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ABSTRACT: Water confined in nanomaterials demonstrates
anomalous behavior. Recent experiments and simulations have
established that room-temperature water inside carbon nanotubes
and between graphene layers behaves as solid ice: its molecules
form four hydrogen bonds in a highly organized network with
long-range order and exhibit low mobility. Here, we applied a first-
principle energy decomposition analysis to reveal that the strength
and patterns of donor—acceptor interactions between molecules in
these low-dimensional ice structures resemble those in bulk liquid
water rather than those in hexagonal ice. A correlation analysis
shows that this phenomenon originates from a variety of
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hydrogen-bond distortions, different in 1D and 2D ice, from the tetrahedral configuration due to constraints imposed by
nanomaterials. We discuss the implications of the reported interplay between the electronic and geometric structure of
hydrogen bonds in “room-temperature ice” for computer modeling of confined water using traditional force fields.

Understanding the behavior of water under confinement
is crucial for various applications in energy and water
treatment' > as well as for studying intrinsic properties of
water itself® When water is confined in low dimensions, its
hydrogen bond (HB) network behaves differently from that of
its bulk counterpart, resulting in unusual structure, dynamics,
and phase behavior.” ** For instance, even at room
temperature, confined water crystallizes into unique solid
phases that are not observed in the phases diagram of bulk
ice 31924

Carbon nanotubes (CNTs) and graphene provide well-
defined low-dimensional environments to study water confine-
ment effects in a systematic way. CNTs have a one-
dimensional (1D) channel with a diameter between 1.1 and
1.4 nm where water molecules form a stack of ordered
polygonal ring structures called “ice nanotubes.””” Each water
molecule in the ice nanotube coordinates with approximately
four neighboring molecules, and is highly immobile with the
self-diffusion coefficient reported to be several orders of
magpnitude lower than that of bulk liquid water.*'®** Raman
spectroscopy measurements have demonstrated recently that
these ice nanotubes have elevated freezing temperatures as
high as 411 K for a 1.05 nm CNT.”

At the same time, graphene layers provide ideal two-
dimensional (2D) channels. Recent transmission electron
microscopy (TEM) measurements showed that a monolayer
of “square ice” with a lattice constant approximately 2.83 A is
formed in graphene nanocapillaries at room ternperature,22
although the latter interpretation of exact square symmetry
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might have been caused by sodium chloride contamination.*®

Numerous molecular dynamics (MD) studies using classical
force fields have reported a monolayer of “square ice” in
hydrophobic nanocapillaries.'®**~***7** More recently, ab
initio studies also found that the planar square ice forms under
2D confinement.””>" Therefore, theoretical and computa-
tional investigations commonly predict “square ice” in
agreement with the experiment although the precise
conditions (usually pressure) under which “square ice” is
formed are sensitive to the details of a computational setup.

We note that the empirical force-fields employing point
charge models and Lennard-Jones potential are parametrized
to reproduce the bulk properties and neglect the charge
transfer (CT) interactions between molecules. However, at
the most fundamental level of water modeling, it has been
recognized that a typical HB involves the quantum mechanical
CT from the electron-donor molecule to the virtual orbitals of
electron-acceptor molecule.””™** Although the quantitative
contribution of the CT effect to the overall binding energy is
computed differently in various theoretical approaches it is
clear that, even with conservative estimates, donor—acceptor
orbital interactions between molecules play an important role
in physics and chemistry of bulk water.”* Multiple studies**~>'
have pointed out a connection between the donor—acceptor
interactions and measurable properties of bulk liquid water
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Figure 1. Snapshots of the top and side views of the systems studied in this work. Oxygen atom is in red, hydrogen in white, and carbon in green.
(a) Water molecules inside (8, 8) CNT take a series of ordered pentagonal ring structures. (b) Water molecules confined between two graphene

layers form a monolayer 2D ice.

such as features of the X-ray absorption, infrared, and nuclear
magnetic resonance spectra. It is therefore essential to perform
a comparative analysis of donor—acceptor electronic inter-
actions
environments.

