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ABSTRACT

Water-mediated interactions (WMIs) are responsible for diverse processes in aqueous solutions, including protein folding and nanopar-
ticle aggregation. WMI may be affected by changes in temperature and pressure, and hence, they can alter chemical/physical processes
that occur in aqueous environments. Traditionally, attention has been focused on hydrophobic interactions while, in comparison, the
role of hydrophilic and hybrid (hydrophobic-hydrophilic) interactions have been mostly overlooked. Here, we study the role of T and
P on the WMI between nanoscale (i) hydrophobic-hydrophobic, (ii) hydrophilic-hydrophilic, and (iii) hydrophilic-hydrophobic pairs of
(hydroxylated/non-hydroxylated) graphene-based surfaces. We find that hydrophobic, hydrophilic, and hybrid interactions are all sensitive
to P. However, while hydrophobic interactions [case (i)] are considerably sensitive to T-variations, hydrophilic [case (ii)] and hybrid inter-
actions [case (iii)] are practically T-independent. An analysis of the entropic and enthalpic contributions to the potential of mean force for
cases (i)-(iii) is also presented. Our results are important in understanding T- and P-induced protein denaturation and the interactions of
biomolecules in solution, including protein aggregation and phase separation processes. From the computational point of view, the results
presented here are relevant in the design of implicit water models for the study of molecular and colloidal/nanoparticle systems at different
thermodynamic conditions.
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I. INTRODUCTION

Water-mediated interactions (WMIs) are fundamental forces
that drive molecular processes in aqueous solutions, including pro-
tein aggregation and interactions, ~ the formation of membranes
and micelles,” ” protein folding,”” and molecular recognition.”” At
the nanoscale, WMIs are complex and difficult to predict since
they are inherently dependent on the properties of the interact-
ing surfaces, such as the surface chemistry, curvature, polarity, and

distribution of partial charges."” The most studied and relevant
kind of WMI is the hydrophobic interaction. However, the
WMI between hydrophilic surfaces (hydrophilic interactions) and
between a pair of hydrophilic-hydrophobic surfaces (hybrid inter-
actions) may also play a relevant role. After all, typical protein
surfaces are rather heterogeneous with hydrophobic and hydrophilic
domains exposed to the surrounding water."” A few studies show
that hydrophilic interactions can indeed play a relevant role in
driving molecular processes in aqueous environments.
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In a recent study,'’ we explored in detail the WMIs between (i)
hydrophobic-hydrophobic, (ii) hydrophilic-hydrophilic, and (iii)
hydrophobic-hydrophilic pairs of nanoscale plates at P =0 MPa
and T =300 K. The forces between the plates in cases (i)-(iii)
were all comparable; hence, they should all play a relevant role in
driving a self-assembly system toward its final state. However, the
hydrophobic interactions [case (i)] were found to be more effec-
tive in providing stability to self-assembled systems. The aim of
this work is to extend the studies of Ref. 19, based on graphene-
based hydrophobic and hydrophilic nanoscale plates, to include
the effects of temperature and pressure. The rationale of doing so
is simple. Changes in the working conditions, such as tempera-
ture and pressure, can alter the behavior of nanoconfined water,”
which, in turn, may also alter the WMIs between interacting sur-
faces. Indeed, hydrophobic interactions are very sensitive to both
temperature and pressure variations.”"*’ The effects of temperature
and pressure on molecular processes occurring in aqueous solutions
are nicely exemplified by the common phase behavior of proteins.
Proteins that are stable (folded) at normal conditions can denature
(unfold) by isothermal compression/decompression and isobaric
heating/cooling.”" *’

This work is organized as follows: In Sec. II, we describe
the computer simulations details. The results are included in
Sec. I1I, where we discuss the temperature- and pressure-effects
on the mean force and potential of mean force (PMF) between (i)
hydrophobic-hydrophobic, (ii) hydrophilic-hydrophilic, and (iii)
hydrophobic-hydrophilic pairs of surfaces. Also included in Sec. 111
is a discussion of the entropic and enthalpic contributions to the
PMF found in the systems studied. A summary and discussion are
included in Sec. I'V.

Il. COMPUTER SIMULATIONS DETAILS

We perform molecular dynamics (MD) simulations of three
different systems consisting of two graphene-based nanoscale plates
immersed in water; see Figs. 1(a) and 1(b). Three different systems
are considered containing (a) two hydrophilic plates [Fig. 1(c)], (b)
two hydrophobic plates [Fig. 1(d)], or (c) one hydrophobic and one
hydrophilic plate [Figs. 1(a) and 1(b)]. These systems will be used to
compare the effects of T and P on the plate-plate (a) hydrophobic,
(b) hydrophilic, and (c) hybrid (hydrophobic/hydrophilic) inter-
actions. In order to study the role of temperature on the corre-
sponding WMIs, MD simulations are performed at P = 0 MPa for
T = 240, 260, 280, 300, 360, and 400 K, below and above the melting
temperature of water. Similarly, in order to study the effects of pres-
sure on the target WMIs, MD simulations are performed at T' = 300
K for different pressures in the range —120 < P < 2000 MPa.

