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ABSTRACT: We report the structure and dynamics of layered 7 ”\r-f\\/).;' %r‘) *;'\J/\
water structure near a bilayer heterosurface using classical molecular § 7\ n¥ }ilo o
dynamics simulations and network graph theory. The heterosurfaces
of our choice are technologically essential and well-studied
hexagonal boron nitride (h-BN) and graphitic carbon nitride (g-
C;N,). Starting with the water density distribution profile, we have
studied different hydrogen bondings (HBs) associated with distance
and angle distributions and correlated them with the HB count,
followed by the investigations of dynamic properties. We realize the
oddity while corresponding to the tetrahedral order parameter
(TOP), HB donor/acceptor count, and HB lifetime. A quantitative
gap is observed between the TOP and HB counts, and we perceive
another structural factor playing a significant role. We observe a 2D
sheetlike arrangement of hydrogen-bonded water molecules, namely, 2D-HB, in the interfacial layer instead of 3D tetrahedral
arrangements. 2D-HB qualitatively acts as a key descriptor of the hydrophobicity of the interface. The probability of higher TOP
among the interfacial layer water molecules is less for h-BN compared to g-C;N,. However, the per-water HBs for both the
heterosurfaces remain indistinguishable, implying the existence of another significant physical factor related to HB. Hence, 2D-HB
serves as a deciding factor. In the case of h-BN, water molecules in the first layer form extended 2D sheets compared to the second
and bulk, which is not a scenario for g-C;N,. Following the network graph theory, we calculated the temporal evolution of the
maximum number of water molecules connected in a single network. The layer 1 water molecules have slower orientational
dynamics, higher HB lifetime, and consequently slower translational diffusion than layer 2 and bulk water molecules. The
experimental studies suggested that the contact angle of water on h-BN can vary from 61.4 to 85.8° higher than that of g-C;N,,
depending on the surface stacking, support material, and exposure to air, which effectively makes h-BN more hydrophobic compared
to g-C3N,. The interfacial water molecules have a smaller HB lifetime and a faster diffusion coefficient than g-C3N,. The HB lifetime
of water molecules in bulk is less than that in the interface, irrespective of the surface. A slower reorientation lifetime, that is, 2.69 ps,
for g-C;N, interfacial water molecules is observed versus 2.20 ps for h-BN. Our results agree with the experimental observations and
can help to understand the hydrophobicity of other relevant materials.
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1. INTRODUCTION

Two-dimensional (2D) heterosurfaces are equipped to alter
the surface chemistry, hence enhancing the catalytic ability."”
Staggering advances in industrial-scale production and

the surface is detailed depending on its contact and slip angle.
The wettability is directly correlated with surface hydro-
phobicity.' ™'

molecules in the close interface and the difference of the same

Structural and spectral arrangement of water

application of graphene and its analogous materials have
been observed owing to easy and stable modulation flexibility.
Hexagonal boron nitride (h-BN) and graphitic carbon nitride
(g-C3N,) are heterosurfaces which can exist in ultrathin two
dimension, the holy grail form of materials with catalytic and
energy storage significance.”™” These heterostructures behave
differently toward aqueous medium. The structural arrange-
ment is a deciding factor in the solid—liquid interface’s distinct
physical and chemical phenomena. Lately, water interaction
near heterosurfaces like h-BN, graphene, graphitic carbon
nitride (g-C3N,), and Mo,S has been gaining a lot of interest
as promising candidates for technological applications like
photo- and electrochemical reactions.'”~"> The wettability of
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from the bulk water ones serve as the defining characteristics of
a hydrophobic surface.

Evaluation of the structural orientation, the temporal
evolution of dynamical properties, and hydrogen bond (HB)
allied properties could be used to label hydrophobic or
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amphiphilic or hydrophilic surfaces. Further, using the
experimental wetting angle, suggestions can be drawn
regarding the hydroaffinity. Such effects have been well
documented experimentally and theoretically for both h-BN
and g-C;N,.'””" Graphene is treated as a trademark for
hydrophobicity owing to its pure covalency, nonpolarizability,
and water contact angle (WCA).”' The graphene-like
attributes of h-BN make it a proper candidate for coating
and temperature-resistant material.”>~>* Recent theoretical
studies suggest a significant variation in the contact angle of
mono- and bilayer h-BN of 72.8 and 62.7°, respectively.”’
However, the change is insignificant for tri- and tetralayer h-
BN. Another simulation study revealed a high contact angle of
86° on the h-BN monolayer.”® Such a difference from
graphene sheets is believed to be induced by the partial
polarizability of the B—N bond. WCA on h-BN varies in a
relatively wide range due to air exposure-induced contami-
nation, which destroys the polarity of h-BN.***° g-C;N,, owing
to its surface polarization and corrugated sheet structure, has
biocompatibility and easy functionalization.”” >’ The defect
created by various % of phosphorous doping in g-C;N, alters
the WCA from 58.6 to 26.4°.”° The low wettability of both
surfaces was evident from recent experimental and theoretical
studies using both classical and first principles molecular
dynamics. Ample theoretical studies were reported with several
different physical aspects to quantify the hydrophobicity of
different surfaces. A comparative study among stern hydro-
philic and hydrophobic sets such as graphene and SiO, was
reported.”’ Several metal oxides were also explored to map the
hydroaffinity.”*~**