In this work, we studied the 1D and 2D ice structures inside
(8, 8) CNT and graphene as well as structures of bulk liquid
water and hexagonal ice. We used the energy decomposition
analysis (EDA) method based on absolutely localized
molecular orbitals (ALMO)* to investigate the electronic
structure of the HB network configurations obtained from
classical molecular dynamics (MD) simulations. As mentioned
above, the extent of donor—acceptor interactions in HB is
defined and computed differently in the conventional EDA
methods.”*****1>27>% Eor example, natural bond orbital
analysis®” and natural energy decomposition analysis”™ suggest
that charge transfer is the major component of HB because
when charge transfer is neglected these methods yielded no
binding at the water dimer equilibrium geometry. On the
other hand, early EDA methods,””"" their modern
variants®>**>> and symmetry-adapted perturbation theory'”*'
show that charge transfer contributes about ~20—30% of the
overall binding energy between water molecules in small
clusters, in agreement with the long-held intuitive view of
HBs. After a debate spanning several decades, it has been
argued that the family of methods based on natural bond
orbital analysis are not optimal for weak interactions.” It
appears that the covalent component of HB is better
described by the Kitaura—Morokuma family of EDA methods
as well as by symmetry-adapted perturbation theory. It is
important to emphasize, however, that the focus of this work
is not on the absolute values of CT terms but on the
comparative strength of the CT effect in bulk and low-

in bulk water and in extreme low-dimensional

2009

dimensional phases of water, which is expected to be less
sensitive to the choice of an EDA method. We utilized ALMO
EDA in this work because it describes CT in agreement with a
wide variety of EDA methods, because it is implemented for
extended systems under periodic boundary conditions,”® and,
most importantly, because it has an ability to evaluate the
strength of CT donor—acceptor orbital interactions in
individual hydrogen bonds.*®

Using the CT energy as a convenient descriptor of an
individual HB, we compared HB networks in 1D and 2D ice,
bulk hexagonal ice, and liquid water. Our comparative analysis
reveals that the strength of the donor—acceptor HB
interactions in 1D and 2D ice is not as high as in hexagonal
ice and is rather close to that in bulk liquid water. Detailed
structural analyses reveal that the distinct electronic
interactions of the low-dimensional ice originate from the
highly nontetrahedral geometry that is not seen in the phase
diagram of bulk ice.

The (8, 8) CNT and two graphene sheets were used to
model 1D and 2D confining channels, respectively. A
description illustrating the model system is present in Figure
1. The diameter of CNT (1.1 nm) and the distance between
two graphene layers (0.6 nm) were chosen to form the ice
structures in low-dimensional materials that are observed
experimentally. 1D ice and 2D ice in this work refer to the
water confined in (8, 8) CNT and two graphene layers,
respectively.

We employed two different levels of theory for our
calculations. First, we implemented classical MD simulations
of water with the extended simple point charge (SPC/E)”’
water model at room temperature to investigate the phase
behaviors and obtain configurations of confined water. The
use of classical force fields to obtain trajectories of water at
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different environments was motivated by the facts that our
attempt to perform ab initio MD under ambient pressure
failed to reproduce square-like planar water structure within
graphene and that instead the force fields yielded the water
structures under confinements consistent with experiments.
Second, we performed ALMO EDA to quantify the strength
of donor—acceptor interactions for each HBs. ALMO EDA
decomposes the total intermolecular binding energy (AEror)
into the frozen-density energy (AEg;), intramolecular
polarization energy (AEpg.), and charge-transfer energy
(AEcr) and a generally small higher-order (AE;o) relaxation
term (see Khaliullin et al.”® for a detailed description of the
ALMO EDA terms).

AEror = AEgpg + AEpgy + AEcr + AEyg (1)
Mol
AEcy = Z AEp_ s
A,D=1 ()

