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Leveraging metaheuristics to uncover water
confinement in multilayer graphynes+

Megha Rajeevan® and Rotti Srinivasamurthy Swathi (2 *

Global optimization is an effective approach to study the geometries and energetics of atomic or
molecular confinement within nanostructures. The high computational cost associated with modeling
such complex chemical systems calls for the adoption of stochastic global optimization techniques.
Herein, we employ a swarm intelligence-based technique, namely, particle swarm optimization (PSO), to
study the confinement of water clusters in monolayer and multilayer graphynes (GYs), including y-GY-2,
v-GY-3, and y-GY-4. The water molecules are described using the TIP4P model. The non-electrostatic
part of GY—water and GY-GY interactions is modeled using the optimally fitted improved Lennard-
Jones potential and the anisotropic Hod's interlayer potential, while the Coulombic potential is
employed to account for the electrostatic interactions between GYs and water. Our PSO results reveal
that the pore size of GYs is vital to the confinement of water clusters in multilayer y-GYs. The y-GY-2
multilayer tends to accommodate water as a monolayer between its two layers for large cluster sizes.
A single-file confinement of water molecules is observed when water clusters were confined within the
v-GY-3 trilayer. In contrast, y-GY-4, with the largest pore size, allowed clustering of water molecules
within the triangular channels. Our findings established the importance of incorporating the twist
features of GYs in the modeling formulation, as well as the accurate description of empirical
formulations that can enable large-scale simulations. Our findings hold promise for extended research
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Introduction

Properties of water under confinement have always been a hot
topic in the scientific community. The structural features of
confined water molecules differ from those of bulk water owing
to the change in the hydrogen-bonding network upon con-
finement. This results in a change in their physicochemical
properties from bulk water, spurring the incessant interest in
confined water. For instance, the density and surface tension of
water were found to be altered when confined in silica pores."
Similarly, the freezing point and melting point of water were
found to be reduced on nano-scale confinement.” The influ-
ence of confinement on the dielectric constant of water has
been discussed as well in the literature.® Various experimental
studies involving infrared spectroscopy have revealed the effect
of water confinement on hydrogen bonding and dynamics of
water.”” A review by Bagchi and co-workers outlined the varia-
tion of dielectric relaxation and solvation dynamics of water
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on water transport through twisted multilayer GYs.

molecules when confined within biological systems.® Moreover,
confinement brings in variation in the fluid mechanism when
passing through nanoporous channels. In particular, water
confined in carbon nanotubes exhibited enhanced flow com-
pared to bulk water in macroscopic tubes.”® However, many
theoretical studies demonstrated that such a change in fluid
behaviour, as well as the structural features of confined water
molecules, is highly dependent on the characteristics of
nanotubes.’* For example, carbon nanotubes with a diameter
of nearly 0.55 nm were experimentally demonstrated to have
single-file water confinement (one-dimensional water chains)."?
Water confinement in single-file arrangement has been of heigh-
tened interest as many of the characteristics of confined water
are independent of the atomic structure of confining species,
unlocking biomimetic and nanotechnological applications.'* The
thermodynamic stability of single-file water confinement origi-
nates from the gain in rotational entropy of water molecules,
which compensates for the increase in energy due to the reduction
in the number of hydrogen bonds." For the case of single-file
confinement in carbon nanotubes, water molecules possess strong
anisotropic orientational relaxation, wherein slowing down of
dipolar relaxation and speeding up of the HH vector (the vector
joining the two hydrogen atoms in a molecule) relaxation were
observed.'® Additionally, the water molecules exhibited angular
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jumps in which the two hydrogen atoms on a given water get
interchanged preserving the H-bond with the same neighbour."”
Studies have shown that single-file water has high proton mobility
along the water chain, and it happens via the Grotthuss
mechanism.'®'® Also, the length-dependent dielectric proper-
ties of the 1D water chains make them potential candidates for
sensor applications.”®*" As with the change in properties of
water upon confinement, certain properties of the confining
structures were also found to be influenced by the presence
of water, especially when the confining medium is layered two-
dimensional structures.”” In 2015, Wang et al. designed a
seamless, thermally transparent, and electrically insulating
interface with the intercalation of water between graphene
and metal substrates.>® Similarly, the presence of water has
been shown to repress charge transfer in graphene/mica
heterostructures.**

The interaction of water molecules with polycyclic aromatic
hydrocarbons (PAHs) and other model compounds of graphene
is extensively studied owing to the hydrophobicity of the carbon
materials. Many ab initio studies have been reported discuss-
ing the interaction of a single water molecule with PAHs or
graphene.”>° Most of them theoretically analysed the ener-
getics with respect to various orientations of the adsorbed water
molecule and the dependence of the size of PAHs on the
stability of the adsorbed water. Moreover, absolutely localized
molecular orbital energy decomposition analysis (ALMO-EDA)
predicted that the interactions significantly contributing to
the stability of PAH-water complexes are dispersion and
electrostatics.”” Apart from these, various theoretical studies,
including molecular dynamics, global optimization, and elec-
tronic structure calculations, have been employed to study the
lowest energy geometries of water clusters adsorbed on PAHs
and graphitic surfaces.’'° These investigations probed var-
ious features such as the energetics, thermodynamic proper-
ties, dynamics, charge transfer, and spectroscopy of the
adsorbed water clusters,**?®3° and the influence of water
molecules on the hydrophobicity and the electronic structure of
graphene.’>?*3° The electronic state of graphene was found to
have a very minimal effect on water adsorption.’*° Similarly,
researchers have also explored the structures and energetics of
water clusters intercalated between PAHs and graphene
layers.**** Beyond the intercalation, the transport of water
molecules through the slit pores of graphene bilayer has also
been assessed via molecular dynamics.** The study has shown
that the formation of hydrogen-bonded networks by water
molecules between the graphene layers is hindered due to the
high van der Waals interaction between the graphene layers.
This issue no longer persisted when graphene oxide layers were
considered.** Besides the slit pores, the permeation of water
molecules through graphene layers is impeded due to the small
pore size of hexagonal pores in graphene. However, incorpora-
tion of a nanopore in graphene overcomes this challenge. For a
single layer of graphene, such a nanopore brings in the
possibility of water desalination, which largely depends on
the pore size and chemical substitution of the nanopore.*>*°
Similarly, nanoporous graphene multilayers exhibit water
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permeation; however, the water transport and desalination
efficiency additionally depend on the interlayer separation
and the pore alignment.*”*®