Willard and Chandler proposed an instantaneous solid—
liquid interface,”*® where extremely structured water net-
works, different from bulk water, are formed. Giberti et al.
detailed the proton proneness of the water layer in contact
with air/vacuum and further expanded into a hydrophobic
surface using the ab initio molecular dynamics simulation
method.”” The authors found very high protonphilicity of
water surface vicinal to air and correlated the same with a
specific kind of hydrogen-bonded orientation of water
molecules. The topology was named “proton wire,” which
lays parallel to the surface, analogous to the tetrahedral
directional water arrangement of water molecules termed
“water wires.”” The water surface refers to the topmost water
layer in contact with the air. The proton wire terminology
suggests proton trapping by slowing its dynamics.’® The
authors directly compared water—air contact to hydrophobic
surfaces, where the proton diffusion channel runs lateral to the
instantaneous heterosurface arrangement.”® Pezzotti et al.
characterized the hydrogen-bonded water channel in the air—
water and hydrophobic surface—water interfaces as the two-
dimensional hydrogen bond (2D-HB) network. Willard and
Chandler’s model hinted at the dangling OH bond toward the
surface and another involved in the strong intralayer hydrogen
bonding, and later vSFG™ or HD-SFG study reinforced the
three-body interaction in the interfacial layer as there are no
low-frequency bands in the spectra.*” Skinner et al. interpreted
the vSFG signal in terms of the number of HBs donated/
accepted and inferred separated pairs of type 4D—2S, 25—4D,
4D—4D, and 3D—4D, which were responsible for the vSFG
spectrum.”’ However, the authors did not provide any
specifications for the thickness of the interfacial layer
responsible for vSFG. Later Pezotti et al. reported that the
active layer was only 2—3 A.*> Following AIMD simulations,
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the authors demonstrated that the thin topmost water layer
contains an extended 2D-HB network with the participation of
70% water molecules. The appearance of the small peak of low-
frequency spectra, which was debated and dismissed by earlier
studies,”"* was addressed by Pezotti et al. as of structural
origin, and the 2D-HB network was responsible.”” In few of
our recent studies, we investigated structural, dynamic, and
spectral properties with the static HB formation associated
with water molecules interfacing bilayer BP and Gr@g-
C,;N,.**® Our motive is to draw a better understanding by
associating all possible physical features and set a model for
hydroaffinity. Contact angle modeling requires a large set of
water molecules on an expanded sheet’’~* and provides
ambiguous results regarding the hydroafhinity of the specific
heterostructure. Due to the discrepancy of experimentally
measured contact angles, it is difficult to theoretically
rationalize and compare the hydrophobicity of a novel material
on a large scale. The 3D tetrahedral arrangement is a
characteristic of bulk water and affects its physical and
chemical properties. However, the dangling OH bond has
been universally considered the hallmark of hydrophobicity,*’
which is recently challenged as a specific locality of hydrophilic
heterosurfaces, such as silica dangling OH bonds.”" Now, the
requirement emerges for another physical property that can
serve as the marker for hydrophobicity.

Here, we have discussed the layer-wise distinction of
physical properties of water molecules near the bilayer
interface; those collectively set the ground for 2D-HB. The
surface polarity of h-BN and the hydrophilic and hydrophobic
localities of g-C;N, are perfect candidates to initiate the
comparative hydrogen-bonding study. Once we found the
density-controlled sections of the surface, we performed the
structural analysis, most notably the tetrahedral order
parameter (TOP), directly associated with a 3D-HB motif.
However, the significant loss in tetrahedrality in the interfacial
layer of h-BN compared to the bulk does not tone with the loss
of HB donor/acceptor count. In our previous studies,”* we
found that the TOP and per water HB count follow the same
trend. However, they do not complement each other
quantitatively. Thus, we further attend to 2D-HB to trace
the effect of heterosurface. We detailed the probability of
lateral orientation of water molecules. Following network
graph theory, we calculated the temporal evolution of the
maximum number of water molecules connected in a single
network. Then, the properties are correlated with the
hydrophobicity of h-BN and g-C;N,. Following this, we
calculated the HB donor/acceptor count in the total,
interlayer, and intralayer regions. The survival interval of
water molecules close to L1 is significantly higher in g-C;N,.
To append the missing links, we looked at the HB structure in
the h-BN and g-C;N, interfaces as they are not tetrahedrally
arranged. A 2D hydrogen-bonded noninterrupted motif is
found, made up of water molecules hydrogen-bonded to each
other. Recently, extended 2D motifs were proposed and
properly enquired upon for the water molecules in contact
with instantaneous air.*” Authors have carefully cleaved the
liquid—vapor interface using Willard and Chandler’s instanta-
neous surface model, which defined the interface and the
density of water along the surface’s normal direction
properly.”® The authors found 70% of water molecules on
average near the air—water interface, which is a })art of the
extended 2D sheet, termed as the “topmost skin.”** The same
idea was later extended to trace the local hydrophobicity of a
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Figure 1. Density profile of water molecules distributed along the z-axis of the simulation box around (a) h-BN and (b) g-C;N,. The distinctions
between layer 1, layer 2, and layer 3 are depicted by gray, orange, and green patches, respectively.

rather common hydrophilic surface.”* We observe the expanse
of the 2D sheetlike motif for the h-BN interface compared to
other layers and all water layers around g-C;N, as well. A
fitting correlation is found among all mentioned properties.

2. COMPUTATIONAL DETAILS

We performed classical molecular dynamics simulations to
study the interaction between heterosurface and water
molecules. The bilayer heterosurfaces were generated and
initially simulated using VASP for energy minimization
purposes. The h-BN and g-C;N, surfaces consist of 11 X 10
and 3 X 4 supercells, respectively. Once the energy was
minimized, presimulated water boxes were added along both
sides of the bilayer surface. We kept the surface dimension
similar for both systems. Hence, we used a water box of 23 X
25 X 23 A3, making the total dimension of the box 23 X 25 X
80 A* with a total of 780 water molecules in the system,
maintaining experimental water density, that is, 1 gm cm™.
The simulation boxes are pictorially depicted in Figure 1a,b.
The classical simulations were performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package.”> The classical force field (FF) parameters are of
massive importance while simulating solid surfaces and must
be tuned properly according to the requirement of the
interaction. The inadequacy of conventional GAFF***” and
OPLS*®*” has made chemists find more appropriate
parameters where both short- and long-range bonded
interactions can be modeled properly. One such tried and
tested FF is Tersoff,"”®" which we used for h-BN and g-C;N,
intralayer or uniplanar interactions. Water molecules were
simulated using the SPC/E rigid model.®? The nonbonded
interactions among sheet elements and water molecules were
modeled using prev10usly reported distance (oy;) and ener
(€1;) parameters, 63765 obtained using Lorentz— Berthelot®®

