact angle experiments at the steel/PAO4 interface,?%! we had
to further reduce the strength of the weakest solid-liquid inter-
action potential, which led to a large ITR of 33 m? K GW~1.112]
Here, we match the experimental work of adhesion by incorporat-
ing surface hydroxylation and water nanolayers of varying thick-
ness at the hematite/PAO4 interface. For the weak (ClayFF)!¢]
interaction potential, the simulated work of adhesion aligned
with the experimental value with full surface hydroxylation and
across all tested water film thicknesses (0—4 ML). For interme-
diate (INTERFACE-FF)['®] solid-liquid interactions, good agree-
ment with the experimental work of adhesion occurred with hy-
droxylated surfaces featuring water films > 1.0 ML, while for
strong (Savio et al.)['’] interactions, the match was observed with
water films > 3.0 ML. Previous experiments have suggested that
water coverages of > 3.0 ML only form at very high relative hu-
midities (>85%),1%! while water films < 1.0 ML require low rel-
ative humidities (<10%).[24 Although the relative humidity con-
ditions for the experiments used to calculate the work of adhe-
sion are unspecified,?%] it is likely that the steel surface in the
experiments had a water film in the 1.0-1.5 ML range.** Thus,
the strong (Savio et al.)['”} interaction potential overestimates the
adhesive forces between hematite and PAO. Therefore, we sug-
gest that future NEMD simulations use the weak (ClayFF)'®l or
intermediate (INTERFACE-FF)['8] potentials with 1.0-1.5 ML of
water coverage for a more accurate representation of the experi-
mental interface.

Surface hydroxylation and the inclusion of interfacial water
nanofilms also significantly impact the ITR. For water films
thicker than one monolayer, the ITR converges to a consistent
value (R, ~ 10 m? K GW~!) that is independent of the solid—
liquid interaction strength. This corresponds to a thermal slip
length or Kapitza length of 1.4 nm.[”] This value is primarily gov-
erned by the ITR at the water/PAO interface, with strong hydro-
gen bonding between the water film and the hydroxylated surface
resulting in a very small hematite/water ITR. Previous NEMD
simulations reported a similar ITR at the water/octane (R, =
15 m? K GW!) and water/benzene (R, = 6 m?> K GW!) inter-
faces, with the latter having stronger intermolecular interactions
and increased first layer density.l’®! Thus, our value of the ITR
sits between those previously measured for water/hydrocarbon
interfaces. Notably, we observed that the structure of the water
film directly influenced the interfacial surface area, which in turn
impacted the water/PAO ITR. For thinner water films, particu-
larly at 1.0 ML, the interface exhibited minimal roughness, lead-
ing to a lower effective surface area and an increased ITR. As
film thickness increased, interfacial roughness and surface area
grew, reducing the ITR due to improved thermal contact. By in-
corporating surface hydration, closely reflecting the nanoscale
surface structure expected in experiments under ambient con-
ditions, these simulations offer a more precise estimate of the
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ITR at the hematite/PAO interface. This ITR value should prove
useful for thermal modeling of systems such as oil-based iron
oxide nanofluids, and nanoscale thermal management systems
such as nano-engineered surfaces.”’”7°l We also hope that the
ITR value from our simulations will be experimentally validated
for the hematite/PAO interface using thermoreflectance-based
techniques!”! in the near future.

We suggest that water nanolayers should also be accounted
for in future MD simulations of hematite/hydrocarbon inter-
faces to study adsorption,®! friction!®!) and velocity slip.['”] While
some previous studies have included iron oxide surfaces with
hydroxylation!®?] or water nanofilms,#*#*] the vast majority have
used anhydrous surfaces. One caveat to this recommendation
is for high-temperature applications of hematite/hydrocarbon
interfaces, since previous experiments suggest that surface hy-
drophobicity is restored above 60 °C.[23] One application where
anhydrous surfaces may be more appropriate is engine lubri-
cants, as their operational temperature often exceeds 100 °C,%]
so any surface-bound water and hydroxylation is likely to be
removed.?*] We also expect our nanoscale insights to be relevant
to the interfaces between hydrocarbons and other oxide surfaces
(e.g., silica,l?] alumina,[?®] quartz,[?’) sapphire,?’ and mica)[?®]
where water nanofilms are also known to form.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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