Figure 1(a) shows the system used to study T-effects on the
WMIs between the plates. The MD simulations are performed at
constant volume, temperature, and number of water molecules,
N =7924. The plates are located at fixed positions parallel to the
xy-plane, symmetrically about the center of the simulation box.
The system box dimensions are Ly = 6.0 nm, L, = 15.0 nm, and
L, =7.0 nm, and periodic boundary conditions apply along the
X-, ¥-, and z-directions. The water bath expands across the system
along the x- and z-directions. Along the y-direction, an empty space
is left above and below the water bath so the pressure of the system
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can be maintained at P = 0 without the use of a barostat; see Ref. 19
for details.

Figure 1(b) shows the system used to study P-effects on the
WMI between the plates. This is the same system shown in Fig. 1(a)
with the water bath being sandwiched by two large graphene walls
separated by a distance Ay < L,. As for the plates, the graphene
walls remain immobile throughout the MD simulation. Although
the MD simulations are performed at constant (N,V,T) condi-
tions, one can control the pressure of the water—plates system by
varying the value of Ay. Figure S1 of the supplementary material
shows the pressure on the upper and bottom walls as function of
Ay; P(Ay) is well behaved and, in particular, independent of the
plates considered. In the MD simulations, P is calculated by evaluat-
ing the average forces produced by the water molecules on each wall,
divided by the wall surface area S = L x L. In principle, one could
avoid using the two graphene walls shown in Fig. 1(b) to control
the pressure of the water—plates system by performing MD simula-
tions at constant (N, P, T) (for a system composed of the two plates
of interest immersed in water with no graphene walls). However,
nonzero interactions between the atoms in the plates can lead to
an incorrect calculation of the pressure of the system and, hence,
affect the barostat performance. In the case of graphene plates, where
the C atoms have no charge, the plate-plate interactions can be
removed by zeroing the C-C [Lennard-Jones (L])] interactions (see,
e.g., Ref. 24). However, removing the plate-plate interactions for
plates that have nonzero atomic partial charges, which is the case of
this work, can be cumbersome due to long range electrostatic inter-
actions. By controlling the pressure of water using the upper and
lower graphene walls shown in Fig. 1(b), we can avoid these techni-
cal issues. As shown in the supplementary material, our simulations
using the configuration shown in Fig. 1(b) for the case of apolar
(graphene) plates are fully consistent with the results obtained in
Refs. 19 and 25.

Water molecules are represented by using the TIP4P/2005
model;”" the plates are modeled after graphene. Figures 1(c) and
1(d) show the two kinds of plates considered in this work, G-plates
and HOG-plates. The G-plates correspond to graphene and are
composed of C atoms that interact only with water O atoms via
Lennard-Jones interactions.”’ The HOG-plates are constructed by
hydroxylating one side of the G-plate; the OH groups of these plates
always face the confined water volume. The HOG-plates atoms have
partial charges and can form hydrogen bonds (HB) with water.
While the G-plates are weakly hydrophobic (with a water contact
angle of 6. ~ 96°), the HOG-plates are hydrophilic (6. ~ 0). Both
the G- and HOG-plates have nanoscale dimensions with a surface
area A = d, x dy, = 1.832 x 1.974 nm?. The structure of these plates
and the plate-water interactions (including the plate atoms’ partial
charges and Lennard-Jones parameters) are described in detail in
Ref. 19.

Our study is based on the calculation of the potential of mean
force (PMF) between the plates at a given temperature and pres-
sure. To calculate the PMF, we perform MD simulations with
the plates separated by a distance r (values of r are in the range
0.2-1.8 nm, depending on the plates considered, and vary in incre-
ments of Ar = 0.02 nm). From the MD simulation, we extract the
mean force F(r) acting on the plates from which the PMF is cal-
culated by simple integration; see details in Refs. 19 and 24. For a
given state point (T, P) and plate separation r, MD simulations are
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FIG. 1. (a) System configuration employed to study the effects of temperature on the WMIs between nanoscale plates at constant pressure (P = 0). Cross section of a
system composed of a graphene (left) and a hydroxylated graphene plate (right) immersed in water (the plates separation is r = 1.50 nm). Plates are located symmetrically
about the center of the box, parallel to the xy-plane, and periodic boundary conditions apply along all three directions. An empty space along the vertical y axis (not shown)
is included to maintain the pressure of the system at P = 0 MPa. (b) System configuration employed to study the effects of pressure on the WMIs between nanoscale plates
at constant temperature (T = 300 K). The system is similar to that shown in (a) but includes two large graphene walls sandwiching the water—plates system. By controlling

the separation Ay between the walls, one can control the pressure of the water—plates system; see the

[in (b), Ay = 5.8 nm, which corresponds to

P ~ 0]. (c) Front and side views of the hydrophilic plates used in this work (HOG-plate) obtained by hydroxylating one side of a graphene plate. (d) Front and side views of

the graphene plates (G-plates) used in this work.