Like all other EDA methods based on density functional
theory, ALMO EDA does not provide a well-defined recipe to
decompose the frozen-density and polarization terms into
molecular contributions (e.g, single-molecule, two-body
terms). While these terms contribute to the overall
stabilization of the HB network, this work focuses on the
CT energies that can be readily decomposed into pairwise
contributions as shown in eq 2.>* A two-body term AEp_,
corresponds to the orbital relaxation arising from the charge
transfer from the occupied orbitals of electron-donor molecule
D to the virtual orbitals of electron-acceptor molecule A. This
decomposition enables us to understand the nature of CT
interactions in the HB network in a physically meaningful
way: the two-body terms provide an accurate description of
the strength of donor—acceptor interactions in individual HB
moieties since they are obtained self-consistently and include
HB cooperativity effects. Again, we note that the ALMO CT
energies have been shown to be good predictors for
experimentally measurable properties of bulk liquid water.
To examine the phase behavior of confined water, we first
investigate the structural and dynamical properties of water
from the MD trajectories. In the 1D confined system, we
computed the axial oxygen—oxygen radial distribution
function (RDF) g,(r) to characterize the molecular structure
(Figure 2a). The g,(r) exhibits layers of ordered pentagonal
ice nanotubes along the axis of CNT. We examined dynamical
properties of the 1D water by computing the axial diffusion
coefficient D, from the slope (taken as 1—2 ns) of the mean-
square displacement (MSD) using Einstein’s relation. The
diffusion coefficient normalized to that of bulk liquid water
Dip./Diiquia; = 44 X 107¢ indicates that the 1D confined
water is highly immobilized. As in the case of the 1D system,
we computed the lateral oxygen—oxygen RDF g, (r) and
diffusion coefficient D,, parallel to graphene in the 2D
confined water. The g,,(r) of the 2D confined water shows
pronounced peaks and minima between them, characteristic of
a solid over a long range (Figure 2b). The diffusion coefficient
normalized to bulk liquid water Dyp .,/ Dyquigey = 2.0 X 1074
indicates that the 2D confined water is much less fluid
compared to bulk water. Therefore, the formation of solid ice
under 1D and 2D confinement at room temperature is evident
based on both the long-range order and low molecular

mobility.
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Figure 2. (a) Axial oxygen—oxygen radial distribution function and
mean-square displacement (inset) for the 1D ice along the axis of
CNT. (b) Lateral oxygen—oxygen radial distribution function and
mean-square displacement (inset) for the 2D ice projected on the xy
plane.

We calculated the average CT energy per water molecules
to characterize the strength of donor—acceptor interactions in
confined ice (Figure 3). The first two strongest CT energies,
which account for approximately 90% of the total molecular
CT energy, correspond to the interaction with two adjacent
water molecules, and the sum of the remaining interactions
corresponds to the “etc.” The remaining “etc.” term of low-
dimensional water decreases to 3—5% compared to 8% of
liquid water, which reflects the high degree of the ordered HB
network with two donor and two acceptor bonds. The “BD”
term in Figure 3 refers to the combined back-donation terms,
that is, back-donation from a typical electron-acceptor
molecule to a typical electron-donor molecule.”®

As shown in Figure 3, the average strength of donor—
acceptor interactions of confined ice is not as strong as
hexagonal ice and is rather close to that of liquid water, even
though the structural and dynamical properties clearly suggest
the phase behavior typical of a solid. When the temperature of
confined water is decreased to 200 K in MD simulations, the
donor—acceptor interactions vary only marginally (Figure S1).
Water molecules in 1D ice experience a high degree of
asymmetry in the strength of the first two strongest donor—
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Figure 3. Average contributions to the total charge transfer energy
from the occupied orbitals of electron-donor molecule A to the
virtual orbitals of electron-acceptor molecule B for each system. Only
the first two strongest interactions are shown while the rest are
collected into the “etc.” term. The “BD” term is the combined
contribution of back-donation interactions.

acceptor interactions to the same extent as liquid water. A
detailed analysis of this is presented in Figure S2.

To understand the origin of these unexpectedly different
electronic signatures of low-dimensional ice and bulk ice, we
analyzed the distribution of the intermolecular distance
(Ro-0) and HB angle () (Figure 4) — the known dominant
structural factors in determining the strength of donor—
acceptor interactions in hydrogen bonding. Pentagonal 1D ice
in CNT, referred to as ice nanotubes, typically forms two
different types of HBs. The OH bonds pointing toward the
axial and lateral direction of the CNT make inter- and intra-
ring HBs respectively as shown in Figure la. We analyzed
each HBs separately. Figure 4a shows that while the intra-ring
HBs (red line) are arranged linearly ( ~ 12°), the inter-ring
HBs (blue line) exhibit a wide range of angular distortions (/8
~ 20°). The average oxygen—oxygen distance (Ry_q) of inter-
and intra-ring HBs differ only by ~ 0.03 A and are close to
hexagonal ice. Thus, the high asymmetry in the strength of
donor—acceptor interactions in 1D ice can be attributed to
the difference in f of inter and intra-ring HBs. The nature of
the asymmetry in 1D ice is different from that in liquid
water, "+