mixing rule, that is, 6;; = 1/2[o4+ 6 ] and €5 = [€€;- The h-

BN and water interactions were taken from the previously
reported parameters for water permeability check through h-
BN nanotube with 65 and oy = 3.310 and 3.266 A and €0
and €y = 0.1214 and 0.1500 kcal mol ™!, respectively.”* The
partial charge values used for B and N atoms are +0.37/—
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0.37.°* For g—C;N,—water interactions, we used the
previously reported parameters, including the charge variation
over g-C3N,."> As the bilayer was simulated beforehand, with
both the parallel sheets flexible, during the entire simulation
with water molecules, both the layers of h-BN and g-C;N,
were kept static, and the water molecules were arranged
according to the instantaneous surface. The energy mini-
mization was performed for h-BN-water and g—C;N,—water
systems using the conjugate gradient method. We performed
statistical sampling at 300 K using NVT simulations for 20 ns
followed by S0 ns of NVE simulations. The integration step
was 1 fs. The system temzperature was controlled using the
Nosé-Hoover thermostat,”” " and the SHAKE algorithm”"
was used to constrain the bond involving hydrogen atoms. All
properties reported here were calculated from the trajectories
generated with the NVE ensemble.

3. RESULTS AND DISCUSSION

3.1. Structure of Interface. We started with identifying
the interfacial layer and the effect of the heterosurface on the
same. The average density of water molecules along the z-axis
was calculated using the widely accepted formula

where N(z — Az/2, z + Az/2) is the total number of the
center of mass of water molecules in the volume, L,L,Az,where
Az is the bin width of 0.1 A. As our setup consists of a bilayer
dipped in a solvent (water), we obtained water distribution
along the z-axis in both directions, namely, ‘top’ for z > 0 A
and ‘bottom’ for z < 0 A. A distinction between density-
dependent water layers is crucial for surface-dependent
interfacial studies. We have shown the snapshots of the
simulations in Figure la,b. We identified three sets of layers,
namely, layer 1 (L1, gray region), layer 2 (L2, red region), and
layer 3 (L3, green region), distributed on both sides of h-BN
and g-C;N, as depicted in Figure 1c,d, respectively. A rigorous
distinction of the interfacial, diffusion, and bulk layers was
performed and followed for every physical property calculation.
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Figure 2. TOP (g,) of water molecules in the L1 (magenta line), L2 (blue line), and L3 (green line) layers distributed along (a) h-BN and (b) g-

C;N, surfaces.

The water density attains equivalent maxima in both the top
and bottom regions of bilayer h-BN and g-C;N,, with average
values of 1.65 and 1.25 gm cm™ in LI, respectively. The
second maximum, first, and second minima appear at the same
distances from the first maximum in the top and bottom
regions for a specific heterosurface. The relatively higher value
of maximum water density is observed in the L1 of h-BN and
g-C;N,, the reason for which we believe is two-fold: structural
and chemical. Experimental observations showed that h-BN,
with 85.8° contact angle, is more hydrophobic than g-C;N,,
which has a contact angle of 58.6°.”**° The hydrophobicity of
the heterosurface directly impacts the structural and orienta-
tional alterations. The second factor is the structural integrity
of the heterosurface. Both hydrophobic and hydrophilic
surfaces show a heightened maximum density in L1. However,
the deciding factor for the peak height is the smoothness of the
2D surface. The smoother surfaces like graphene, h-BN, and
Mo,S show higher maximum density as compared to more
corrugated surfaces like hydroxylated silica and alumina.>*
Hence, the difference in the maximum density for h-BN and g-
C;N, pans out as the 2D structural homogeneity effect. h-BN
being more homogeneous along the 2D shows 1.65 gm cm™
maximum water density in L1, which is 1.3 times the same in
the case of g-C;N,.

3.2. Hydrogen Bond Statistics. From the P(rq;) plot,
depicted in Figure S1, we could not distinguish any significant
difference in the peak positions for L1, L2, and L3. On the way
to the HB study, the most consequential static structural
property is tetrahedrality. We analyzed P(ro4) versus ro4 as a
prestudy of the TOP. rq, defines the average distance between
the central water molecule and its four nearest neighboring
water molecules. The deviation in the maximum probable peak
position is blue-shifted toward a higher average distance value
for L1 water molecules compared to L2 and L3/bulk,
irrespective of the surface under observation. However, the
P(ro4) distribution has a wider distribution for L1 water
molecules close to h-BN and the highest average distance for
the most probable ro,. Deviation of the peak position and
stretch of the plot width is utmost for L1 water molecules
closest to the h-BN interface, as depicted in Supporting
Information Figure S1b,f. Hence, ro, has an immediate effect
on the TOP (qy,) calculated using the equation

3 4
1.=1- P2 X (costy+3)
i=1 j=i+1

where 917 = the angle between ith, central, and a jth water
molecules and i and j are the closest neighbors to the central
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water molecule.”” As g, simply depends upon the angle
formed by oxygen of the three closest water molecules, a
perfect tetrahedral arrangement involving five water molecules
provides a value of 1, and an utterly out-of-order set gives a
value of 0. Comparing the P(q,,) plot of L1, L2, and L3, we
find that the peak in the region g, > 0.5 is absent for the water
molecules in the L1 of h-BN and g-C;N,, though we find a
prominent shoulder in the same region for the interfacial water
molecules of g-C;N,. The results hint at a complete loss of the
tetrahedral arrangement of hydrogen-bonded water molecules
in the L1 of h-BN. In the case of g-C;N,, few water molecules
close to the surface still maintain tetrahedrality; however, the
condition is less probable than L2 and L3. Pictorially the high
tetrahedrality range is depicted through a pink patch in Figure
2. The loss of tetrahedrality is common for both h-BN and g-
C;N,.