performed for 4 ns using a time step df = 0.002 ps. Data analysis
is performed based on the last 2-3 ns of the simulation runs (see
Ref. 19). The total simulation times appear to be long enough to
avoid nonequilibrium artifacts in our measurements at all temper-
atures. For comparison, we note that the time 7,,; at which the
mean-square displacement of the water molecules in the bulk lig-
uid reaches the value ~1 nm” is relatively short at T = 400 — 240 K
(Tpux is roughly equal to few times the structural relaxation time
of the liquid measured, e.g., from the intermediate scattering

function’!). For TIP4P/2005 water at p = 1.0 g/cm®, we find that
Tpuk = 74 and 746 ps at T =400 and 240 K, respectively. Hence,
even at our lowest temperature (T = 240 K), the simulation time
is more than five times 7j,. It could still be possible that at very
short plates separations, the confined liquid is metastable relative to
the vapor. However, as we showed in Ref. 19, for the case of
HOG-HOG plates, the PMF is practically independent on whether
water is initially placed within the confined space (wet initial con-
ditions) or artificially removed between the plates (dewetted initial
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conditions). Similarly, we confirm that the PMF between the G-G
plates is unaffected by the initial conditions considered. Specifically,
we calculate the mean force between the G-G plates by perform-
ing MD simulations starting from a short plate separation r* and
increasing the values of r sequentially up to r < 0.74 nm. As shown
in the supplementary material, MD simulations starting from (i)
r* = 0.30 nm (dewetted initial condition), (ii) r* = 0.50 nm (dewet-
ted initial condition), and (iii) r* = 0.64 nm (wet initial condition)
produced practically indistinguishable results to those shown in
Ref. 19 and Fig. 2(a).

All computer simulations are performed using the Gromacs
software package.”” The temperature is maintained constant by
using a Nosé-Hoover thermostat with a time constant of 1 ps. Elec-
trostatic interactions are treated using a particle mesh Ewald (PME)
solver with a reciprocal space griding of 0.12 nm and cubic poly-
nomial interpolation. A cutoff r. = 1.1 nm is used for the real space
force calculations of the PME solver, as well as for the L] short-range
interactions.

F I AL B
30E — T=240K -
: T 1580k
£ 20¢ — T=300K -
£ F | — T=320K -
g 10F — T=360K =
£ T=400K -
2 0’ \\ 4 \\\\ =
o f / v == :
;-10} 3
P ]
-20F -
. (@aGG -
-300 -
1.4
| wi
1.4

FIG. 2. (a) Mean force and (b) potential of mean force between G-G plates
immersed in water at selected temperatures (P = 0 MPa); adapted from Ref. 24.
Numbers in bold font in (b) indicate the number of water layers formed between
the plates at the plates separations corresponding to the PMF minima. r is the
distance between the planes containing the C atoms of the plates.
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I1l. RESULTS

The results are organized as follows. In Secs. III A and I1I B, we
address the effects of T on the WMIs between the target nanoscale
plates and the corresponding entropic/enthalpic contributions. The
effects of P are discussed in Sec. 111 C.

A. Temperature-effects

The effects of temperature on the WMIs between G-G plates
were discussed in detail in Ref. 24. In that work, the pressure was
controlled by using a Berendsen barostat with no graphene walls.
The mean force F(r) and PMF G(r) between the G-G plates at
different temperatures and at P =0.1 MPa are shown in Fig. 2
(reproduced from Ref. 24). Briefly, both F(r) and G(r) are oscil-
latory functions of the plate-plate separation r. The local minima
of the PMF, at ro, 71,72, 73 = 0.32,0.67,0.93,1.31 nm, represent the
stable/metastable states of the system. The deepest minimum of the
PMF occurs at r = ro and corresponds to the stable plate-plate sepa-
ration to which the system will be driven due to thermal fluctuations.
Interestingly, the local minimum of the PMFatr =r, (n=0,1,2,3)
corresponds to the plate separations at which the water molecules
between the plates arrange into # layers. It follows that in the stable
state of the system, r = ro, the plates are in contact with each other
(collapsed-plates state). The effect of cooling on the PMF between
the G-G plates is to increase the free energy barriers that separate
the stable/metastable states. Alternatively, the depth of the PMF
local minima decreases upon heating. This means that increasing
T weakens the hydrophobic interactions between the G-G plates.
To confirm that these conclusions are general, i.e., common to
hydrophobic surfaces other than graphene, we study in the supple-
mentary material the mean force and PMF between two OG-plates.
The OG-plates are apolar and are obtained from the HOG-plates by
removing the H atoms and all partial charges (details on the struc-
ture of the OG-plates is given in Ref. 19). The F(r) and PMF for the
case of two OG-plates show qualitatively similar T-effects to those
shown in Fig. 2.