Building on the well-established results of water confine-
ment within graphene/nanoporous graphene layers, graphynes
(GYs), another class of hydrophobic carbon membranes, offer
promising yet underexplored potential for water confinement.
GYs are planar carbon sheets composed of sp> and sp carbon
atoms.*® Various classifications of GYs are made based on the
arrangement of acetylenic linkages in the carbon network. The
classification includes «-GY, B-GY, y-GY, rhombic-GY, 6,6,12-
GY, etc.”® Each of these GYs can be again classified based on the
number of acetylenic linkages (N) present between two sp>
carbon atoms (denoted as GY-N). This structural variation in
GYs enables the possibility of finetuning the porosity of GYs.
The remarkable structural, electronic, thermal, and mechanical
properties of GYs have resulted in several intriguing applica-
tions that have received a great deal of attention.”’* One
among them is water desalination.>>® The majority of inves-
tigations on water desalination using GYs employ y-GYs.>’
Within y-GYs, the pore size of y-GY-3 makes it most appropriate
for salt rejection; meanwhile, considering both salt rejection
and permeability, y-GY-4 is established as a better purification
membrane.®"** For a better understanding of the mechanism
of water desalination, various studies have been performed
analysing the confinement and transport of water through the
layers of y-GYs.®*"°® In a recent molecular dynamics study by
Li et al, the authors reported the order of diffusion rates of
water across y-GYs as y-GY-4 > y-GY-5 > y-GY-3, a trend which
is non-linear with respect to the pore size.®® In the same study,
they mentioned the possibility of the single-file mode of trans-
port through y-GY-3 multilayers at a lower time scale and the
Fickian mode of transport at a larger time scale. A similar
observation was also reported for the case of fast transport of
water through a unit pore of single layer y-GY-3.%*> However, the
Fickian mode of transport observed at a larger time scale might
also be a consequence of the absence of twist in y-GY-3 multi-
layers. It is, therefore, essential to assess the expected role of
twisting of y-GYs while studying water transport in multilayer
v-GYs. Moreover, molecular dynamics studies investigating
water-GY interactions employed empirical formulations that
are not parametrized for the systems under consideration.
Thus, it is prudent to revisit the confinement of water in
multilayer y-GYs and to ascertain if single-file water arrange-
ments can still be observed in multilayer y-GY-3 after taking
into account the twisting features.

In the present study, we employ a swarm intelligence-based
technique, namely particle swarm optimization (PSO), to assess
the single-file confinement of water in multilayer y-GYs.
We evaluate the structures and energetics of water molecules
confined in monolayers, bilayers, and trilayers of y-GY-2, y-GY-
3, and y-GY-4. To model the water confinement in bilayers and
trilayers more accurately, our modeling formalism included the
twisting features of GY layers by way of an empirical anisotropic
interlayer potential. The water-water interactions and GY-water
interactions are also described using empirical formulations.
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The empirical formulations describing GY-water interactions
and GY-GY interactions are parametrized against reference
electronic structure calculations. Subsequently, the putative
global minimum geometries of water molecules up to clus-
ters of size 20 confined on (within) monolayer (multilayer)
v-GYs are predicted using PSO in conjunction with empirical
formulations.

Methodology

Herein, we explore the water confinement in monolayers,
bilayers, and trilayers of three different y-GYs, namely y-GY-2,
v-GY-3, and y-GY-4. The annulenic model systems of all the
three GYs are optimized using density functional theory (DFT)
at the B3LYP/6-311G(d,p) level of theory incorporating
D3 correction with Becke-Johnson damping (B3LYP-D3(B]J))
(Fig. 1).°77%° The choice of the B3LYP-D3 functional for DFT
calculations was based on the literature reports suggesting the
reliability of this functional in modelling non-covalent inter-
actions in closely related systems.”®”> The geometry optimi-
zations were performed using the Gaussian 16 suite of
programs.”® The acquired geometries were confirmed as actual
minima by verifying the absence of imaginary frequencies and
obtaining convergence for maximum force, RMS force, maxi-
mum displacement, and RMS displacement, as specified in the
Gaussian suite of programs. We considered the confinement of
1-10, 1-12, and 10-20 water molecules, respectively, in mono-
layer, bilayer, and trilayer GYs. The number of molecules
considered for confinement in the bilayer and trilayer GYs are
chosen based on the estimated availability of pores for accom-
modating them. The putative global minimum geometries of
various water-GY complexes are obtained by performing global
optimization of the total intermolecular interaction energy
using PSO. Note that, in the literature thus far, free water
clusters in the size range of 1-37 are investigated using the
state-of-the-art global optimization techniques.”*””® In the cur-
rent study, we consider up to a cluster size of 20 for intercalated
clusters, given the additional computational costs associated
with the incorporation of the carbon membranes for adsorp-
tion and intercalation into the modeling formalism. The total
intermolecular interaction energy includes contributions from
water-water interactions, GY-water interactions, and GY-GY
interactions. The details regarding the employed empirical
formulations, their parametrization, and the PSO algorithm
are provided in the following subsections:

@ G ©

Fig. 1 Molecular model systems of GYs: (a) y-GY-2 (CgoH1g), (b) y-GY-3
(C114H18), and (c) Y-GY‘4 (C138H18)-
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Water-water interactions

The interactions among water molecules are described using
the well-known four-site transferable intermolecular potential
(TIP4P) model.”” The model, as mentioned, represents a water
molecule with four sites, three atomic sites of water molecules,
and a fictitious M-site. The M-site is a charged fictitious site
placed along the bisecting plane of the HOH angle. In the TIP4P
model, the intermolecular interaction between two water mole-
cules is a sum of the Lennard-Jones (LJ) interaction between
two O atoms and the Coulombic interaction between the rest of
the three sites (two H atoms and M-site) of the interacting water
molecules. For an n-molecule cluster of water, the TIP4P
interaction energy is given by

Ewn,0-H,0 = Z Z

k=1I=k+1

VLi(o—0) (’oA 0/) + Z Z Vel (r[/m/[) (1)

i=1j=1

VLj(o—0) (Fog0,) indicates the L] potential between the oxygen
atoms of k™ and I molecules. V¢|(r;, ;) refers to the Coulombic
interaction between the /™ and j® sites of the ™ and
™ molecules, respectively. The L] potential®® and the Coulom-

bic potential take the forms
o\'12 7o\ 6
Vial) =4 {(n-,-) (%) ] | @

Vel (r[/') - Celqiqj (3)

i

where r;; is the distance between the two interacting sites 7 and
J. ¢ and o are the L] parameters representing the well depth and
the distance at which the pair potential is zero. g; indicates the
charge of the i site, and C,; is a constant that takes the value of
331.934 kecal A mol™ e The structural and potential para-
meters of the TIP4AP model are adopted from ref. 79 and
tabulated in Table S1 of the ESL.{

GY-water interactions

The interaction between a water molecule and a GY model
compound is described in terms of a sum of electrostatic and
non-electrostatic components as given by

non-el

|
Ecy-n,0 = EGy_p,0 + EGY"m,0- (4)

The non-electrostatic interactions are described using an
isotropic potential, namely improved Lennard-Jones (IL]) poten-
tial.®' As the name suggests, the ILJ potential is an improved
version of the LJ potential with an additional parameter
accounting for the better description of long-range and short-
range interactions. For two atoms, i and j, separated by a
distance of ry, the IL] potential is expressed as