The concept of tetrahedrality is linked to both orientational
and translational order. Orientational and translational order
properties are related to the angular and radial variance,
respectively. Introduced by Errington and Debenedetti as a
measure of tetrahedrality, translational order () measures the
“preferential separation tendency” of the water molecules.””
The value of ¢ depends on the spatial arrangement of similar
atoms and can be measured for noninteracting ideal gas to
categorically arranged metal.”>”* It is particularly dependent
on the pressure and varies due to compression and expansion.
Water molecules” hydrogen bonding is assumed to be the sole
determinant of both g and t. However, recently, Duboué-Dijon
et al. suggested a substitute for ¢, translational tetrahedral order
(TTO), specifically defined for water. The TTO is defined as a
function of the radial distance between central water and
closest peripheral water molecules,””

_ =\
S,=1- %Z:_ . (r"r: " When tetrahedrality increases in the
- r

local vicinity, S increases. The major difference between t and
Sy is that the earlier requires average structure calculation and
the latter requires instantaneous structure calculation. Sy values
calculated for the bulk water simulated at 298 and 260 K are
0.999000 and 0.999171 using the TIP4P/200S FF parame-
ter.”> The authors observed a significant change in the
orientational tetrahedral order (q) when the simulation
temperature changed; however, the variation in t is quite
insignificant in the order of 107%, that is, ~0.0002. We also
calculated the Sy value for L1, L2, and L3/bulk of h-BN and g-
C;N,. For h-BN, the S value for L1, L2, and L3 is 0.903,
0.908, and 0.909, respectively. The translational order of L1 is
less than that of L3, and the change is of the order of 107 For
g-C;N,, the Sy value for L1, L2, and L3 is 0.906, 0.908, and

given as
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Figure 3. (a,b) represent the average numbers of HBs donated (HB-D) and accepted (HB-A) by water molecules in the different layers. (c,d)
Distribution of HBs per water molecule in layer 1 (magenta), layer 2 (blue), and layer 3 (green) around h-BN and g-C;N,, respectively.

0.909, respectively. The reduced TTO for the h-BN interfacial
water molecules is the outcome of extended 2D-HB formed
between L1 water molecules. In further discussions, the
relation between the TOP and hydrogen bonding will be
drawn and eventually linked to the hydrophobicity of the
heterosurface.

We further ventured into the likelihood of HB formation in
the distinct layers. The statistically averaged HB number was
calculated in two distinct formats: HB donor/acceptor (HB-
D/A) count and probability distribution of per water HBs
[P(Nyg)]. Galli and co-workers’ bond distance and angle
criteria’® were chosen to define hydrogen bonding, that is, roy
<245 A and <H—=O4onor—Oucceptor < 30°. Figure 3a,b depicts
the average number of HBs donated (HB-D) and accepted
(HB-A) per water molecule. HB among water molecules in the
same layer and different layers are termed intralayer and
interlayer HBs. In the current discussion, we have considered
total, that is, the integration of inter and intralayer hydrogen
bonding. We find a decreasing number of HB-D and HB-A as
we move across the water layers from L3/bulk to the L1/
interfacial layer. In the L3, the total numbers of HBs formed
per water layer are 3.6 and 3.5 for the h-BN and g-C;N,
heterosystems, respectively, which are close enough and mimic
previously reported data.*””””® In the interfacial layer of both
the systems, the integration of HB-D and HB-A turns out to be
3.2 (h-BN) and 3.3 (g-C;N,), respectively. There is a decrease
in the average number of HBs per water molecule as well as a
loss of tetrahedrality in the L1, despite most water-dense
regions. Experimental studies reveal that g-C;N, and h-BN
surfaces have a contact angle of 58.6 and 85.8° respectively,
which makes h-BN more hydrophobic.”**" In our recent
classical molecular dynamics study, we revealed the amphi-
philic nature of graphene and g-C;N, hybrid surfaces as well as
local hydrophilicity and hydrophobicity.”> The first principles
simulations revealed that the edge and defect N centers of g-
C;N, are locally hydrophilic and the carbon centers are
hydrophobic.””*’ A previous study comparing the structural
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properties of water molecules confined within the two layers of
h-BN and graphene also found reduced HBs in the interfacial
region by studying the continuous HB profile along the z-
axis.”® The same pattern is also observed in the interfacial layer
of h-BN and g-C;N, in our case. The effect of the
heterosurface is felt on the second layer also, which leads to
the reduction of the total average HBs (3.4) in the L2
compared to L3. Another significant remark we find is that the
HB-D number is higher than HB-A in the L1 for both cases,
whereas the values remain equivalent in the L2 and L3. We
extended the static HB number calculation to the probability
distribution of Ny, which is the total number of HBs formed
per water molecule. For the L1 water molecules, we find that
maximum water molecules prefer to form three HBs, whereas
for L2 and L3, Ny peaks for four HBs. Comparing h-BN and
g-C;N,, we find the deviation of the P(Nyg) for Ny = 1/2/3/
4 is relatively higher for g-C;N, compared to h-BN. In our
previous studies, we find HB counts follow the trend of TOP
of water molecules in different layers. However, comparing the
hydrophobicity of two heterosurfaces, we find a shoulder
appearing in the region g, > 0.5 for L1 water molecules in the
g—C;N,—water system, which is missing otherwise. The
substantial loss of tetrahedrality suggests that the L1 water
molecules are unable to form four HBs arranged in a
tetrahedron in the case of h-BN. Hence, we conclude that
the TOP of h-BN interfacial water molecules deviates
maximum from the ideal condition, that is, the TOP of L3/
bulk water molecules. However, we find the probability of Ny
= 4 is ~10% higher for h-BN [P(Ny = 4) = 0.8] compared to
g-C,N, [P(Nys = 4) = 0.64]. The average numbers of
hydrogen bonds formed per water molecule are 3.23, 3.39, and
3.50 for L1, L2, and L3 of h-BN and 2.91, 3.33, and 3.44 for
L1, L2, and L3 of g-C;N,. For g-C;N,, per water HBs in L1
deviate maximum from L3/bulk values compared to BN, which
is an opposite trend to TOP, suggesting the true nature of HB
among L1. Though not tetrahedrally arranged, the hydrogen-
bonded water clusters in the interfacial layer of h-BN are of
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higher order in terms of the number set against g-C;N,. Now,
the query arises of how these results can be correlated with
hydrophobicity.