In addition to the difference in the Ry_o and f
distributions, we plotted the CT energy as a function of the
HB angle () with the oxygen—oxygen distance (Ro_o) fixed
at 2.8 A (Figure 4, left panels) and vice versa as a function of
the oxygen—oxygen distance (Ry_p) with the HB angle (/)
fixed at 13° (Figure 4, right panels). First of all, the
relationship between the CT energy and geometric parameters
exhibits general trends common to all HBs. For example, the
exponential decay of the CT energy with increase in the
intermolecular distance (Ry_q) indicates that the CT term in
all systems is a short-range attractive interaction originating
from the orbital overlap. However, the comparison of the CT
energy dependence on Ro_o and f is suggestive of the
different structure the HB networks in confined and bulk
systems. It is important to note that the distributions of the
CT energy as a function of the Ry_g and f for confined and
bulk ice do not overlap. For the 1D ice, the inter-ring CT
energy is, on average, ~4 kJ/mol lower than the intra-ring CT

2011

energy at the same Ry_o and B while most intra-ring CT
energy overlaps with hexagonal ice (Figure 4a). For the 2D
ice, the average oxygen—oxygen distance (Ry_o) in our MD
simulation, 2.82 + 0.1 A, is in good agreement with
experiments (2.83 + 0.03 A).** Differences in the oxygen—
oxygen distance (Ro_o) (by 0.04 A) and in HB angle § (by
3.2°) between 2D ice and hexagonal ice, however, are
insufficient to explain the weaker CT interactions in 2D ice in
Figure 3. Figure 4b shows that the 2D ice also exhibits lower
CT energy by ~4 kJ/mol on average than hexagonal ice at the
same Ry_g and f like inter- and intra-ring HBs in 1D ice. This
unexpected result suggests the weaker CT interactions in
confined ice cannot be explained solely by the difference in
these two geometric parameters. Therefore, we sought the
origin of the different electronic signatures among other
structural features.

We considered geometric parameters that describe how the
local molecular environment deviate from the ideal tetrahedral
configuration. In bulk water, the four valence orbitals in a
water molecule are sp>-hybridized. Two of them are involved
in covalent OH bonds, and the remaining two are associated
with the lone electron pairs, forming a tetrahedral structure.
Geometrically, the tetrahedral HB network found in hexagonal
ice is not compatible with 2D planar channels. In other words,
water molecules confined between two graphene layers 0.6 nm
apart adopt the planar square-like bonding patterns (Figure
1b) instead of conventional tetrahedral configuration. This
highly confined environment allows water molecules to be
involved in 4-fold coordination in the lateral direction only to
satisfy the ice rule with a double donor and a double acceptor
except for defective lattice sites. The spatial orientation of
oxygen atoms of the two electron-accepting neighbors can be
characterized with the joint probability distributions P(6,¢)
revealing the structural difference of 2D and hexagonal ice. 8
is defined as the angle between the interoxygen vector and the
plane of the electron-donor molecule, whereas ¢ is the angle
between the interoxygen vector and the plane bisecting the
HOH angle of the electron donor and normal to its molecular
plane (Figure Sa). For hexagonal ice, P(6,¢) exhibits a clear
peak (6 = 51°, @ = 0°) near the tetrahedral position as
expected. On the other hand, what seems to be unique for the
2D ice is that all atoms in electron-accepting molecules are
located in the nearly same plane parallel to the graphene. The
peak of P(6,p) is located at near-zero 6. Therefore, the
position of electron-accepting neighbors is substantially
deviated from the well-known lone pair sites of sp>-hybridized
O atom. We also found that P(6,¢) of inter-ring HBs in 1D
ice resembles that of 2D ice, whereas P(0,¢) of intra-ring HBs
resembles that of hexagonal ice. The 1D ice can be considered
a mixture of two types of orientations (Figure Se,f). Hence,
the highly asymmetric electronic donor—acceptor interactions
in 1D ice shown in Figure 3 originate from both the
nontetrahedral orientation (Figure Se) as well as the angular
distortion of HBs (Figure 4a). This interpretation also is
consistent with the vibrational spectroscopy data®® that give
rise to two different vibrational features: intra-ring HBs exhibit
frequencies like those found in bulk water, whereas inter-ring
HBs exhibit an unusual stretching frequency at 3507 cm™.