=gy =l) 5

=) e
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o) = p+4(72) )
rﬂ‘l

The first and the second terms of the potential describe
the short-range repulsion and the long-range attraction, respec-
tively. The potential description involves three parameters, ¢,
'm, and f, which represent the well depth, equilibrium distance,
and a factor governing the hardness of the interaction between
the two atoms i and j. In the present study, we consider water as
a pseudoatom positioned at the oxygen atom that interacts with
the atoms of the GY model systems, making the total non-
electrostatic interaction energy as

m n

S () + 5 S hwl) )

i=1j= k=1j=1

P
non-el —
EGY—HZO -

where p and m indicate the number of carbon and hydrogen
atoms in the model system of GY, and n denotes the number of
water molecules. The same description was previously employed
by Bartolomei et al. for describing the non-electrostatic inter-
actions of water molecules with y-GY-2.%¢

For the electrostatic part of the interaction energy, we
employ the Coulombic potential wherein the partial charges
residing on atoms of GYs are evaluated using the Merz-Singh-
Kollman (MK) scheme.®” The partial charges on water are
considered the same as in the TIP4P model. Thus, the total
electrostatic component of the interaction energy is defined as

w n 3 4wy,
Edy 0 =Ca) Y Y —+ (8)

i=1 k=11=1 Twi
here, w indicates the total number of atoms in a model system
of GY (including carbon atoms and hydrogen atoms), n refers to
the number of water molecules, and [ denotes the two H atoms
and the M-site of a water molecule. ¢, and g;, represent the
partial charges of the w'™ atom of GY and the I*" site of the k™
water molecule, respectively.

GY-GY interactions

The GY-GY interactions in the present study are modeled using
an anisotropic interlayer potential proposed by Hod and co-
workers.®* Herein, we denote the potential as H-ILP. Though
the H-ILP was first proposed for layered hexagonal boron
nitride, the parameters for graphitic systems were subsequently
developed.®*"*® Utilising the H-ILP parameters of the graphitic
systems as the initial parameters, we have recently repara-
metrized the H-ILP for twisted bilayers of various GY-1 systems
against dispersion-corrected DFT calculations.’” Owing to its
anisotropic nature, the potential described the interlayer
features with reasonable accuracy, superseding isotropic poten-
tials like the ILJ potential. The H-ILP, in its original form, has
three terms: (i) long-range attraction, (ii) short-range repulsion,
and (iii) electrostatic interaction. As the carbon atoms in GYs
do not possess sizable effective charges, we excluded the
electrostatic term from our H-ILP description, making the
current H-ILP formulation as given below:

Vi-we(TiisPy) = Veep(TiipPi) + Vaeerip) 9)
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The repulsive and attractive terms are given by
Viep (V iis P;,-) = Tap(ry)

S ECIC)
! B “\ i “\ 7y
xe '\ i) e+ Cyile \/) e \Vi

-1
~d; —l%r>—@ i
Vau(rij) = Tap(ry) x § —|1+e /KSR-W“ Coy

rif

(11)

here, r;; is the distance between atoms i and j from two different
layers of GYs. For the same pair of atoms, p;; denotes the lateral
distance between them, which can be evaluated using the
equations p;* = r;” — (n/ry)* and p; = ri> — (nyry)’. n; and n;
represent the normal vectors to the plane where the respective
atoms and their nearest neighbours reside. The p; brings in the
anisotropy in the repulsive component of H-ILP. The repulsive
and attractive contributions include a long-range taper cut-off
function given by

7 6 S 4
Iy rij rij rij
Tap(r;) =20 ”) —70( v ) +84( ’f) —35( Y ) +1,
p(73) (Rcm Re Reu Reut
(12)

which limits the interactions to within an interatomic distance
of Rey In the present study, R.. was assigned as 16.0 A.%”
In the repulsive part of the potential, the parameters ¢; and C;;
scale the isotropic and the anisotropic parts of the repulsion,
respectively, «; sets the slope of the isotropic repulsion wall,
and the parameters f8; and y; determine the range of the
respective interactions. The attractive term incorporates a
damped LJ-type attraction adopted from the Tkatchenko-
Scheffler dispersion correction scheme.®® d; and Sz, are
the unitless parameters governing the slope and onset of the
damping function with numerical values 15.0 and 1.0,
respectively.®” Cg;; and rgff are the dispersion coefficient and
the effective atomic radius of the two interacting atoms.

In the current study, we consider only the interactions
between the carbon atoms of the two layers owing to the
minimal influence of the hydrogen atoms on the total inter-
action energy between two GY layers in a bilayer, as observed in
our previous study.®” For interaction between two GY layers
with p carbons each, the total interaction energy is calculated
using the equation

P p
Ecy-cy = 2. > Va-we (i, py)-
i=1j=1

(13)

Parametrization of the empirical potentials

For an accurate description of the energetics of water confine-
ment, we parametrize the ILJ potential for water-GY interactions
and the H-ILP for GY-GY interactions. Since the water-GY
interaction includes electrostatic interaction as well, the same
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was also included along with ILJ potential during parametrization.
The parametrization of a potential is performed by minimizing
the root mean square deviation (RMSD) of the interaction energy
profile obtained using the empirical potential (E;,) against the
reference data (E.). The geometry optimizations and other
reference electronic structure calculations reported here are car-
ried out using the Gaussian 16 suite of programs.” The RMSD is
expressed as

1 M 2
RMSD = \/_ z (Eref.i - im.i) (14)
M iz

where M represents the number of data points in the inter-
action energy profile. The minimization is performed in Python
using the limited-memory Broyden-Fletcher-Goldfarb-Shanno
(L-BFGS) algorithm.®® During the process of fitting, whenever
necessary, we have added a weightage to the minima by multi-
plying e " with the squared error. « is a constant whose
value is varied between 0.01 and 0.5 as per the requirement.
We initially parametrize the IL] and the H-ILP potentials for
the case of y-GY-3 and assess the transferability for y-GY-2 and
v-GY-4. In cases where the parameters are not transferable, they
are further finetuned. The details of the reference data that
have been employed for the IL] and the H-ILP parametrization
are given below:

ILJ potential. For parametrizing the IL] potential, we con-
sidered the MP2C data reported by Bartolomei et al. as the
reference data.®® The data correspond to the vertical motion of
the water molecule towards the center of the triangular pore of
the single-pore models of y-GYs. However, the study reported
the MP2C data for the interaction of water molecules with y-GY-
1, y-GY-2, and y-GY-3. Hence, in order to check the transfer-
ability for the water-y-GY-4 system, we obtained similar data at
the B3LYP-D3(BJ)/6-311G(d,p) level of theory with the incor-
poration of counterpoise correction.”® The single-pore models
of y-GYs utilized for empirical calculations are also optimized
at the same level of theory and are provided in Fig. S1 of
the ESL.T

H-ILP. We employed the twisting profile of the y-GY-3
bilayer kept at a stacking distance of 3.6 A as the reference
data for parametrizing H-ILP. The twisting profiles were gene-
rated using dispersion-corrected DFT at the B3LYP-D3(BJ)/
6-311G(d,p) level of theory (incorporating counterpoise correction)
by varying the twist angle from 0° to 30°. The twisting profiles of the
v-GY-2 and y-GY-4 bilayers, as well as the stacking profiles of all
the three y-GY bilayers (by varying the vertical distance between the
two GYs for AA stacking) were assessed for the transferability of the
obtained potential parameters.

