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ABSTRACT: The thermodynamic stability of water next to graphitic surfaces is of
fundamental interest, as it underlies several natural phenomena and important industrial
processes. It is commonly assumed that water wets graphite more than graphene due to
increased, favorable van der Waals interactions between the interfacial water molecules with
multiple carbon sheets. Here, we employed extensive computer simulations and analysis of
the molecular correlation functions to show that the interfacial water thermodynamics is in
fact dominated by surface entropy. We show that on graphite, destabilization of the interfacial
hydrogen bond network leads to an overcompensating increase in population of low
frequency translational and librational modes, which is ultimately responsible for the
increased interfacial stability compared to graphene. The spectroscopic signature of this effect
is an enhancement of the modes near 100 and 300 cm™". This subtle interplay between
entropy and surface binding may have important consideration for interpretations of various
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phenomena, including the hydrophobic effect.

An understanding of the complex physics and chemistries
of interfacial water is vital to understanding many natural
phenomena'” and for rational design strategies aimed at
enhancing the performance of aqueous electrochemical
systems.’° Yet, the thermodynamic properties of water next
to even simple interfaces remains the subject of much
debate.”~"" To this end, modern, powerful spectroscopic"
and microscopy'® techniques with very high resolution and
surface sensitivity are being applied, but these measurements
are frequently difficult to interpret. More traditional, macro-
scopic contact angle measurements are an indirect way of
assessing the interfacial thermodynamics but are themselves
hampered by the presence of surface impurities (e.g., absorbed
small molecules) that lead to large uncertainties.’

Atomistic computer simulations, employing molecular
dynamics (MD) and Monte Carlo techniques, are comple-
mentary tools that, in the current context, have been used to
predict contact angles of nanodroplets of water on rigid
graphene sheets. But these calculations are themselves limited
by a fundamental length scale mismatch and the associated
finite size effects.'”'® We endeavor to rationalize the
macroscopic behavior of systems from such microscopic
simulations, without the need to apply empirical, Tolman-
like'” corrections. We thus consider a simple system: the solid/
liquid free energy of water molecules between graphene sheets
in a 2D periodic (infinite) geometry. A direct approach for
calculating the relevant surface free energies has been
frustrated in practice by the significant computational cost of
exact approaches employing thermodynamic integration (TT).
Additionally, while the free energy potential is a system
observable, it would also be most useful to probe the role of
local (i, distant dependent) solvent thermodynamics in
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informing overall stability. In this contribution, we employ an
efficient approach to predict the absolute entropy and quantum
corrections to the enthalpy of condensed phase simulations,
based on analysis of the atomistic auto correlation functions
over short, ~20 ps MD simulations.'®'” We then calculate the
excess surface free energy of water molecules as a function of
sheet thickness and distance from the interface, to elucidate the
role of hydrogen bonding and correlated water dynamics in
interfacial stability.

Figure la presents a schematic of our simulation setup,
comprising a two-dimensional periodic box with 4353 water
molecules encapsulated between 3.7 X 3.7 nm’ graphene
sheets of increasing thickness (Figure 1b). We describe the
sheet—sheet interactions with the QMFF-Cx® force field, the
water—water interactions primarily with the rigid TIP4P-
2005>" water model, and the water—carbon interactions using
the empirical parameters of Werder and co-workers,”* derived
to reproduce an experimental contact angle of water on
graphite of 84—86° in nanodroplet simulations. We focus here
on the TIP4P-2005 water model due to its accuracy in
reproducing the properties of the bulk liquid and the interfacial
thermodynamics (specifically, the surface entropy) at the air—
vapor interface.

In agreement with previous MD simulations, we find the first
interfacial water layer lies closer to graphite than to graphene
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Figure 1. Interfacial thermodynamics. (a) Schematic of simulation cell (blue box) with 4353 water molecules encapsulated between parallel
graphene sheets. (b) Final equilibrium MD snapshot of the top six layers of water on graphene (left) graphite (right). (c) Profile of water density
away from the surface. Dotted vertical lines demarcate the water layers. Dashed lines indicate the position of the first peak maximum: 3.19 A for

graphite (yellow line) and 3.31 A for graphene (green line). (d) Surface free energy (G — gray), enthalpy (H — red), and entropy (TS — green).