Next, we focus on the effects of temperature on the hydrophilic
and hybrid interactions. The mean forces and PMF between the
HOG-HOG and HOG-G plates obtained from our MD simulations
are shown in Fig. 3. In both cases, the mean force and PMF are
oscillatory functions of r.!” As for the case of the G-G plates, the
local minima of the PMF correspond to the formation of an integer
number of water layers between the plates. Interestingly, in the case
of HOG-HOG and HOG-G plate systems, there is no collapsed-
plates state and, instead, water is found in the confined volume at
all plate separations r. The main point of Fig. 3 is that the WMIs
between HOG-HOG and HOG-G plates are practically independent
of temperature. Specifically, the mean forces between hydrophilic
and hybrid plates are practically unaffected by changes in temper-
ature [see Figs. 3(a) and 3(c)]. A comparison among Figs. 2(b), 3(b)
and 3(d), shows that the T-effects on the PMF between HOG-HOG
and G-HOG plates (in units of kpr) are rather mild relative to the
corresponding changes found in the PMF between G-G plates. It
also follows from Fig. 3 that the presence of a single hydrophilic
HOG-plate is sufficient to induce hydrophilic-like, practically T-
independent interactions, despite the hydrophilicity/hydrophobicity
of the opposite surface.

The practically lack of temperature-effects on the PMF between
the HOG-HOG and G-HOG plates may be rationalized in terms of
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FIG. 3. Mean force and PMF as function of temperature (P = 0) for the case of (a) (b) two HOG-plates, and (c) (d) a pair of G-HOG plates. In both cases, the WMIs are
barely sensitive to temperature. Numbers in (b) and (d) indicate the number of water layers formed between the plates at the plate separations corresponding to the PMF

minima.

the hydrogen-bond (HB) network formed by the water molecules
and the HOG-plates. It is possible that the lifetime and strength of
the HB formed between the water molecules and the HOG-plates
vary weakly with temperature. After all, the plates are located at
fixed positions and, hence, they should be less affected by T-changes
than, e.g., bulk water. This may explain the T-independence of
the PMF between HOG-HOG and G-HOG plates at approximately
r < 1.10 nm where only 1-3 water layers are accommodated in the
confined space.

B. Enthalpic and entropic contributions

The temperature dependence of the PMF between two plates
contains important information on the thermodynamic origin of
the corresponding WMI. The PMF or, equivalently, the Gibbs free
energy of the system at given (N, P, T') and plate separation r is given
by G(r) = H(r) — TS(r), where H(r) and S(r) are the correspond-
ing enthalpy and entropy of the system. In addition, it can be shown
that the entropy is given by

w0-(%50).

Hence, the temperature dependence of the PMF indicates whether
the plates’ PMF has an entropic contribution, i.e., given by the term
—TS(r), and/or enthalpic component, i.e., given by the term H(r).

Next, we focus on the enthalpic and entropic contributions to the
PMEF for the three systems studied.

We estimate S(r) for the G-G, HOG-HOG, and HOG-G plate
systems at T =280 K. Following Ref. 36, we calculate S(r) by
approximating Eq. (1) using

S(r) ~ _( G(r,T+AT)-G(r,T) )P,N‘

AT 2

For a given system and plate separation r, we use Eq. (2) with

AT =20 K and get an estimation for the entropy, Si(r). Similarly,

by using Eq. (2) with AT = —20 K, we get a second estimation for the

entropy, S—(r). The entropies reported below are the corresponding
Z S:(N+8-(n)

average, S(r) = ===,

We discuss, first, the hydrophobic case. Figure 4(a) shows the
G(r) for the G-G plates at T =280 K together with the corre-
sponding enthalpic H(r) and entropic —TS(r) contributions. At
large separations (r > 0.85 nm), H(r) < 0 while —=TS(r) > 0. Accord-
ingly, the metastable states where two (r = r, = 0.93 nm) and three
water layers (r = r3 = 1.31 nm) form between the plates are stabi-
lized solely by enthalpic contributions. This is consistent with the
view that, at r = r,r3, water molecules can optimize the forma-
tion of water-water HB. In particular, the rather deep minimum
of H(r) and maximum in —TS(r) at r = r, are due to the unique
fully hydrogen-bonded structure adopted by bilayer water (see

J. Chem. Phys. 157, 064701 (2022); doi: 10.1063/5.0097908
Published under an exclusive license by AIP Publishing

157, 064701-5

6%:2%:20 €202 AInF 21


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

Iy T 1 T T

LN B S S B N S S N S S N S S N |

—Gk,T |-
— TSk T
— OV, T

P

N T T

xcn
= : (@) &G ]
® -300 -

Evovo oo b b b by by oy L o

02 04 06 08 1 1.2 1.4 1.6
r [(nm]

F R T L L e ]
P 300 — Gk,T |7
< b — TS(/k (T 3
I 200; — HO/KGT |
l—‘m 100 [ -
< of :
vl : 1
F -100 F =
. ]
S°-200 3
= (b) HOG-HOG
& -300 F .