PSO: algorithm and implementation

PSO is a swarm intelligence-based metaheuristic algorithm
developed by Kennedy and Eberhart in 1995.°" The simplicity
and effectiveness of the algorithm made PSO the most cited
(as per Google Scholar) metaheuristic algorithm for the period
2000-2022.%> The algorithm is initiated by a random distribu-
tion of a group of particles (swarm) with zero velocity across the

17602 | Phys. Chem. Chem. Phys., 2025, 27,17598-17614
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desired search space. Basically, at a given iteration, a particle is
defined by two factors, namely position and velocity. Position
represents a vector with the variables that need to be optimized
as the elements, and thus, the number of variables gives the
dimension of the position vector. Hence, each particle repre-
sents a point in the parameter space. The velocity of the particle
is also a vector with the same dimension as the position and
represents the direction of motion of the particle. The velocity
of the particle, i, at an iteration, ¢ + 1, is determined based on
three pieces of information - the previous velocity (v) and the
best solution that the particle (met,i) and the entire swarm
(Ghest) have achieved until then, expressed as

y?l = /[vf + C1rt1(P{;est,i — xf‘) + Cz’é(GiJest - xlt)]

(15)

¢, and ¢, are the acceleration constants governing the contribu-
tions of individual and group memory to the velocity. r; and r,
are random numbers generated within the range [0,1], thereby
incorporating stochasticity in the algorithm. The inclusion of
the constriction factor, y, is an improvisation to the basic PSO
algorithm to enhance the performance.”® The numerical value
of y (taken as 0.729) is dependent on the numerical values of ¢;
(2.05) and c, (2.05).°* Knowing the velocity, the position of the
particle at (¢ + 1) iteration is calculated as

x5 = oh it (16)

Thus, as the iterations pass, the position and the velocity of
each particle get updated, and the entire swarm converges to
the global minimum solution. As mentioned, the global best
solution at each iteration is evaluated considering the entire
swarm, thereby employing a star topology wherein all particles
are connected to each other.”® Additionally, we have incorpo-
rated dynamic velocity clamping to improve the exploration as
performed in our previous study.®

In the current study, the objective function to be minimized
using PSO is the total intermolecular interaction energy of
the systems considered, including water-water, GY-water,
and GY-GY interactions. For the adsorption of water on mono-
layer GYs and, intercalation within bilayer and trilayer GYs, the
following forms of intermolecular interaction energies are
employed:

Emonolayer-H,0 = Ecy-n,0  En,0-H,0 (17)
Epilayer-1,0 = Ecy-ay + Egy-n,o(layer 1) + Egy y,o(layer 2) + By o
H,0 (18)

Eilayer-11,0 = Ecy-ay(layer 1, layer 2) + Egy_gy(layer 1, layer 3)
+ Egy-gy(layer 2, layer 3) + Egy n o(layer 1) + Egy_n,o(layer 2)

(19)

We employ the rigid body approximation for water.®” Within
the approximation, we consider the water molecules to be rigid
bodies with only rotational and translational degrees of free-
dom. Hence, a water molecule is defined by its centre of mass
coordinates (rcom) and Euler angles (0, ¢, and ¢) describing its
orientation. If r,¢ ; is the Cartesian coordinate of each atom in a

+ EGY,Hzo(layer 3) + EH207H20

This journal is © the Owner Societies 2025
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water molecule with respect to its centre of mass, the Cartesian
coordinate of the same atom in the search space is evaluated as
ri=rcom + R0, ¢, P)rrers (20)
here, R"'(0, ¢, ¢) is the inverse of the rotation matrix. Thus, for
the adsorption of n water molecules on monolayer GY, the
dimension of the problem is 6n as the position coordinates of
the atoms of GYs are not varied. For the case of intercalation of
water within bilayer and trilayer GYs, the twist angles between
the layers and the interlayer distances are varied as well,
making the dimensions of the problems (6n + 2) and (6n + 4),
respectively. Note that, for intercalation within trilayer GYs,
variations of interlayer distances and twist angles of second and
third layers with respect to the first layer contribute to the four
dimensions in addition to the degrees of freedom of water.

In our PSO implementation, the number of total iterations
performed is 1000, except for adsorption of water molecules on
the monolayer GYs wherein we performed 2000 iterations as
well. For the adsorption of water molecules on the monolayer
GYs, we performed PSO calculations with 500 particles, while
for the bilayer and trilayer GYs, we considered 200-300 parti-
cles. To ensure the optimality of the solution, we performed a
local optimization using the L-BFGS algorithm at the end of
each PSO run. Owing to the stochastic nature of the algorithm,
we performed 25 trial runs of PSO for every system. For better
convergence and efficiency, it is necessary to define the search
space effectively. Hence, we provided bounds for each of the
variables in the position vector. The rotation matrix and the
bounds for Euler angles used are the same as in our previous
study.”® Owing to the symmetry of GYs, the interlayer twist angles
are varied in the range 0° to 30°. We employed various limits for
the interlayer distances, with a lower bound of 2.5 or 3 A and an
upper bound of 3.5 or 4 or 7 A, depending on the GY sheet under
consideration. For the trilayer GY, the lower and upper bounds for
the interlayer distance between the first and the third layers were
chosen as 5 or 6 or 8 A and 7 or 8 or 12 A, respectively. Whenever
multiple limits have been used to analyse a single case, the best
result obtained is reported. The bounds for the centre of mass
coordinates of water molecules for each case are intuitively chosen
so as to correspond to the adsorption or intercalation within the
GY framework. This requires the introduction of a constraint in
our PSO implementation by way of limiting the Z-coordinate of the
centre of mass of water molecules in each iteration. However, in
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the local optimization step that is implemented after each PSO
run, we perform the optimization with and without this constraint
for the Z-coordinate of the centre of mass of water (hereafter
mentioned as unconstrained local optimization), leading to two
sets of results for each local optimization. Therefore, for 25 trials of
PSO, we obtain 50 solutions upon local optimization. Out of the
50 solutions, the undesired configurations in which the water
molecules move out of the GY framework are eliminated, and the
best solutions among the rest are reported. All the PSO calcula-
tions are performed using in-house developed Python codes.