Although the absolute contribution of CT energy to total
HB interaction energy is still a matter of debate depending on
the method,>¥*®*0*5275% 4t i Clear that the degree of
covalent nature of HBs caused by CT becomes more
pronounced in condensed phase when the intermolecular
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Figure 4. Distributions of the HB angle () and oxygen—oxygen distance (Ro_o) from classical MD simulations and dependence of the CT
energy on these geometric parameters. The inset shows the definitions of # and Ry_o. In the left panels, the CT energy is plotted as a function of
the HB angle with the oxygen—oxygen distance (Ro_g) fixed at 2.8 A. In the right panels, the CT energy is shown as a function of the oxygen—
oxygen distance (Ry_o) with the HB angle fixed at 13°. (a) The intra-ring HB, inter-ring HB, and hexagonal ice are plotted as red, blue, and
black, respectively. (b) The 2D ice is plotted as orange.

distance gets closer.’

9—

To estimate how the donor—

acceptor interaction depends on the relative orientation of
the hydrogen-bonded pair of water molecules, the CT energy
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is calculated as a function of two angular coordinates 6 and ¢
using the isolated water dimer with the intermolecular
distance fixed to 2.82 A. The resulting ALMO EDA contour
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Figure S. (a) Definitions of 6 and ¢. 6 is defined as the angle between the interoxygen vector and the plane of the electron-donor molecule. The
three atoms of the electron-donor molecule lie in the xy-plane. @ is the angle between the interoxygen vector and the plane bisecting the HOH
angle of the electron donor and normal to its molecular plane. (b) Contour plot of CT energy as a function of 6 and ¢ in a water dimer. The
solid line represents the contour line of CT energy, and the dashed line represents the region where 2D ice and hexagonal ice have 90%
probability distributions P(6,¢) (see parts ¢ and d). Ro_g and 8 shown in Figure 4 remained fixed during rotation of a molecule. Ry_ is chosen
as the averaged value of 2D ice (2.82 A) and f is set to zero. Detailed computational setup is the same as in this work. (c—f) Joint probability
distributions P(6,¢) of O atoms for the (c) 2D ice, (d) hexagonal ice and (e, f) 1D ice of inter- and intra-ring HB.

plot of a water dimer (Figure Sb) demonstrates clearly that
the CT interaction is energetically less favorable when the
dimer structure is constrained to resemble 2D ice structure
from the conventional tetrahedral HB network of water,
largely due to the different contribution of the p-like

molecular orbital perpendicular to the molecular plane.®>®*

2013

Quantitatively, the magnitude of CT energy of water dimer
configurations typical of 2D ice is, on average, estimated to be
~4 kJ/mol lower than those typical of hexagonal ice by
unfavorable relative orientation of molecules, and this
difference is quite close to the CT energy difference (~4
kJ/mol) for the actual 2D and 3D condensed phases of ice for
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the same Ry_q and f due to confinement-induced constraints
(Figure 4). Thus, the nontetrahedral orientation of 2D ice and
half of 1D ice (inter-ring HB) additionally makes the strength
of donor—acceptor interactions weaker and explains reduced
CT energy at the same HB angle () and oxygen—oxygen
distance (Ro_o) in Figure 4.