04 06 08 1 12 14 16
r= C-C distance [nm]

L B L LA B B S B B B S S B p

w 300 — G/kT |7
- E - ]
= 200k — TS0/ T -
I g — H/K,T |
100} 3
< o f
A i ]
F -100 E
R ]
2-200 F ]
= g (©) GHOG :
O -300 F 3

R ST N S T SN TN SN AN T SN SN AT SRR ST SN NN ST SN SN SN ST SHY S N
0.4 0.6 0.8 1 1.2 1.4 1.6
r= C-C distance [nm]

FIG. 4. Enthalpic [H(r)] and entropic [—TS(r)] contribution to the PMF [G(r)
= H(r) — TS(r)] between pairs of plates at T = 280 K. (a) G-G, (b) HOG-HOG,
and (c) G-HOG plates.

Refs. 24 and 25); at this plate separation, bilayer water forms a fully
hydrogen-bonded structure that crystallizes rapidly (into a bilayer
ice) at lower temperatures." 25

Figure 4(a) also shows that the local minimum of the PMF
at r = r; = 0.65 nm (monolayer water) is stabilized due to entropic

ARTICLE scitation.org/journalljcp

contributions [-TS(r) < 0] while it is destabilized by enthalpic con-
tributions [H(r) > 0]. This can be explained, again, by the formation
of HB. Water molecules in a monolayer liquid configuration are
expected to have broken HB, which explains the fact that H(r) > 0.%
In addition, such molecules with broken HB are expected to be able
to explore wider orientational motions than fully hydrogen-bonded
water molecules, hence, explaining the negative entropic contribu-
tions to the PMF at r = r;. The collapsed-plate state at r = ro = 0.32
nm is stabilized by both entropic and enthalpic contributions. The
negative values of H(r) are due to the large plate—plate interac-
tions at short separations which are attractive (<0). The entropic
contributions at r = 7o may be rationalized in terms of the water
molecules expelled from the confined space, as the plates approach
each other toward r = ry. These molecules should be able to explore
more molecular configurations when they belong to the bulk water
reservoir than in a very tight water monolayer formed between the
plates (at r = o).

We note that the enthalpic/entropic contributions shown in
Fig. 4(a) are not necessarily general, valid to other hydrophobic
plates, since they may vary with the plates’ details and temperature
(see results for the OG-OG plates in the supplementary material).
For example, if the direct plate-plate interactions are less attrac-
tive at ¥ = ro (while the plate-water interactions are left unchanged),
the corresponding H(r) would increase (become less negative, or
even positive) and the relative enthalpic/entropic contributions to
the collapsed-plates state would change. For comparison, we note
that the PMF between graphene plates at T = 298 K, and the corre-
sponding enthalpic/entropic contributions, are reported in Ref. 38.
Differently to our findings, it was found that the collapsed-plates
state is stabilized solely by the entropic contribution [-TS(r) < 0]
and destabilized by the enthalpic contribution [H(r) > 0]. More-
over, in that work, it was found that the monolayer water state
(r=r1) was stabilized by enthalpy, the entropic contributions
at these separations being relatively small. However, the plates
employed in Ref. 38 (x1x1 nm?) are smaller than those used
here (~2 x2 nm?). In addition, the plate-water interactions for
the system considered in Ref. 38 are slightly different than ours.
We also note that the entropic/enthalpic contributions to the WMI
between hydrophobic surfaces vary with temperature’” and surface
details (e.g., Ref. 40). The results of Ref. 38 are obtained at higher
temperature (T = 298 K) than ours (T = 280 K).

Next, we focus on the thermodynamic contributions to the
PMF between HOG-HOG plates. Figure 4(b) shows the G(r), H(r),
and —TS(r) for the HOG-HOG plates at T = 280 K. A comparison
with Fig. 4(a) shows that both H(r) and —TS(r) are consider-
ably smaller for the hydrophilic HOG-HOG plates than for the
hydrophobic G-G plates. At plate separations r > 0.70 nm, —TS(r)
< 0 while H(r) > 0. This implies, e.g., that the metastable state at
r =1, = 0.80 nm at which two water layers accommodate between
the HOG-plates is stabilized by entropic contributions while
enthalpic contributions tend to suppress this state. It is not evident
why this is the case. The fact that H(r) >0 at r~r, is proba-
bly due to a combination of (i) the direct electrostatic interactions
between the plates and (ii) the ability of water molecules to form
HB with other water molecules and the plates. Factor (i) is expected
to increase H(r) since the silanol groups of one HOG-plate are in
registry with the silanol groups of the opposite HOG-plate. Indeed,
the PMF between two (uncharged) graphene plates decorated by
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fixed, in-registry partial charges is repulsive due to positive enthalpic
contributions.”' The maxima in the PMF and H(r) at r ~ 0.95 nm
and 7~ 0.73 nm are due to the disruption of HB among water
molecules, as one layer of water molecules is expelled from the
confined space when the plates move closer to one another, from r,
to r,—1 (n = 3,2). That —-TS(r) < 0 at r > 0.70 nm may be related to
an increase in the orientational configurations (relative to the bulk)
accessible to water molecules belonging to bilayer and trilayer water.
For example, it may be possible that, at r = r;, 73, the surface silanol
groups allow water molecules in the confined space to acquire ori-
entational configurations not achievable in the bulk. Alternatively,
the entropy of the system may increase because of water molecules
being expelled from the confined space—water molecules in the
reservoir may be able to explore larger orientational/translational
motions.