Results and discussion

The present study aims to obtain the minimum energy config-
urations of water-confined monolayers, bilayers, and trilayers
of various y-GYs, including y-GY-2, y-GY-3, and y-GY-4. The
objective is achieved in two steps: (i) parametrizing the empiri-
cal formulations describing the intervening intermolecular
interactions against reference electronic structure data, and
(ii) employing the optimized empirical potentials in PSO to
obtain the putative global minimum geometries of multilayer
GYs confining water molecules. The findings from both the
steps are provided in the following subsections:

Parametrization of empirical potentials

IL] potential. As mentioned in the Methodology section,
we initially parametrized the IL] potential for the interaction
of a water molecule with y-GY-3 using the MP2C data of
Bartolomei et al®® The newly parametrized ILJ potential
showed good correspondence to the MP2C data with an RMSD
of 0.0483 kcal mol . The obtained potential could describe the
water-y-GY-4 interactions accurately, establishing the transfer-
ability of the parameters for higher members of the y-GY
family. However, considerable deviation was observed for the
water-y-GY-2 interaction. Hence, we finetuned the parameters
to arrive at a new set of parameters that could describe the
water-y-GY-2 interaction effectively. The obtained potential
energy profiles are provided in Fig. 2 and the corresponding
IL] parameters are tabulated in Table 1. Additionally, the figure
reveals that y-GY-3 is better than the other GYs in stabilising
water as it has the largest binding strength. The presence of an
energy barrier in the case of y-GY-2 indicates an impedance to
water permeation through the triangular pore of y-GY-2.

S = N W b

'
(=]

e MP2C
IL + el

Interaction energy
(kcal/mol)

'
N

'
w

7-GY-3 v-GY-4
« MP2c [ e DFT
IL + el IL) + el

0 1 2 3 4 5 6 7 0 1 2 3
Distance (A)

Fig. 2

Distance (A)

4 5 6 7 0 1 2 3 4 5 6 7
Distance (A)

Interaction energy profiles evaluated using the reference electronic structure method and fitted intermolecular analytic potential with

electrostatic and non-electrostatic components (ILJ potential) for the interaction of a single water molecule with various GYs.
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Table 1 Numerical values of optimal parameters of the ILJ potential and H-ILP

Interaction GY ¢ (kcal mol ™) ' (A) B

ILJ potential

C-H,0 v-GY-2 0.233 3.508 8.423
v-GY-N (N = 3, 4) 0.200 3.632 8.500

H-H,0 v-GY-N (N=2, 3, 4) 0.150 3.500 8.500

Interaction GY o B (A) 7 (A) ¢ (kcal mol ™) C (keal mol™) * (A) Cé (kcal A® mol™*)

H-ILP

C-C v-GY-N (N =2, 3, 4) 8.863 2.717 0.921 0.150 3.000 3.519 559.395

Interestingly, a study by Bartolomei et al. has shown a reduction
in the permeation barrier for a water molecule when another
water molecule is placed at the other end of the y-GY-2 pore,
making the permeation more feasible.’® The reduction in the
binding strength for water at the center of the pore towards
v-GYs beyond y-GY-3 can be attributed to their large pore size.

Moreover, we assessed the transferability of the parame-
trized ILJ potential in describing the lateral motion of a water
molecule over the GY models (Fig. 1). The corresponding DFT
(B3LYP-D3(BJ)/6-311G(d,p)) data are generated by fixing the
position of a water molecule at a distance of 3.5 A above
the GY plane and then varying its position from the center of
the hexagonal ring along a direction bisecting the triangular
pore. The resulting potential energy profiles demonstrated an
overall reasonable agreement and a good agreement around the
pore region with the corresponding DFT profiles. However,
we reparametrized the IL]J potential (denoted as ILJ-I) by
additionally including the lateral potential energy profiles in
the reference data set. The obtained potential energy profiles
are shown in Fig. S2 (ESIt), and the reparametrized IL] para-
meters are tabulated in Table S2 (ESIf). Though the ILJ-I

potential described the lateral motion better than the ILJ
potential, we observed a slight decrease in the accuracy of the
ILJ-I potential in describing vertical motion. As the primary
objective of our study is to model water confinement in multi-
layer GYs involving the water molecules in the pore regions, we
consider the first set of parameters (IL]) for further analysis.
H-ILP. In order to capture the twisting features of bilayer
GYs, it is essential to incorporate anisotropy in the inter-
molecular potential. Hence, we resort to the H-ILP for describ-
ing GY-GY interactions. The parametrization of H-ILP was
initially performed to capture the twist features of the bilayer
v-GY-3, which yielded a reasonable fit with an RMSD of
1.239 kecal mol*. The obtained parameters (see Table 1) were
found to be transferable for describing interlayer interactions
pertaining to both twisting and stacking features of bilayers of
v-GY-2 and y-GY-4, as well as the stacking feature of bilayer
v-GY-3. The potential energy profiles corresponding to the
twisting and stacking motion of bilayers of y-GY-N (N = 2-4)
obtained using DFT and H-ILP are shown in Fig. 3. As expected,
the bilayer binding strengths follow the order: y-GY-2 < y-GY-3 <
v-GY-4. The parametrized H-ILP predicted the nature of

-50

§ My 7-GY-2 y-GY-3 y-GY-4

53 -70\-M

SE o o rekd

£¢ -80 G ‘

£ o . i

g .90 —— H-ILP —— H-ILP e ® —— H-ILP

= e DFT e DFT e e DFT
-100

0o 5 10 15 20 25 o 5 10 15 20 25 [} 5 10 15 20 25

Twist angle (°)

Twist angle (°)

(@

Twist angle (°)

Interaction energy
(kcal/mol)
IS
[

-60
—— H-ILP —— H-ILP
-80 e DFT e DFT e DFT
3 4 5 6 7 3 4 5 6 7 3 4 5 6 7
Distance (A) Distance (A) Distance (A)
(b)

Fig. 3 The (a) twisting and (b) stacking interaction energy profiles evaluated using the reference electronic structure method and fitted H-ILP for
bilayer y-GYs.
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twisting and stacking profiles of all the y-GYs with reasonable
accuracy. However, it is necessary to ensure that the deviation
in the energetics of twisting profiles does not arise from
the lack of electrostatics in the intermolecular description.
Thus, we parametrized H-ILP along with electrostatics (using
point charge description) against DFT for the case of the
twisting profile of the bilayer of the y-GY-3, and subse-
quently, assessed the transferability of the parameters for the
bilayers of y-GY-2 and y-GY-4, as well as for the stacking feature
of bilayer y-GY-3. The electrostatic interactions are accounted
for by the Coulombic potential, where the partial charges

n=>5

n=3
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residing on various atoms are evaluated using the MK
scheme®” at the B3LYP-D3(BJ])/6-311G(d,p) level of theory.
The obtained parameters and the corresponding interaction
energy profiles are provided in Table S3 and Fig. S3 of the ESL.¥
The nature of twisting profiles remained the same even after
the inclusion of electrostatics, and there is no significant
improvement in the fits of stacking and twisting profiles
upon the incorporation of electrostatics. Hence, through-
out the remainder of the current study, we used only H-ILP
(without electrostatics) to describe interlayer interactions in
bilayer and trilayer GYs.