Before venturing further into other properties, we analyze
the dynamic properties, such as survival interval, orientation
autocorrelation function (OACF), HB lifetime (HBLT), and
mean squared displacement (MSD), which are further
correlated with the spectral properties.

In the following section, we have added the survival interval
of water molecules in the L1 of h-BN and g-C;N, using the
formula

SR(t) — <5(0)S(§)>
((s(0))7)

where Sp(t) represents the continuous survival span of water
molecules in the interfacial layer. S(t) can be 1 if a water
molecule continuously stays in L1 from ¢ = 0 to time ¢, and it is
zero otherwise, and s(t) is unity when a water molecule stays in
that layer at a specific time ¢ and zero otherwise. The L1 range
for h-BN and g-C;N, is the same as that we previously
followed. A previous FPMD study has reported that water
molecules have a longer survival interval closer to the relatively
less hydrophobic heterosurface.”” Our results, pictorially
depicted in Figure 4a, also hint at a longer survival span of
water molecules closer to g-C;N, (75 = 35.9 ps) compared to
h-BN (zg = 29.9 ps).

If not tetrahedron or a three-dimensional arrangement, what
could be the spatial arrangement of hydrogen-bonded water in
the interfacial layer of h-BN and g-C;N,? Figure 4b represents
the HB-D count per water molecule (Nyg_p) in the adjacent
interface layer of h-BN and g-C;N,. Intralayer HBs are formed
among the water molecules within the L1, and interlayer HBs
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Figure 4. (a) Exponentially decaying function representing the
temporal evolution of the survival interval of layer 1 (L1) water
molecules in the h-BN (solid line) and g-C;N,, (dotted line) interface.
(b) Number of HBs donated per water molecule to the water
molecules in the same layer, that is, intralayer (red bars) HBs, and to
the water molecules outside the same layer, that is, interlayer (blue
bars) HBs.
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are formed between L1 and adjacent layer water molecules.
For h-BN, we find that intralayer Nyyp_p is higher than g-C;N,,
while the situation is contrary for interlayer Nyp_p values. The
fact still presented a hint at a higher ordering of h-BN
interfacial water molecules, and the deciding factor is assumed
to be the hydrophobicity of h-BN. For g-C;N,, the difference
in the inter- and intralayer HBs is less, suggesting that L1 water
molecules prefer both L1 and L2 water molecules for HB
formation. However, h-BN adjacent water layers prefer
intralayer HB formation to a considerable extent compared
to interlayer ones. The above discussion reproves the
observations from TOP. Thus, we started digging deeper
into the spatial orientation of the HBs.

3.3. 2-Dimensional Hydrogen Bonding. We started an
in-depth analysis of the HB formed by L1/interfacial water
molecules with the orientation of their dipole moment and
angular orientation of the O—O nonbonded vector of two HB
interacting water molecules. The two- or three-dimensionality
of the hydrogen-bonded water clusters can be identified by
observing different angular orientations to the normal vector
either parallel or perpendicular to the heterostructure. To
study the orientation of the water dipole moment, we
calculated the projection of the <H—O—H bisector onto the
vector normal to the surface (p,). We segregated the spatial
orientation of water as “UP” for p, > 0.33, “PAR” for —0.33 >
P> 0.33, and “DOWN?” for p, < —0.33. Once segregated, we
calculated each set’s number probability and depicted the same
in Figure 5. Pezzotti et al. have tested many different p, cutoffs
and finally settled for 0.33*. For h-BN, the parallel orientation
“PAR” has maximum probability with 44% of the dipole
moment of L1 water molecules oriented parallel to the surface.
In contrast, only 27 and 29% belong to the “UP” and
“DOWN” categories. For g-C;N, the “UP,” “PAR,” and
“DOWN” oriented water molecules are 30, 37, and 33%.
Hence, for h-BN, many water molecules in the L1 remain
parallel to the instantaneous heterosurface. Though the “PAR”
orientation percentage is high for g-C;N, compared to “UP”
and “DOWN” orientation, the number and deviation are
conspicuously smaller than h-BN. Considering L2 and L3 for
both h-BN and g-C;N, systems, the “UP” and “DOWN”
orientation surpasses the “PAR” orientation, which we think is
the factor contributing to the high TOP of L2 and L3.

Later, we proceed to O—O nonbonded vector where the
oxygens belong to a pair of hydrogen-bonded water molecules.
In Figure 6 we have presented the scatter plot of O—O spatial
distance against the cosine of the angle made by the Og,,,,—
O.cceptor vector with the unit vector normal to the surface.
Figure 6a,)b, and 6¢ depicts the distribution plots for L1, L2,
and L3 water molecules around h-BN. In the interfacial layer/
L1, the O—O nonbonded vectors are accumulated from 2.65 to
2.90 A with maximum probable angular orientation perpen-
dicular to the normal unit vector to the surface and hence
parallel to the surface. However, for L2 and L3, the same
distance-angle distribution can be found to be outspread in the
whole angular region for the most probable O—O distance
range of 2.60—2.85 A. The distance range reiterates our P(rq,)
versus rq, distribution for the h-BN interfacial water molecules.
Hence, it is understandable that the water molecules located in
L1 form rather long HBs. Observing the same property for g-
C;N, interfacial and bulk water molecules, depicted in Figure
6d—f, we find the most likely O—O distance acquires the same
range in L1, L2, and L3. Comparing h-BN and g-C;N, for L1
water molecules, the Ognor 10 Opcceptor Vector is oriented
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strictly parallel to the instantaneous h-BN surface; however,
the O—O distance is more bulklike for g-C3N,, and the
nonbonded vector is not strictly restricted to the parallel
orientation to the surface. It is a known fact that a more
hydrophobic system tends to repel the water in contact and
hence forms spherical bubbles close to the surface.”"* A
relatively centered and relatively fanned out cos @ versus ro_g
[A] distribution in the L1 for h-BN and g-C;N,, respectively,
shows that HBs formed among interfacial water molecules are
essentially parallel to the immediate heterosurface. However,
the cos € range is boundless for L2 and L3, and the distribution
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is uniform. The stern range of cos € for the h-BN interfacial
layer again suggests the unusual hydrogen bonding situation.
The most logical explanation that can be drawn from the trend
of TOP, HB count, and the orientational features of hydrogen-
bonded water molecules is the two-dimensional HBs. Instead
of a 3D tetrahedron, the L1 water molecules are arranged in a
2D sheet; the effect is most prominent for h-BN interfacial
water molecules. Further investigations are required to
determine the order of the 2D hydrogen-bonded structure.
This section highlights the order magnitude of 2D
hydrogen-bonded structure among L1, L2, and L3 water