Error bars are calculated uncertainty (standard deviation, 10).

and has a more asymmetric distribution. The mass density
profiles in Figure 1c are obtained from the statistical average of
the closest contact point between the center of mass of each
water molecule and the instantaneous interface formed by the
vibrating topmost sheet. We find characteristic density
oscillations associated with a liquid next to a hard wall.**

On graphene, there are three distinguishable water layers:

e After an initial 1.8 A exclusion zone, the first water layer
extends up to 4.8 A from the graphene surface, with a
peak density of 2.1 g/cm® and an average distance of
332 A

The second layer extends up to 7.7 A with a peak density
of 1.3 g/cm’

The third layer extends up to 11.0 A with a peak density
of 1.1 g/cm’.

In contrast, the first water layer next to graphite lies closer to
the surface, with an average distance of 3.25 A (a ~2%
decrease) and a peak mass density of 2.4 g/cm® (a ~14%
increase). Moreover, we find that the first layer water distance
distribution is more “normal” on graphene than on graphite:
comparing to a normal distribution with the same variance, we
find a smaller positive skewness (a third central moment of
~0.27) and excess kurtosis (a fourth central moment of ~1.89)
than on graphite (0.52 and 2.05 respectively). Differences in
the mass distribution persists in the second interfacial layer;
however, we find no appreciable difference in properties of the
third layer and beyond, which suggest a natural, sub-nanometer
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(~8 A) length scale for quantifying the interfacial thermody-
namics.

The interfacial stability of water increases monotonically
with graphene sheet thickness so that water on graphite has a
lower surface free energy than on graphene. Figure 1d plots the
excess surface free energy yg; of the water layer, relative to the
aG

Goystem = (Gbulk water — Gigra hene-sheels)
: £ where

bulk liquid: ;/SL

S.A. is the surface area (1370 A?) and c 166.03 is a
conversion factor to convert from kJ/ mol/A? to mJ/ m2.
Application of the TIP4P/2005 water model results in a
calculated surface energy of water on graphene yg ¢ = —18.1 +
2.2 mJ/m? corresponding to a work of adhesion Wy, = Ay =
Yv — s = 82.5 mJ/m’ using the calculated liquid/vapor
surface tension of 64.4 mJ/m” In comparison, the water
surface free energy on bilayer graphene, yg ¢ = —29.7 + 2.5
mJ/m?, is significantly more favorable. We find that the surface
free energy converges after four-layer graphene, so that for
graphite 75, = —33.5 mJ/m% corresponding to a work of
adhesion of Ay = 97.9 mJ/m? The exact value for the work of
adhesion of water on graphene/graphite is a dramatic function
of the water model and water—carbon interaction potential and
is actively being debated.””'"'*****™*% As a figure of merit,
application of the SPC/E water model®" results in a favorable
¥s = —30.6 mJ/m? for water on graphene. This corresponds to
a work of adhesion of Wy, = 86.4 mJ/m”* using the calculated
liquid/vapor surface tension y;y = 55.8 mJ/m? or 102.6 mJ/
m” using the experimental surface tension y;y = 72 mJ/m?, the
latter in agreement with previous MD studies.'””> While the
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Figure 2. Stability of water layers on graphene and graphite. (a) Profile of the solid—liquid surface enthalpy y,** of water on graphene (blue) and
graphite (yellow) arising from specific water layers (denoted by dashed lines). The calculated data are connected with cubic splines to guide the
eyes. The shaded region indicates the calculated uncertainty. (b) Surface entropy 7, ™. (c) Surface free energy (y.¢ = ro" — 7.™)-

calculated surface energies show some dependence on the
water model or the water—carbon interaction potential
employed, we note that the calculated difference in the
solid/liquid surface energy Y tC = 7o 8 (graphene) — yg ¢
(graphite) ranges from +12 to +19 mJ/m?* (Tables S1 and S2).
This suggests that our approach accurately captures the
changing physics in water binding and dynamics with increased
sheet thickness.