Fig. 4 Putative global minimum geometries (top and side views) obtained using PSO for the adsorption of 3, 5, 7, and 9 water molecules on monolayers

of (a) y-GY-2, (b) y-GY-3, and (c) y-GY-4.
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Water confinement in GY layers

Now that we have optimized the empirical formulations for
modeling intermolecular interactions of interest, we employed
PSO to obtain the putative global minimum configurations of
water molecules adsorbed on monolayer GYs, and intercalated
into bilayer and trilayer GYs. The putative global minimum

View Article Online
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geometries for the adsorption of 1-10 water molecules are given
in Fig. S4-S6 of the ESL.{ A few representative geometries are
provided in Fig. 4. A single water molecule occupied the
position above the triangular pore center of y-GY-2 with the
hydrogen atoms pointing towards the pore. While, in the case
of the adsorption of a water molecule on y-GY-3 and y-GY-4,

©

Fig. 5 Putative global minimum geometries (top and side views) obtained using PSO for the intercalation of 3, 6, 9, and 12 water molecules within

bilayers of (a) y-GY-2, (b) y-GY-3, and (c) y-GY-4.
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the molecule gets adsorbed over the hexagonal pore center with
the oxygen atom facing the pore, unlike the case of the water-
graphene complex in which both the hydrogen atoms of water
face the hexagonal pore upon adsorption.?® This difference in
the occupied positions mainly arises from the difference in
pore sizes of the GYs. The pore size of y-GY-2 being small, the
water molecule tends to occupy positions above triangular
pores to maximize the interactions, whilst for y-GY-3 and
v-GY-4, the maximum binding energies are attained above
hexagonal pore centers. Meanwhile, the orientation of the water
molecule occupied above triangular or hexagonal pores is
governed by the effective partial charges of the atoms constitut-
ing the pores. The electrostatic potential energy surfaces (see
Fig. S7, ESIt) indicate that the hexagonal pore center exhibits
an effective positive charge, while the triangular pore center
displays an effective negative charge. Consequently, when a
water molecule is positioned above these pore centers, it
orients in such a way that the positively charged hydrogen
atoms face the triangular pore center, while the negatively
charged M-site faces the hexagonal pore center. The water
molecules of cluster sizes 2-7 exhibited similar geometries
upon adsorption on all the three GY monolayers. Clusters of
size 3-5 featured ring-shaped/regular polygonal geometries
with H-bonds constituting the sides of the polygon. The pre-
dicted geometries are similar to those reported for water
confinement on various PAHs, including coronene.***® For
adsorbed (H,O)s, we obtained a fused ring structure with two
4-membered rings (flat book structure), similar to the case of a
stable isomer for (H,0), adsorbed on coronene arrived at using
a density functional tight binding (DFTB) approach.*® The
(H,0), cluster displayed a fused ring structure with 5 and 4
membered rings when adsorbed on all the three GYs. Global
optimization studies using basin hopping have reported the
same geometries of water clusters for (H,O)s and (H,O),
adsorbed on circumcoronene.”® For water clusters of sizes
8-10, adsorption on y-GY-2, y-GY-3, and y-GY-4 yielded geo-
metries possessing a 3D network of water molecules rather
than nearly planar configurations. Such 3D adsorbed config-
urations for larger water clusters have been previously reported
for water binding on nanographene models.****

As noted, the adsorption features of water molecules on the
three y-GYs do not differ significantly as the geometries of
adsorbed water molecules are similar. However, the intercala-
tion features of water within bilayers and trilayers of y-GYs
differ significantly. The variation in pore sizes of y-GY bilayers
resulted in interesting geometries of water under confinement.
The putative global minimum geometries for the intercalation
of 1-12 water molecules within bilayer y-GYs are given in
Fig. S8-S10 of the ESL{ A few representative geometries are
provided in Fig. 5. For intercalation of water into bilayer y-GY-2,
until a cluster size of 8, the bilayer accommodated water
molecules as a single water molecule or as a dimer within
the triangular channels (including interlayer regions and the
triangular pores) of two sheets maintaining the optimal inter-
layer distance of 3.2-3.4 A. For higher-order clusters ((H,0),,
n = 9-12) the molecules preferred to stay together by forming a

This journal is © the Owner Societies 2025
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layer within the interlayer region of bilayer y-GY-2, and hence
the interlayer distance between the two GY layers increased to
nearly 6 A. For the bilayer y-GY-3, the relatively large pore size
allowed the easy confinement of water dimers within the
triangular channels without any considerable alteration in
the optimal interlayer distance. Such a behaviour suggested
the possibility of single-file confinement of water molecules
within multilayer y-GY-3. On the other hand, a further increase
in the pore size in the case of y-GY-4 resulted in the entrapment
of water as small clusters with 3-4 water molecules within the
triangular channels of the bilayer y-GY-4. The interlayer dis-
tances and the twist angles of GY bilayers under water confine-
ment are tabulated in Table 2. y-GY-3 and y-GY-4 bilayers with
confined water molecules exhibited an interlayer separation
of 3.1-3.2 A, which is lower when compared to that of y-GY-2
(3.2-5.9 A). In all the cases, the GY layers undergo a twist,
establishing the importance of incorporating the twist features
of multilayers in intercalation studies. Moreover, the obtained
twist angles for the putative global minima are closer to the
minima observed in the bilayer twisting energy profiles (Fig. 3),
demonstrating the significance of accurate parametrization of
the H-ILP in describing the intercalation features. This results
in similar structural features for some of the water-intercalated
bilayer GYs. The bilayer GYs with similar structural features are
indicated by similar cell colors for the interlayer distances and
twist angles in Table 2. The twist angles and interlayer dis-
tances of GY bilayers with deviations within 0.50° and 0.11 A are
color-coded the same.

Subsequently, we analysed the putative global minimum
geometries of water intercalated into trilayer y-GYs to have a
comprehensive understanding of water confinement in multi-
layer y-GYs. Additionally, we increased the number of water
molecules under study to a range of 10-20 molecules. The
putative global minimum geometries for the intercalation of

Table 2 The interlayer distances and twist angles of water-intercalated
GY bilayers in the putative global minimum configurations obtained using
PSO. Similarity in cell colors for the interlayer distances and twist angles
indicates similarity in the structural features of bilayer GYs

Number Interlayer distance (A) Twist angle (°)

molz(tules v-GY-2 | y-GY-3 v-GY-4 v-GY-2 | y-GY-3 | y-GY-4
1 3.233 3.140 3.078 11.074 | 16.684 | 19.094
2 3.270 3.224 3.140 9.663 9.687 13.901
3 3.312 3.142 3.238 7.098 16.597 8.093
4 3.328 3.221 3.138 6.533 9.727 13.896
5 3.341 3.144 3.237 6.169 16.527 8.096
6 3.353 3.218 3.139 5.876 9.710 13.865
7 3.362 3.217 3.237 6.348 | 9.709 8.092
8 3.369 3.218 3285 707/l 9.816 8.132
9 5.891 3.214 3.085 30.000 | 9.772 19.017
10 5.823 3.213 3.237 0.000 ONi7S 8.002
11 5.877 3.212 3.231 29.473 | 9.807 8.132
12 5.871 3.249 3.234 30.000 9.122 8.038
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Fig. 6 Putative global minimum geometries (top and side views) obtained using PSO for the intercalation of 10, 13, 17, and 20 water molecules within
trilayers of (a) y-GY-2, (b) y-GY-3, and (c) y-GY-4.