At r<0.70 nm, Fig. 4(b) shows that —TS(r) > 0. Instead,
H(r) < 0down to r ~ 0.55 nm, and then, it increases with decreasing
r (due to the repulsive plate-plate interactions as r — 0). It follows
that the metastable state at r = r; = 0.62 nm, at which the plates are
separated by one water layer, is stabilized solely by enthalpic con-
tributions. This can be rationalized by the HB formed between the
water monolayer and the plates. Water molecules are able to form
HB with both the plates and other water molecules, lowering the
potential energy/enthalpy of the system. Moreover, the HB between
water and the plates should also limit the ability of water molecules
to rotate and diffuse, which may reduce the entropy of the system
[-TS(r) > 0].

We conclude this section by discussing the G(r), H(r), and
—TS(r) for the G-HOG plates at T = 280 K. As shown in Fig. 4(c),
all three quantities are approximately zero for r > 1.0. The PMF for
the G-HOG plates has a very mild minimum at r = r, = 0.90 nm at
which two water layers accommodate between the plates. At this
metastable state, H(r) and —TS(r) are slightly negative, meaning
that the bilayer state is stabilized by both enthalpic and entropic con-
tributions. The stable state at r = 1 = 0.65 nm, at which the plates
are separated by a water monolayer, is stabilized by enthalpic contri-
butions [H(r) < 0] while entropic contributions tend to destabilize
the system. This can be rationalized by the HB formed between the
water monolayer and the HOG-plate. At r = r1, water molecules are
able to form HB with both the HOG-plate and the water molecules
in the monolayer, lowering the potential energy/enthalpy of the
system. However, the HB between the water molecules and the
formation of HB between the HOG-plate and water should also
limit the ability of water molecules to rotate and diffuse. This
may explain the reduction in entropy [-TS(r) > 0] of the system
atr=ry.

As for the hydrophobic plates, whether the hydrophilic and
hybrid WMIs between the plates are enthalpic/entropic in origin is
strongly dependent on the surface details, such as roughness and
specific chemistry. For example, the decoration of the plates with
large and mobile, polar molecules would affect the entropic con-
tribution to the plates’ PMF; see, e.g., Ref. 36. Hence, the results of
Figs. 4(b) and 4(c) should be taken with caution and not generalized
to other, more complex, surfaces.

C. Pressure-effects

The effects of pressure on the WMIs between G-G plates have
been discussed in detail in Ref. 25. The mean force F(r) and PMF
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between the G-G plates at different pressures and at T = 300 K are
shown in Figs. 5(a) and 5(b). In the supplementary material, we
compare the reported F(r) and PMF with those obtained in Ref. 25
using a Berendsen barostat with no graphene walls to control the
pressure. The results from our simulations and those from Ref. 25
are fully consistent [see also Fig. 5(c) and discussion below].

Figure 5(a) shows that increasing the pressure enhances the
oscillations of the mean forces between the plates. This leads to an

increase in the activation free energy barriers AG., that the plates
need to overcome in order to move from the plate separation r = r;
tor=rjforj=i+1(i,j=0,1,2,3,4) [Fig. 5(c)].*’ Interestingly, all
AG!, values increase linearly with increasing pressure. Physically,
these energy barriers AG”, are associated to the process of adding
(j=i+1)orremoving (j = i— 1) a water layer between the plates.””
Accordingly, the increase of AG., upon compression makes such
ri — rj transitions more difficult. We also note that the metastable
local minima of the PMF, for n=1,2,3,..., become more stable
upon compression. In the case of the collapsed-plate state (n = 0),
compression up to P ~ 1000 MPa also increases the stability of this
state of the system. However, further compression has the opposite
effect and, at P ~ 2025 MPa, the collapsed-plate state vanishes, i.e.,
at such a high pressure, the plates will always be separated by at least
one water layer. We note that the results from Ref. 25 for AG?,, at
P =0.1,400,800, and 1200 MPa are also included in Fig. 5(c). The
agreement of these values (obtained using a Berendsen barostat) and
our results [obtained by controlling the pressure using two exter-
nal walls; see Fig. 1(b)] validates the methodology employed here
to control the pressure of the system (see also the supplementary
material).

Figure 6 shows the pressure-effects on the mean force, PMF,
and activation energy barriers for the case of HOG-HOG plates.
Increasing the pressure also affects the WMI between the HOG-
HOG plates, particularly, at very short separations, approximately
r < 0.9 nm. Interestingly, pressure removes the PMF minimum
located at r = r, » 0.80 nm. This local minimum corresponds to a
metastable state where there are two water layers between the plates.
Accordingly, at very high pressures, the plates may only transi-
tion between the stable state of the system, corresponding to r = r;
=0.62 nm (n = 1 water layer between the plates), and the metastable
state of the system corresponding to r = r3 = 1.05 nm (n = 3 water
layers between the plates). Consistent with these observations, the
activation free energies AG., with i =2 and j = 1,3 decrease with
increasing pressure and vanish at P ~ 1500 MPa. The rest of the acti-
vation energy barriers increase upon compression, as found for the
case of G-G plates. We also note that the stable state of the system
(corresponding to r = r1) becomes more stable (more negative PMF)
with increasing pressures.