https://doi.org/10.1021/acs.jpcc.2c07098
J. Phys. Chem. C 2023, 127, 25442557


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c07098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
T e 2T
T8A 18A 18k — h-BN r T8A 18A Teh— 9CN, 1
- 15 — 15 -
g e
o 3]
ON ON
& &
05
0 |
0 5 10 15 20 2 0 5 10 15 20 25
Z-axis [A] Z-axis [A]

Figure 7. Water density distribution along the top direction (for z > 0 A), and the gray, red, and green patches represent the selected 1.8 A region
chosen from layer 1, layer 2, and layer 3 to study the 2D-HB properties.

h-BN 1
Layer 1

L

h-BN
Layer 2

h-BN ]
Layer 3

0 01 02 03 04 05 0

02 0.3 04 05 0

02 03 04 05

T T T T T
g-CBN4
Layer 1

1 gCN, |
Layer 2

T T T
g- C3N4 -
Layer 3
1y

0 01 02 03 04 05 0
N a/<N>

0.1 02 03 04 05 0
ax/<N>

0.1 02 03 04 05
ax/ <N>

Figure 8. Probability distribution of the n,,/<N>, where n,,, and N represent the maximum 2D sheet size attained by water molecules and the
total number of water molecules in the chosen section of the (a,d) layer 1 (magenta bars), (b,e) layer 2 (blue bars), and (c,f) layer 3 (green bars) of

h-BN and g-C;N,.

molecules. Since we are focusing on the 2D-HB sheet
structures, a pretested range of 1.80 A is chosen in each
density-defined layer instead of the entire water layer, such that
the water molecules lie in the +0.9 A from the peak position of
the L1 and L2, depicted pictorially in Figure 7.

We started by identifying the water molecules in close
contact with each other satisfying the HB criteria, that is, roy <
245 A and <H=O4onor=Oucceptor < 30°. Once the paired water
molecules forming HBs are recognized, connected component
analysis is performed using network graph theory to identify
the end-to-end connected water molecules forming a 2D sheet.
The maximum number of water molecules forming the largest
2D sheet, termed n,,, is obtained from the connected
component analysis. Another physically meaningful quantity is
N, the total number of water molecules in the chosen 1.80 A
region. Calculations concerning #,, and N can provide a
statistically meaningful quantity. n,, values are obtained by
analyzing a 40 ns NVE trajectory, ensuring a proper sampling.
The temporal evolution of the absolute n,,,, values is depicted
in Figure S4.

Though maximum n,,,, irrespective of the layer, is
distributed in the range 5—10, a significant set of water
molecules acquire an extended 2D sheet structure in the L1 of
h-BN. Such elongated 2D sheet arrangements are in the L2
and L3 of h-BN and all density-segregated layers of g-C;N,.
Previous FPMD studies have reported the n,,,, to be 40 in the
watervapor interfacial layer;*> however, this value can change
depending on the dimension of the heterosurface. Also, our
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study involves classical rigid water models, which is why there
are fewer extended 2D-HBs in the L1 of h-BN. Since the
presenting n,.. value is not a generic approach, we calculated
the probability of n,,./<N>, where N is the total number of
water molecules in the L1 at a given time. From P, ./ N>
depicted in Figure 8, we find a major set of n,,,/<N> (0.3—
0.5) noticeable probability in the L1 of h-BN, which has zero
probability for L2 and L3 of h-BN and all layers of g-C;N,. For
L2 and L3, probability peaks for n,,,,/<N> ~ 0.1, irrespective
of the surface. The non-zero probability of n,,,,/<N> in the L1
of h-BN, covering the range 0.30 to 0.50, suggests that at a
certain time, 33 to 50% of water molecules participate in the
2D-HB formation. Such a phenomenon is absent in other
layers of h-BN. A shift in the maximum probability value is
observed in the L1 of both heterostructures. Thus, an inherent
static property extended 2D-HB and hence the obtained n,,,,
are qualified to distinguish between the hydrophobicity of h-
BN and g-C;N,.

3.4. Hydrogen Bond Dynamics and Translational
Diffusion. Our further observations are based on the temporal
evolution of the dynamic properties. A correlation between the
static and dynamic HB properties can add profoundly to the
generalization of the observed hydrophobicity. We calculated
the HBLT of water molecules in the different water layers. We
computed the lifetime from the continuous hydrogen bond

. . 83-87 .
correlation function, given as
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J. Phys. Chem. C 2023, 127, 25442557


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07098/suppl_file/jp2c07098_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07098?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c07098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
1 g-GN,
— T T T T 1
b
— 0sf -
= 1 ~ 0.6 -
@ 4 ?oal -
— 0.2 -
1 |
4 % 2 4 6 8
Time [ps] Time [ps]
10000 g 10000 T
£ C ] Fd
1000 - . 1000 -
& o ] E
< 3 i< 3
Q N 1 a N
1001 4 100
10, /EEETETITT BRI B 10 A4 YT BT TTTY B,
1 10 100 1000 1 10 100 1000
Time [ps] Time [ps]

Figure 9. Hydrogen bond lifetime correlation function Sy5(#) presented for L1 (magenta line), L2 (blue line), and L3 (green line) water layers for
(a) h-BN and (b) g-C;N, systems. The log-log plot of MSD of water molecules in the different density-wise separated layers around (c) h-BN and

(d) g-CsN,.