10-20 water molecules within trilayer y-GYs are given in intercalation within bilayer y-GY-2, in all the cases except for
Fig. S11-S13 of the ESL{ A few representative geometries are clusters of size 10-12, the water molecules formed a layer
provided in Fig. 6. Similar to our observation for the between two y-GY-2 layers in the trilayer y-GY-2. For cluster
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sizes 10-12, we observed dimers and single-file trimers of water
molecules within the triangular channels in the trilayer y-GY-2.
However, as the number of water molecules increases, the
single-file dimers and trimers no longer exist. The smaller pore
size of y-GY-2 restricts any further addition of water molecules
in such single-file configurations. This could be a consequence
of emerging repulsive interactions within the system as the
cluster size increases. To overcome this, water molecules form a
layer between two y-GY-2 layers, thereby maximizing water—
water interactions. On the other hand, the geometries obtained
for the intercalation within trilayer y-GY-3 exhibited single-file
water confinement within all the six triangular channels. The
single-file arrangement of water observed during the intercala-
tion of 16 water molecules within trilayer y-GY-3 is shown in
Fig. 7. The geometries for the intercalation of 10-20 water
molecules within trilayer y-GY-3 are provided in Fig. S14 of
the ESI.{ In a majority of these cases, the water chains followed
either a nearly linear or zigzag orientation to accommodate the
interlayer twist observed in the trilayer y-GY-3. For clusters of
size 18-20, we observed the clustering of water molecules in
one or two triangular channels, which is a consequence of
constraining the molecules between the first and third layers.
This is evident from the observation of a more stable single-file
configuration of these clusters when unconstrained local opti-
mization is implemented. The single-file configurations here
are facilitated by the water molecules moving beyond the GY
framework. Such putative global minimum geometries and
corresponding interaction energies of 19 and 20 water clusters
confined in the trilayer y-GY-3 are provided in Fig. S15 of the
ESI.{ This suggests the possibility of finetuning the length of
water chain by including more layers of y-GY-3. Additionally,
unlike the case of single-file motion of water in carbon nano-
tubes, the confinement in multilayer GYs has an added advan-
tage of accommodating multiple single-file water chains in
their triangular porous frameworks. Meanwhile, the y-GY-4
trilayer accommodates water molecules as small clusters, the
largest being (H,0)e, within the triangular channels. The inter-
layer distances and twist angles estimated for trilayers of y-GYs
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with water molecules entrapped are provided in Table 3. The
obtained distances and angles provide insights into the stack-
ing of GY layers when water molecules are confined. Interest-
ingly, we observed that some of the trilayer GYs adopt similar
structures for the confinement of clusters of different sizes (see
the color scheme in Table 3). The twist angles and interlayer
distances of GY trilayers with deviations within 0.50° and 0.11 A
are color-coded the same. A possible explanation to this lies in
the notable contribution of interlayer interactions resulting in
the favourable stacking of GY layers. These stacking configura-
tions do not directly relate to the number of molecules under
confinement. For instance, the y-GY-2 trilayer shows similar
stacking configurations for the intercalation of water clusters of
sizes 10 and 11, 13 and 17, 15 and 19, as well as 18 and 20.
Moreover, for the case of y-GY-3 trilayers, the obtained config-
urations result in different kinds of water chains. The y-GY-3
trilayer exhibited three unique stacking configurations for the
intercalation of (10, 12, 16), (11, 14, 17), as well as (13, 15, 18)
water clusters. Here, the first and the third configurations
exhibited nearly linear geometries for three-membered water
chains confined inside them, while the second configuration
resulted in a zigzag water chain. This is attributed to the fact
that, in the second configuration, the twist with respect to the
first layer displayed by the third layer is less than that of the
second layer. For single-file water confinement in carbon
nanotubes, it was reported that the OH bonds involved in the
hydrogen bonds are nearly parallel with the nanotube axis.”®
Whilst in our case, most of the OH bonds are aligned with the
vector joining two pore centers of the triangular channel within
which the water molecule resides. Since the first and the third
stacking configurations mentioned above have these pore-to-
pore vectors connected almost linearly, the water chains con-
fined within bear resemblance to the ones confined within the
carbon nanotubes. However, because the confinement occurs
in a different environment with a distinct pore design, the
dynamics of the single-file water chain are expected to differ
from that of carbon nanotubes, a topic worth exploring in the
future. Additionally, we compared the water occupancies in
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R ¢
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Fig. 7 The geometries of 16 water molecules (top and side views) confined within trilayer y-GY-3 (after removing the GY framework) as seen in the

putative global minimum geometries obtained using PSO.
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Table 3 The interlayer distances and twist angles of water-intercalated
trilayer GYs in the putative global minimum configurations obtained using
PSO. The interlayer distances provided refer to the distances between the first
and the second layers, and between the second and the third layers. The twist
angle provided refer to the twist of the second and the third layers with respect
to the first layer. Similarity in cell colors for the interlayer distances and twist
angles indicates similarity in the structural features of trilayer GYs

Nur;nfber Interlayer distance (A) Twist angle (°)

molecules | y-GY-2 | y-GY-3 | y-GY-4 | y-GY-2 v-GY-3 y-GY-4
10 3289 | 3205, |F3056) 8.908, 9.682, 19.126,
3.325 3.207 3.217 2.551 19.373 10.936

1 ERZCURN 3.130, [ S, 16.494, | 13.930,
3.334 | 3.202 3.222 2.695 6.731 22.071

12 3.332, 3.205, | 3.057, 6.703, 9.632, 19.126,
3.314 3.206 2117/ 13.15 19.425 10.970

13 3.196, | 3.142, | 3.217, | 12.134, | 16.427, 8.186,
5.976 3.210 3.122 0.000 26.032 22.110

14 3.115, 3.130, | 3.118, | 21.279, 16.400, 13.956,
5.972 3.198 S 0.000 6.661 22181

15 BRI/ 3.132, 3.054, 11.838, 16.437, 24.660,
5.949 3.200 3.213 30.000 26.149 16.442

16 3.096, | 3.197, | 3.055, | 29.934, e il 11531013,
6.126 3.201 3.216 30.000 19.514 10.985

17 3.206, | 3.148, | 3.216, 11.703, 16.679, 8.166,
6.053 3.210 3.220 0.000 7.025 16.275

18 3.113, | 3.144, | 3.068, 21.282, 16.295, 18.947,
6.102 3.233 3.215 21.992 25.654 10.717

19 3.194, | 3.294, | 3.056, | 11.934, 7.840, 19423
6.022 3.221 3.214 | 30.000 17.326 10.983

20 3.111, | 3.144, | 3.215, | 21.202, | 16.230, 8.108,
5.996 3.359 3.218 22.243 10.850 16.177

carbon nanotubes and multilayer y-GY-3. A 13.4 A long nano-
tube of diameter 8.1 A can accommodate five water molecules
on an average, making it an available length of 2.68 A for a
single water molecule.® In parallel, the y-GY-3 trilayers with an
average separation of 6.4 A between the first and the third
layers can host three water molecules resulting in an available
length of 2.13 A per water, establishing that y-GY-3 trilayers can
accommodate water molecules more efficiently than carbon
nanotubes. The interlayer twist features in multilayer GYs
enable more facile passage pathways for water.