Figure 1d shows, perhaps surprisingly, that interfacial water
molecules are enthalpically less stable on graphite than on
graphene. Further insights are obtained by separately
considering the contributions to the surface enthalpy arising
from water—graphene sheet interactions (WG) and water—
water interactions (WW) interactions. As shown in Table S3,
the WG interactions increase monotonically with sheet
thickness, as expected, due to increased surface binding (van
der Waals - vdW) interactions. Thus, water molecules have an
~9% stronger interaction energy with the carbon sheets in
graphite, compared to graphene. The WW interactions, on the
other hand, are significantly less favorable on graphite than on
graphene. This arises from subtle changes in hydrogen bonding
(H-bonding) of the first interfacial layer. In Figure S1, we
present the normalized H-bonding profiles, which are non-
monotonic and display oscillations similar to the mass density
profile. Integrating over the first layer, we find an average of
2.67 + 0.34 H-bonds/molecule on graphene (Figure Slc) or
about ~25% broken H-bonds. This is nearly twice the ~14%
broken H-bonds calculated in the bulk liquid, though
significantly less than the ~45% broken H-bonds calculated
at the air—water interface.”> In contrast, water molecules in the
first interfacial layer on graphite have 2.47 + 0.11 H-bonds/
molecule. Thus, increased broken H-bonding dominates the
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more attractive vdW interactions so that the first layer is
relatively destabilized on graphite compared to graphene.

Water molecules have higher entropy on graphite than on
graphene, which overcompensates for the unfavorable
enthalpy. The difference in entropy is the dominant term
determining interfacial stability. Indeed, while the relative
surface enthalpy 75 *" = —9.5 + 3.1 mJ/m? favors graphene,
the relative surface entropy 7“5 = —24.9 + 7.2 mJ/m? greatly
favors graphite, which overall leads to the relative surface free
energy ¢ = 15.5 mJ/m? and increased water stability on
graphite.

Further insights are obtained from considering the
thermodynamic signature of the various water layers (Figure
S2). Our approach for calculating the thermodynamics relies
solely on the atomic velocities, which provides a natural way to
decompose the total system thermodynamics into contribu-
tions arising from water layers, defined from the mass density
profile in Figure 1. We find that the interfacial enthalpies are
primarily encoded in the H-bonding of the first interfacial
water layer, accounting for 92% of the total in graphene and
73% in graphite (Figure 2a, Table SS). The entropy function,
on the other hand, shows relatively long tails on graphite
(Figure 2b). First consider that on graphene, each molecule in
the first interfacial layer gains on average TAS = 0.8 & 0.1 kJ/
mol of total energy compared to the bulk (an increase of
~4.4%), stabilizing the surface by yg, ™ = 13.6 + 0.5 mJ/m? or
36% of the total. In comparison, on graphite, the first layer
water molecules gain even more entropy, with TAS= 1.1 + 0.7
kJ/mol, a ~ 6.1% increase. This corresponds to yg ™ = 18.5 +
0.3 mJ/m” of entropic stability, representing ~30% of the total.
Moreover, on graphene, we find convergence to the bulk after
the fourth interfacial layer. On graphite, the excess entropy
function decays much more slowly so that the water molecules
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Figure 3. Spectroscopy at aqueous graphitic interfaces. (a) Differential diffusional density of states (DoS) of the first interfacial water layer on
graphene (blue) and graphite (brown) relative to bulk water. (Right inset) Excess solid—liquid entropy obtained by considering only the diffusional
water modes. (b) Translational DoS resulting from low frequency rattling motions (as in a solid). (c) Rotational modes DoS. (d) Probability
distribution of globally averaged bond-orientational order parameters Q; (left) and Qg (right) for the first interfacial water layer on graphene and
graphite. Distributions for bulk water (dashed black line) and hexagonal ice (simulated at 200 K — red line) are given as a reference. There is no
signature of icelike motifs at the graphitic interfaces. (e) Normalized joint conditional probability distribution of the OH vector—surface normal
angles cos(a) and cos(f3) (left inset), describing the orientation of a water molecules in the surface layer relative to the bulk. Redder shades indicate
higher probabilities. Maximum probabilities lies near cos(a,) = 0 of molecules lying flat on the surface.