The effects of increasing pressure on the F(r) and PMF between
the G-HOG plates are shown in Figs. 7(a) and 7(b). As for the G-G
plates, the oscillations of both F(r) and G(r) become more pro-
nounced with increasing pressure. In particular, all the activation
free energies AG.,, increase linearly with increasing P [Fig. 7(c)].
Accordingly, increasing pressure stabilizes the stable/metastable
states that accommodate n = 1, 2, 3,4 water layers between the plates.
Interestingly, none of these metastable/stable states is removed
(destabilized) upon compression. As for the case of the HOG-HOG
plates system, and contrary to the case of the G-G plates, the stable
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FIG. 5. (a) Mean force and (b) PMF between G-G plates immersed in water
at selected pressures (T =300 K). Numbers in bold font in (b) indicate the
number of water layers formed between the plates at the separations corre-

sponding to the PMF minima. (c) Activation free energies Acht obtained from

(b). AGZC, is the free energy barrier corresponding to the process of chang-
ing the plate separation from r; to r; (j=i+1), where r; is the location of
the ith minima of the total PMF. j and j are given in the figure labels. In all
cases, the activation free energies increase upon compression, disfavoring (i.e.,
making kinetically more difficult) the collapse of the graphene plates. Results
for P =0.1,400,800, 1200 MPa are from Refs. 25. The stable collapsed-plate
state corresponding to the PMF minimum at r = ry ~ 0.30 nm becomes unstable
at ~>1430 MPa.
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FIG. 6. (a) Mean force and (b) PMF between HOG-HOG plates immersed in water
at selected pressures (T = 300 K). Numbers in bold font in (b) indicate the number
of water layers formed between the plates at the separations corresponding to the
PMF minima. (c) Activation free energies AG!, obtained from (b). At P ~ 1500
MPa, the metastable state corresponding to r, = 0.80 nm becomes unstable and
AG2, = AGZ — 0 (red squares). At P > 1500 MPa, a single free energy bar-
rier separates the stable/metastable states corresponding to ry = 0.62 nm and

r3 ~ 1.05 nm (magenta diamonds).

state (corresponding to r = r1) becomes more stable (more negative
PMF) upon compression.

It may be somewhat unexpected that the bilayer water configu-
ration confined by HOG-HOG becomes unstable at high pressures.

J. Chem. Phys. 157, 064701 (2022); doi: 10.1063/5.0097908
Published under an exclusive license by AIP Publishing

157, 064701-8

6%:2%:20 €202 AInF 21


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

I Ll oweal ay-e2nm ]
40 — P=0MPa( Ay=5.8nm) B
F —— P=440 MPa( Ay=5.1 nm) 3
— 30 E — P=670 MPa ( Ay=4.9 nm) E
g C —— P=1000 MPa ( Ay=4.7 nm) |
£ 20- \ P=1450 MPa ( Ay=4.5 nm) E
[¢) £ — P=2060 MPa ( Ay=4.3nm) 1
E 10; v\\ \ P=0 MPa (Kopel et al.) E
S o = z
~ g 4 1
o -10F E
=-20F ‘ E
=300 3
-40 F (@) G-HOG, T=300K E
E . P B L L L T
0.4 0.6 0.8 1 1.2 1.4 1.6
r= C-Cdistance [nm]
— T T T
— P=-120MPa( Ay=6.2 nm)
100 — P=0(Ay=58nm)
[ P=440 MPa ( Ay=5.1nm)
[ — P=670MPa( Ay=4.9nm)
L — P=1000( Ay=4.7 nm) J
. 50F P=1450 MPa ( Ay=4.5 nm) i
L — P=2060MPa( Ay=4.3nm)
f‘\\ : P=0.1 MPa (Kopel et al.)
S O
a- -
-50
1 (b) G-HOG, T=300K
PR EERTI IR RS BRI RSP W
0.4 0.6 0.8 1 1.2 1.4 1.6
r= C-C distance [nm]
— : :
F () G-HOG, T=300K 1
100+ 70
L m 2to01 - i
— E 2to3 o-" |
£° o
= = 1
9 _
<
Rl P

1000 1500 2000
P [MPal

0 500

FIG. 7. (a) Mean force and (b) PMF between G-HOG plates immersed in water at
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of water layers formed between the plates at the separations corresponding to the
PMF minima. (c) Activation free energies AG,, obtained from (b). In all cases, the
energy barriers increase upon compression, disfavoring (i.e., making kinetically

more difficult) the collapse of the graphene plates.