View Article Online
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In order to ensure the universality of the presence of
nearly linear and zigzag water chains intercalated in trilayer
v-GY-3, we performed PSO calculations for the intercalation of
10-17 water molecules within trilayer y-GY-3 by employing the
extended simple point charge (SPC/E) model for water.'% Prior
to PSO calculations, we verified the transferability of the para-
metrized ILJ potential in describing GY-water non-electrostatic
interactions with water described using the SPC/E model (see
Fig. S16, ESI{). The obtained global minimum geometries also
suggested the single-file conformations of intercalated water
molecules and the zigzag or nearly linear orientations of the
resulting water chains (Fig. S17, ESIt). However, with the SPC/E
model, we obtained zigzag water chains for most of the cases,
while with the TIP4P model, it was mostly near-linear config-
urations. Apart from this, we also performed PSO calculations
for the intercalation of water clusters of sizes 12 and 16 within
trilayers of y-GY-2, y-GY-3, and y-GY-4, with the water-GY non-
electrostatic interactions being described by the ILJ-I potential.
We obtained similar putative minimum geometries (Fig. S18,
ESIT) as those obtained using the IL] potential, suggesting the
reliability of our findings. While the ILJ potential captures
the key features of water-GY interactions across the three
GYs studied, further improvement could be achieved by incor-
porating an anisotropic interfacial potential such as the one
recently employed by Ouyang and co-workers in describing the
interaction of water with graphene and hexagonal boron nitride
surfaces.'®"'®> Such a potential may also provide an advan-
tage of having a single parameter set to represent water-GY
interactions across all the three GY systems investigated in our
study. This may serve as a potential avenue for future
investigations.

Next, we analysed the energetics of adsorption of water on
monolayer y-GYs and intercalation within bilayer and trilayer
v-GYs. The variation in total intermolecular interaction energy
for adsorption and intercalation as a function of cluster size of
water is shown in Fig. 8. The interaction energies for the
adsorption of water on all three monolayer GYs are nearly the
same, with adsorption on y-GY-2 giving rise to slightly more
favourable intermolecular interactions. This is a consequence
of the higher carbon density of the y-GY-2 membrane. On the
other hand, for intercalation within bilayers and trilayers, the
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Fig. 8 A comparison of variation in total intermolecular interaction energies evaluated using PSO for the adsorption (intercalation) of water on (within)
(@) monolayers, (b) bilayers, and (c) trilayers of y-GY-2, y-GY-3, and y-GY-4 as a function of cluster size.
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(within) (a) monolayers, (b) bilayers, and (c) trilayers of y-GY-2, y-GY-3, and y-GY-4 as a function of cluster size.

total interaction energies show a distinct trend: y-GY-4 > y-GY-
3 > y-GY-2. The interaction energies substantially increase
from adsorption on monolayers to intercalation within trilayers
owing to the significant increase in the number of intervening
interactions. For a better description, we analysed various
intermolecular interaction energy components that contribute
to the total intermolecular interaction energy. These compo-
nents include: (i) cluster energy, the interaction energy among
water molecules modeled using the TIPAP model, (ii) GY-cluster
energy, the interaction energy between water molecules and GY
layers described by the ILJ potential and the Coulombic
potential, and (iii) GY-GY energy, which sums the total inter-
action between the GY layers described by the H-ILP. The
variation in total intermolecular interaction energies and the
components for adsorption and intercalation as a function of

This journal is © the Owner Societies 2025

cluster size of water are shown Fig. 9. For adsorption of water
molecules over monolayer y-GYs, the leading contribution is
from the water-water interactions. The contribution of water-
GY interactions is significantly low for all the y-GYs. This
dominance of cluster energy over GY-cluster energy results in
the 3D network structures of larger adsorbed water clusters.
Similar to the total intermolecular interaction energies, both
cluster energies and cluster-GY energies are nearly the same for
adsorption of water on all three monolayer GYs. The GY-GY
interactions make a dominant contribution for intercalation
involving bilayers and trilayers of y-GY-3 and y-GY-4. Moreover,
this contribution is nearly the same irrespective of the number
of water molecules. For intercalation within bilayer and trilayer
v-GY-3, except for a few large clusters intercalated within
trilayers, the next leading contribution is from the GY-cluster
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interactions, which is marginally higher than cluster energies.
The deviation for the large clusters is correlated to the putative
global minimum geometries described earlier wherein large
clusters resulted in aggregation of water in the triangular
channels instead of a single-file arrangement of water seen as
in the case of mid-sized clusters. On the other hand, for bilayers
and trilayers of y-GY-4, the cluster energies were found to be
higher than the cluster-GY energies, as is also evident from
their confined geometries as described earlier. A different
scenario arises for the confinement of water within trilayer
and bilayer y-GY-2. After a cluster size of 8 in the y-GY-2 bilayer
and a cluster size of 12 in the y-GY-2 trilayer, a crossover in the
dominance of the intermolecular components is observed
between the cluster energies and GY-GY energies, which is a
consequence of the formation of a water layer within the
interlayer region of bilayer and trilayer y-GY-2.

Conclusions

The current manuscript reports the structures and energetics
of adsorbed and intercalated water clusters in monolayers,
bilayers, and trilayers of a series of GYs, namely y-GY-2, y-GY-
3, and y-GY-4, with an explicit incorporation of the twist
features. The putative global minimum geometries of confined
water clusters were obtained by minimizing the total inter-
molecular interaction energies using a metaheuristic global
optimization technique, namely PSO. The water molecules were
modeled using the TIP4P model and the interactions between
GY layers were described using an anisotropic interlayer
potential that accounts for the twist features in multilayer
GYs. The electrostatic and non-electrostatic interactions
between water and GYs were expressed using the Coulombic
and ILJ potentials, respectively. A better description of interac-
tions was ensured by proposing potential parameters for the
specified interactions by parametrizing the potentials against
electronic structure data. The monolayer confinement of water
molecules resulted in similar adsorbed geometries of clusters
for up to cluster size 7, and the associated binding energies
exhibited no significant variation across various GYs. However,
the water molecules confined in multilayer y-GYs displayed
distinct confined configurations depending on the pore size of
GYs. At higher water occupancies, bilayer and trilayer y-GY-2
tend to squeeze in water as a layer between the GY layers.
Meanwhile, the multilayer y-GY-3 enabled single-file confine-
ment of water molecules, with the length tuneable by increasing
the number of layers. The large pore size of the multilayer y-GY-4
resulted in the clustering of water molecules within the triangular
channels. The single-file confinement of water obtained for trans-
port through multilayer y-GY-3 opens up the possibility of further
fundamental exploration of its dynamics and potential applica-
tions. We believe that the methods employed are state-of-the-art
for the problem in hand, and the findings are important for the
general chemistry community as many experimental groups are
exploring the studied carbon membranes for water permeation
and desalination applications.
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