_ (h(0)H(t))
(o))

where h(t) = 1 or 0 depending on whether water molecules
follow or do not follow the HB bond and angle criteria, ro_y <
245 A and <H-0-0 < 30° and H(t) = 1 or O for a
continuously intact HB for time t or otherwise, respectively.
The decaying Sy function is provided in Figure 9a,b for h-BN
and g-C;N,, and the HBLT is obtained by fitting the decaying
curve using a monoexponential function
f(x) = A exp[—(*,,,,)], where 7yp is the average HBLT.

The HBLT values are provided in Table 1. The HBLT in the

Table 1. Represents the Continuous HB Dynamics and the
Diffusion Coefficient Values for Water Molecules in the
Different Layers Distributed Along the Normal Direction to
H-BN and g-C;N,

Sup

EN) Typ (PS) D(mz S_1)

h-BN Layer 1 0.88 0.43 3.1§ £ 0.03
Layer 2 0.88 0.41 3.16 + 0.04

Layer 3 0.89 0.36 3.23 + 0.09

g-C3N, Layer 1 0.89 1.01 243 + 033
Layer 2 0.89 0.82 2.36 + 0.32

Layer 3 0.89 0.40 2.69 + 041

different layers of h-BN is found to be equivalent; however, a
decreasing trend is observed for g-C;N, moving from L1 to L3.
Thus, in the g-C;N, interfacial layer water—water, HB has
greater strength compared to bulk as well as the h-BN
interfacial water molecules. The TOP trend”” shows the
noteworthy loss of higher-order g, for h-BN compared to g-
C;N,, and we find a comparable trend of HBLT of L1 water
molecules surrounding h-BN and g-C;N,. Such an observation
is expected as the presence of a hydrophobic system induces a
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defect that leads to a loss of usual tetrahedrality along with the
formation of stronger 2D-HB. The h-BN L1 water molecules
have faster decaying Syg (745 ~ 0.43 ps) as opposed to g-C3N,
(tgp ~ 1.01 ps), which can be further correlated with the
scattered distribution of O—O distance versus angular
orientation of the O—O nonbonded vector. The latter reveals
the presence of a slightly elongated distance among hydrogen-
bonded O—O pair in the L1 close to h-BN and hence the
reduced HBLT compared to g-C;N,.

Following HBLT, we study the translational diffusion
coefficient (D), calculated following the MSD of water
molecules, given as the following equation

(Ir(t) = r(0)I*)
6t (1)

where 7(0) and r(t) represent the position of the center of
mass of water molecule at times 0 and t respectively. The log—
log plot of the MSD is depicted in Figure 9¢,d for h-BN and g-
C;N,, respectively. Hence, the calculated D values along with
the standard deviation are provided in Table 1. The standard
deviation values are obtained by calculating the MSD of the
different sections of the NVE-generated trajectory. The
diffusive region is obtained by calculating 5(¢) given as follows

~dhn <Ar*(t)>
© d In(p )

Ar(t) shows the position change with time. As f reaches
unity, the section farther is considered for diffusivity
calculations. The D values given in m* s™' follow the exact
trend as HBLT. Fastened decaying Syp leads to a smaller
HBLT and a faster diffusion coeflicient. The survival interval of
water molecules in the L1 is also higher in the g-C;N,
compared to h-BN. Hence, the dynamic properties comple-
ment each other.

3.5. Anisotropic Decay and Power Spectra. The
rotational motion of the water molecules is accounted for by

D = lim

t— oo

B(t)
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calculating the OACF of the O—H bond vector which
determines the temporal evolution of the same. Either first
or second-order Legendre polynomial can be used to define
the autocorrelation O—H vector. We calculated the OACF of
the O,,—H,, vector of water molecules in different layers from
the equation,”

Cz(t) = <P2[uoH(0)~ uOH(t)D

a Legendre polynomial function of rank 2 as the time-
dependent polarization anisotropy is allied to the rank 2
rotational function. Here, ugy(t) and uoy(0) represents the
OH bond vector at times t and 0, respectively. Hence, the
obtained decaying plots are fitted using a stretched

B
monoexponential function f(x) = A exp[—(f)] , where,

parametrization is done for A, a pre-exponential factor, and
B, the stretch factor, and the fitting parameters are depicted in
Table 2. By fitting the exponentially decaying curves of O—H

Table 2. Fitting parameters and reorientation lifetimes
obtained by fitting a stretched exponential function to the
second-order Legendre polynomial curve of OACF

Cy(8)
A 7(ps) p
h-BN Layer 1 0.81 2.20 0.82
Layer 2 0.81 1.49 0.82
Layer 3 0.81 1.32 0.81
g-C3N4 Layer 1 0.80 2.69 0.82
Layer 2 0.81 1.26 0.82
Layer 3 0.81 1.10 0.82

bond vector orientation in the different layers, depicted in
Figure 10a,b for h-BN and g-C;N, affected layers, we find that
the L1 water molecules have retarded orientational pace as
compared to other layers. Drawing a comparison among
interfacial layers of g-C;N, and h-BN, we find a slower
reorientation lifetime, that is, 2.69 ps versus 2.20 ps, for water
molecules in close interaction of g-C;N,. A stronger HB
environment may add to the slower reorientation of intra-
molecular bonds. Relatively weaker HB environment in the h-
BN interface resulting due to elongated O—O, the interaction
may append the faster orientational dynamics of h-BN. Recent
FPMD simulations report a faster dynamic in the interface
compared to the bulk. However, the situation alters for FF-
based information, which lacks proper polarization and partial
charge distribution on the surface. Hence, the observations can
be termed circumstantial.