Our observation that donor—acceptor interactions are
reduced in confined water has important implications for its
modeling. Most empirical force fields used for water modeling
do not include CT interactions explicitly. The absence of
these interactions in the analytical force-field equation is
instead compensated by the increased strength of the
electrostatic and/or polarization interactions.** The compen-
sating terms are traditionally tuned to reproduce properties of
bulk water, not properties of low-dimensional confined water.
While the structure of low-dimensional water obtained here
with the SPC/E force field agrees well with the experimentally
available data, comparative EDA demonstrates that, electroni-
cally, donor—acceptor interactions are different in bulk and
confined ice and suggests that the missing CT interactions in
confined water are improperly compensated in the commonly
employed force fields. This implies that the properties
sensitive to the strength of donor—acceptor interactions will
be poorly described in simulations of low-dimensional water
and that additional research efforts might be necessary to
validate and perhaps optimize computational models to
reproduce dynamical, electric, and thermodynamic properties
of low-dimensional water reliably. We also note that the
nuclear quantum effects of confined ice may be different from
those in bulk hexagonal ice due to vastly different HB
orientations, and estimating the influence of such effects on
various properties of confined water would thus be an
interesting question to address in future studies.

In summary, we utilized energy decomposition method
based on ALMOs to analyze the strength of donor—acceptor
orbital interactions in ice confined in low dimensions. Our
MD simulations show that ice in (8, 8) CNT and between
two graphene layers form well-aligned structures and exhibit
phase behavior typical of a solid. However, the strength and
patterns of quantum mechanical donor—acceptor interactions
are confined ice is demonstrated to resemble that of bulk
liquid water instead of bulk ice. A careful geometric analysis
demonstrates the origins of this interesting phenomenon. In
planar 2D ice, electron-transfer effects are reduced because of
its highly nontetrahedral structure. On the other hand,
molecules in 1D ice exhibit weaker electron-donation
interactions and high degree of asymmetry due to both the
nontetrahedral orientation and the angular distortion in the
inter-ring HBs.

B COMPUTATIONAL METHODS

Classical Molecular Dynamics Simulation. We performed
classical MD simulations of water with the extended simple
point charge (SPC/E)*” water model using the LAMMPS
package.”* The MD simulations were carried out in the
constant volume and temperature (NVT) ensemble at 300 K
with periodic boundary condition for confined water. Initial
configurations for 1D system were taken from Pascal et al.”®
To determine the initial structures of 2D system, we
performed MD simulations as illustrated in Figure S3. We
found that “square ice” is formed between graphene layers
under ambient conditions (1 atm, 300 K) using the water—
carbon interactions parameters taken from Pascal et al.”® We
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note that the previous ab initio and force fiel
investigations also predicted the formation of square ice under
different (e.g., high pressure) conditions, but the structure of
the resulting square ice was similar to the present
configurations. SHAKE algorithm is used to constrain the
bond lengths and angle in water molecules with tolerance of
107", The positions of carbon atoms are fixed during the MD
simulations because the flexibility of the confining surface in
this configuration is insensitive to results.”””” We used a time
step of 1.0 fs, the particle—particle particle—mesh (PPPM)
method for long-range coulomb interactions with a cutoff of
12 A and the inner and outer cutoff distance of was 10 and 12
A for Lennard-Jones interactions. From each 10 ns run, we
used the last S ns of trajectories for analysis. For comparison,
we also performed MD simulation of bulk, liquid water with
density of 0.996 g/cm® at 300 K and hexagonal ice with
density of 0.926 g/cm® at 200 K using the same computa-
tional setup.

Energy-Decomposition Analysis. ALMO EDA for periodic
systems was performed using the CP2K package for 1001
equidistant snapshots separated by S ps from the 5 ns
trajectory for each system. CP2K employed the mixed
Gaussian and plane wave approach, which is ideal for
ALMO EDA because the localized atom-centered Gaussian
basis sets are required for the construction of absolutely
localized molecular orbitals, while plane waves are used to
represent the charge density for computational efficiency.
Molecular orbitals in all ALMO EDA calculations were
represented by a triple-{ Gaussian basis set with two sets of
polarization functions®® (TZV2P). A high-energy cutoff of 500
Ry was used to describe the electron density. The exchange
correlation energy was approximated with the BLYP func-
tional®”*® with D3 dispersion correction of Grimme.””~”" The
Brillouin zone was sampled at the I'-point and separable
norm-conserving pseudopotentials were used to describe the
interactions between the valence electrons and the ionic
cores.”” We remove carbon atoms from all trajectories to
focus on the interaction between water molecules because the
water—wall interaction in hydrophobic confinements is much
weaker than the interaction between water molecules, and this
does not affect EDA.
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