This can be rationalized by noticing that when bilayer water is con-
fined between HOG-HOG plates, the water molecules must form
HB with their closest plate and with other water molecules. This
can be problematic as more and more water molecules are pushed
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into the confined space when the pressure increases. Our results
suggest that at high pressures (approximately P > 1450 MPa), there
are too many water molecules between the HOG-HOG plates so
that the HB network among the water molecules and surface OH
groups becomes disrupted, making the bilayer water state energeti-
cally unfavorable. In the case of HOG-G plates, only one water layer
can form HB with the HOG-plate. This constrains the orientational
degrees of freedom of the water molecules that are located next
to the HOG-plate. However, the water molecules in the opposite
water layer, next to the G-plate, are not constrained by the forma-
tion of HB with the G-plate, and hence, they can rotate in order to
maintain the HB network in the whole confined space even at high
pressures.

Overall, our results indicate that hydrophobic, hydrophilic,
and hybrid WMIs are all sensitive to pressure. However, we
stress that the changes induced by pressure are weaker for the
hydrophilic and hybrid cases than for the hydrophobic case. Specif-
ically, changes in the values of AG/, are as large as 8(AG.,) ~
300 kgT for the G-G plates [Fig. 5(c)] and 8(AGY,,) ~ 100 kgT for
the HOG-HOG and G-HOG plates [Figs. 6(c) and 7(¢)]. In other
words, the presence of at least one hydrophilic surface strongly
suppresses the sensitivity to pressure of the WMIs between the
plates.

IV. SUMMARY AND CONCLUSIONS

In this work, we perform extensive MD simulations to study
the WMIs between flat, nanoscale graphene-based surfaces. The
aim of this work is to compare the T- and P-effects on the
WMIs between (i) two graphene plates (hydrophobic interactions),
(ii) two hydroxylated graphene plates (hydrophilic interactions),
and (i) between a hydroxylated graphene and a graphene plate
(hybrid interactions). We found that all three kinds of WMIs vary
with pressure but, while the hydrophobic interactions are con-
siderably affected by T-changes [case (i)], hydrophilic and hybrid
WMIs [cases (ii) and (iii)] are practically T-independent. In all
cases, the main effect of increasing the pressure is to increase
the free energy barriers separating the local minima of the corre-
sponding PMF (these minima correspond to metastable states at
which water molecules are able to arrange in layers between the
plates). Interestingly, in a few cases, the metastable plate separa-
tion becomes unstable at very high pressures. Isobaric cooling tends
to increase the free energy barriers separating the metastable plate
separations.

The effects of temperature on the WMIs between the differ-
ent pair of plates studied are particularly interesting. The practically
lack of T-effects on the WMIs in cases (ii) and (iii), which is con-
trary to the (non-negligible) T-effects found on the WMI in case
(i), implies that a single hydrophilic plate is sufficient to induce
hydrophilic-like WMI. In other words, a hydrophilic plate imposes
its nature to an opposite hydrophobic plate. From a microscopic
point of view, this can be understood by noticing that an HOG-plate
is able to “pin” (temporarily) interfacial water molecules via the for-
mation of hydrogen bonds, favoring the retention of water molecules
between the plates as the temperature varies.”’ Instead, hydropho-
bic plates tend to enhance the density fluctuations of interfacial
water.*"” Macroscopically, hydrophobic surfaces tend to increase
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the water compressibility and thermal expansion coefficient while
hydrophilic surfaces do not."*" This explains why the hydropho-
bic WMIs are much more sensitive to T than hydrophilic/hybrid
WMIs.

The results of this work are important for our fundamental
understanding of self-assembly processes in aqueous environments,
including protein denaturation, interactions between biomolecules
(e.g., protein aggregation), and WMIs between nanoparticles, and
how such processes may be affected by changes in the working con-
ditions (T and P). For example, the finding that T mostly affects
hydrophobic interactions suggests that T-induced protein denatura-
tion may originate in the interactions between hydrophobic residues
or domains. Instead, P-induced protein denaturation is probably
related to changes of the WMIs between hydrophobic-hydrophobic,
hydrophilic-hydrophilic, and hydrophobic-hydrophilic pair of
residues or domains. From a computational point of view, our study
suggests how implicit water models should be modified to take
into consideration the effects of T and P on the WMIs between
nanoscale hydrophobic-hydrophobic, hydrophilic-hydrophilic, and
hydrophobic-hydrophilic pairs of surfaces; see, for example,
Ref. 29. Our results are based on atomically smooth, hydrophilic
(HOG-plates) and weakly hydrophobic (G-plates) surfaces. An
important issue to address in the future is how these results are
affected when very hydrophobic surfaces and surfaces with a com-
plex molecular structure are considered. In such cases, water con-
fined by hydrophobic walls may remain metastable at small sep-
arations and evaporation of water between the confining plates
may occur (see the supplementary material). In such cases, the
kinetics of evaporation can play a relevant role with practical
implications™ " (see the supplementary material).

SUPPLEMENTARY MATERIAL

See the supplementary material for (i) additional tests of the
method used in this work to control the pressure of the sys-
tem; (ii) the temperature-effects on the PMF between (apolar)
OG-OG plates and the corresponding enthalpic and entropic con-
tributions; and (iii) additional MD simulation results addressing
the potential metastability of confined water at the small plate
separations.
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