The IR spectrum of water molecules consists of libration,
intramolecular bending, and stretching in the increasing order
of wavenumber. Since we used rigid water, the bending and
stretching modes are inaccessible to us, which require the
knowledge of intramolecular vibrational modes. Thus, the
following discussion proceeds with libration modes related to
intramolecular interactions only. The intramolecular inter-
action of water molecules is usually associated with hydrogen-
bonded interactions and networks associated with the peaks
centered around low-frequency regions.” Experimental studies
including far infrared spectroscopy,” terahertz spectroscopy,”’
and RAMAN spectroscopy’ > dissect the low-frequency
region into three separate modes, namely, the libration
mode, appearing as the broad peak around 500—700 cm™;
intermolecular stretching among hydrogen bonded O---O,
appearing close to 200 cm™', and intermolecular bending
framed as O--O--O, appearing in the S0—60 cm™' range.
Recent THz calorimetry identified 450—600 cm™ as the
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Figure 10. Anisotropically decaying orientation autocorrelation function C,(t) (n = 2) of OH bond vector of water molecules in layer 1 (magenta
line), layer 2 (blue line), and layer 3 (green line) concerning the second-order Legendre polynomial in the three distinct layers around (a) h-BN
and (b) g-C;N,. (c,d) represents the power spectra of the water molecules obtained from the Fourier transformation of H of water molecules in

different layers around h-BN and g-C;N,, respectively.
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libration mode fingerprint.”* Normalized H,, velocity auto-

correlation function component (C{'(t)) is calculated as
Crnlty) valty+ 1))
Conte) vilto))
vectors of the H,, atom at times tyjand ¢, + f, respectively.89
Fourier transformation of CH(t) results in power spectra.
Broad peaks ranging around 0—1000 cm™' are primarily
termed libration peaks. As the terminology suggests, the
libration peaks are inherently associated with the intermo-
lecular interactions and the orientational motion of the water
molecules. The red- and blue-shifted libration peaks are
equated to faster and slower orientational and translational
dynamics. The local hydrophilicity of g-C;N, induces a familial
environment for water molecules. For g-C3N,, as depicted in
Figure 10d, a blue-shifted libration mode for L1 water
molecules sits well with the significantly slowed HBLT and
C,(t) decay compared to L2 and L3/bulk water molecules.
Such behavior was reported earlier while comparin
reactive and reactive flexible FF parameters (FFP).”” The
authors observed a redshift in the libration modes for reactive
FFP due to a relaxed environment leading to faster diffusion,
slower HBLT, and faster decaying dipole moment orientation.
The water molecules in the L1 of the h-BN interface, owing to
their hydrophobicity, show faster decaying HB dynamics and
smaller reorientation time compared to g-C;N,. Hence, the red
shift in libration modes is observed. Two other peaks in the
low-frequency region centered around 50—60 cm™' and 175—
200 cm ™! correspond to O-O-O bending modes and O-O/0—
H-O stretching modes in tetrahedrally arranged water
molecules.”” For h-BN, the power spectra and the libration
modes only differ in intensity as depicted in Figure 10c;
however, there is a blueshift in the low-frequency region, 50—
60 cm™}, affirming our TOP observation. A lack of proper
tetrahedral arrangement leads to frequent O O O bending. For
g-C;N,, as depicted in Figure 10d, a blueshift was observed in
the L1 water molecules; however, the frequency shift in the
low-frequency region is inconsequential. The observation can
be correlated with the TOP trend and the huge gap in the
reorientation lifetime in the different water layers around g-
C;N,.

, where Zl(to) and 71;(1?0 + t) are the velocity

non-

4. CONCLUSIONS

We investigated the water affinity of the bilayer heterosurfaces
dipped in water by performing the classical molecular
dynamics simulation. We analyzed the density-defined layers
of water molecules around h-BN and g-C;N,, the survival
probability of water in layers, and 2D and 3D HB properties. A
correlation is drawn among the HB properties, dynamic
properties, and hydrophobicity. Comparing both the hetero-
surface using TOP, we find a relatively greater loss of
tetrahedrality in the L1 of h-BN compared to g-C;N;
however, the situation altered when we considered the per
water HB count and HB-D/A count. Anticipating an anomaly
among the L1 water molecules, owing to the difference in the
TOP and HB counts, we studied the orientation of the
uninterrupted hydrogen bonded water network. Instead of a
3D tetrahedrally arranged hydrogen bonded water structure,
we believe the interfacial water molecules are involved in a
sheetlike 2D arrangement. The dipole orientation of the water
molecules concerning the surface normal vector is calculated to
quantify the sheetlike arrangements of HB, and the most
probable orientations in the L1 are the ones parallel to the
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heterosurface. The percentage of the parallel orientation is
maximal for h-BN compared to g-C;N,. Drawing the
correlation amid the distance between the oxygen of hydrogen
bonded water pair and the angular orientation of the Oyopo—
O.cceptor Vector, we find the h-BN L1 water molecules strictly
following the near-parallel angular inclination to the immediate
surface. However, the situation is not so rigid for g-C;N,,
where the above-mentioned distribution can acquire a
relatively wider range in the allowed hydrogen bonded O—0O
distance range. A proper distinction for hydrophobicity can be
derived based on our mentioned findings. The interconnected-
ness of these parallelly oriented intermolecular HBs is further
studied for L1 water molecules around h-BN and g-C;N,. A
wide-reaching 2D-HB network is found in the L1 of more
hydrophobic h-BN, compared to g-C;N,, as the intralayer
interaction among water molecules increases to compensate for
the defect induced by the hydrorepelling surface. A shift in the
maximum probability of n.,/<N> in the interfacial layer
demonstrates an extended 2D-HB network. Further correla-
tions are drawn among temporally evolving dynamic properties
and static hydrogen bonding properties. The L1, c3n4 water
molecules have a 7y = 1.01 ps representing a longer
continuous hydrogen-bonded state among the interfacial
water molecules as opposed to L1;,_gy water molecules (7
= 0.43 ps). Elongated O—O interaction distance leads to a
relatively weaker HB environment in the h-BN interface
resulting in faster orientational dynamics of the h-BN (z, =
220 ps) compared to g-C;N (7, = 2.69 ps). The current
discussion blends the structural, dynamic, spectral, and
instantaneous HB phenomenon to shed light on how water
behavior can be distinguished near a hydrophobic or
amphiphilic surface. We believe this study unsheathes a better
understanding of heterosurface hydrophobicity and can be
referred for future investigations.
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