in the seventh interfacial layer (~2.3 nm away from the
surface) lower the interfacial energy by yg ™ = 2.1 + 0.2 mJ/
m? In fact, our calculations indicate that convergence of the
entropy to the bulk value is not achieved until the 12th
interfacial layer on graphite, ~4 nm from the surface.
Interfacial water molecules next to graphitic interfaces have a
unique spectroscopic signature, distinct from the bulk. We
quantify this by means of the density of states (DOS — spectral
density or power) spectrum. As demonstrated in Figure 3, we
further separate the total surface entropy 75 ™ of the first two

interfacial layers on graphene and graphite into three

TS _ TS-translational TS-librational TS-diffuse
components: yg;,"” = YL, + YsL + YL

for the center of mass translations (Figure 3a), librational
(rotational) (Figure 3b), and diffusional (Figure 3c)
contributions, respectively. Note that we consider molecular
motions associated with low frequency rattling motions (as in a
solid) as the translational entropy, as distinct from the more
usual configurational entropy, which includes the librational
(rotati onal) motions; i.e., }/SLTS-conf — }/SLTS-libmtion ySLTS-translations'

The dominant factor acting to lower the interfacial surface
free energy is enhanced translational entropy, accounting for
22.1 mJ/m?* (60% of the total) of entropic stabilization for
water on graphene and 53.0 mJ/m” (86% of the total) on
graphite. Spectroscopically, this manifests as an enhancement
of the low frequency rattling modes from 85—125 cm™', and
the appearance of a new peak in the spectrum near 100 cm™
(Figure 3a). Here, the effect is more pronounced on graphite
than on graphene due to weakened H-bonding on graphite due
to the increased water density. Moreover, we also find that the
translational entropic enhancement on graphite has a

surprisingly long spatial decay length (Figure S3) and is
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responsible for the entropy function not decaying until the
seventh interfacial layer.

Enhanced librational entropy (Figure 3b) of interfacial water
next to graphitic interfaces is the other significant entropic
stabilization, leading to an enhancement of states around 300
and 350 cm™, with a corresponding depopulation of the
rotational states around 600 and 900 cm™'. In the bulk,
rotations are highly quantized due to the tetrahedral hydrogen
bonding and proceed collectively through a “jump re-
orientational” mechanism.’>** At the interface, broken hydro-
gen bonding apparently facilitates populations of these other,
lower energy, rotational states. We calculate that that enhanced
rotational dynamics in the first two interfacial layers contribute
s> = +12.8 mJ/m?* and +12.0 + = 0.8 mJ/m? for graphite and
graphene, respectively.

Water molecules in the first two interfacial layers have
enhanced diffusion compared to the bulk, with a calculated
self-diffusion constant of 2.65 and 2.91 cm?*/s for graphene and
graphite respectively, compared to the bulk water value of 2.35
+ 0.13 cm?/s. It has been established that, for 2D systems,
there is a large anisotropy in the self-diffusion constant, with
the in-plane being enhanced, while the out-of-plane is
suppressed.”” Indeed, our calculated in-plane self-diffusion
constant was found to be 2.5 times larger than the out-of-plane
value. Spectroscopically, this manifest as an enhancement of
the DoS at zero frequency (Figure 3c). The distribution of
diffusive modes is also generally enhanced, primarily due to the
increase of the in-plane self-diffusion noted previously: we
calculate that the percentage of purely diffusive modes
increases to 23.7% and 24.6% at the graphene and graphite
interfaces respectively, compared to 22.8 + 0.6% in the bulk
liquid. Overall, we calculate an increase in the relative

https://doi.org/10.1021/acs.jpclett.1c02609
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diffusional entropy for water at graphitic interfaces, which
stabilizes the interface by lowering the surface free energy by
yo TS dffese = 114 and +5.2 mJ/m? (3.7% and 8.3% of the
total), respectively.

A fourth component of the molecular motions involves the
internal vibrations of the water molecules (O—H bond
stretching and H—O—H angle bending) and their effect on
interfacial stability. Of course, TIP4P/2005 is a rigid water
model that fixes the internal degrees of freedom. Thus, to
consider these internal vibrations, we performed an additional
set of calculations using the associated, flexible TIP4P/ 2005F%°
model. Overall, this results in slightly more negative surface
energies but importantly shows similar trends in the surface
thermodynamics with increasing sheet thickness: namely, an
entropy-dominated stabilization of water on graphite com-
pared to graphene. We find that the first layer water molecules
at either graphitic surfaces have an extra peak in the IR-active
stretching modes around 3660 cm™" (Figure S4) characteristic
of “free” OH stretching.”® We also find an overall blue-shift of
~25 cm™! of the main O—H stretching peak near 3600 cm™,
which we predict should be visible to surface-sensitive probes
such as surface enhanced infrared spectroscopy. The relatively
high frequencies of these vibrational modes means that they
contribute relatively little to the increased surface entropy
(<0.004 mJ/m?). However, these modes contribute signifi-
cantly to the zero-point energy, which presents a significant
isotope effect for nanoconfined geometries.’”

Our translational and librational entropy results are
consistent with previous predictions of the stabilization of
water molecules in carbon nanotubes.>® In both cases, the
results contrast sharply with expectations of the “iceberg”
model,** which posits that that water molecules near a
hydrophobic solute are icelike and immobilized. Indeed, we
show in Figure 3d, by means of the Q; and Qg Steinhardt
bond-order parameters,‘m’41 that there is no evidence of icelike
molecules at these graphitic interfaces. Further evidence is
obtained from considering the relative orientation of the water
molecules near the interface, from the joint probability
distribution function of the two OH bond vectors. As shown
in Figure 3e, the orientation where the plane defined by the
water molecule atoms lies parallel to the graphene surface is
preferred. The distribution is not sufficiently sharply peaked to
indicate immobilization but rather is fairly broad, especially on
graphite. Moreover, this weak orientational effect mostly
vanishes by the third interfacial layer (Figure SS).

Finally, it is important to consider the molecular origin of
the relatively long tails of the entropy potential on graphite,
compared to graphene. These arise primarily from the
modification of the water—water fluctuations in the first
interfacial layer. Here, by increasing the population of low
energy translational and librational states, water molecules on
graphite increase their overall entropy. Concomitantly, these
low energy, long wavelength states propagate further from the
surface. Although different in focus, our results are consistent
with the modification of long-range dipolar fluctuations (in
some cases up to 10s of nanometers) for water molecules next
to model hydrophobic interfaces, reported both experimen-
tally** and computationally.**

In summary, we have demonstrated by means of extensive
computer simulations that the major driving force for the
increased stability of water molecules on graphite compared to
graphene is the water surface entropy and increased population
of low energy states in the first few interfacial water layers.
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Thus, interfacial entropic forces communicate through the
graphene sheet and affect water dynamics, an effect that could
be opposite and, in some cases, overcompensates for changes
in interfacial binding energy. Moreover, we show that the
entropy function has a surprisingly long tail, with water layers
almost 4 nm away from the surface contributing to the surface
energy. This may have important consequences for adsorption
of ions and small molecules at the graphite interface, where the
temperature-dependent populations and binding free energies
may differ significantly from that of graphene. This could in
turn impact the performance and function of aqueous devices,
such as graphene-based supercapacitors, due to subtle changes
in the electric double layer(s). Our results also suggest
significant nanoscale “confinement effects™”**~* in simu-
lation cells comprising water molecules between parallel
graphene/graphite sheets. In particular, below the 4 nm
convergence lengths, the entropy function will be significantly
modified, and the zero-point energy effect may dominate
interfacial thermodynamics. This was recently demonstrated
experimentally by surface force apparatus experiments and by
computer simulations.”” Future studies will employ more
sophisticated approaches to describe the intermolecular
interactions, including the explicit consideration of many-
body polarization effects,”® which have been shown previously
to significantly affect the interfacial entropy of water on
graphene.”
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