#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Strength, number, and kinetics of hydrogen bonds

i") Check for updates‘
for water confined inside boron nitride nanotubesf

Cite this: Nanoscale Adv., 2024, 6,
3329 _ ) N
Bhargav Sai Chava and Siddhartha Das ®

Water has shown a myriad of highly interesting properties and behaviors, such as very low friction, phase
unexpected conditions, property alterations, inside  strong
nanoconfinements of few-nanometer to sub-nanometer diameters. Water—water hydrogen bonding is
one of the most important factors dictating such water behavior and properties inside such strong
nanoconfinements. In this paper, we employ Reactive Force Field (ReaxFF) molecular dynamics (MD)

transition under massive etc.

simulations for studying multiple facets of such water—water hydrogen bonds (HBs) inside boron-nitride
nanotubes (BNNTs) having diameters ranging from a few nanometers to sub-nanometers. First, the
strength of the water—water HB interactions, as a function of the HB configuration, is quantified by
studying the corresponding PMF (potential of mean force). For water present in extreme confinements
(BNNTs with sub-nanometric diameters), we see completely isolated HB basins. On the other hand, for
bulk water the HB basin is connected (via a saddle point) to a nearby second PMF well. Therefore, our
analysis successfully distinguishes the HB characteristics between the cases of water in extreme

confinement and bulk water. Second, we study the kinetics of such water—water HBs: HBs formed by
Received 1st November 2023 . ir of wat l les i t fi ts sh hi bability of -
Accepted 27th April 2024 a given pair of water molecules in extreme confinements show a much larger probability of remaining

intact once formed or re-forming after they have been broken. Both these results, which shed new light

DOI: 10.1035/d3na00948¢ on water—water hydrogen bonding inside strong nanoconfinements, can be explained by the single-file
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Introduction

Water structure in the presence of strong (few nanometers or
sub-nanometers) confinements has been extensively studied,*™*
owing to some of the most fascinating effects demonstrated by
water in such confinements, including ultra-fast transport,”**
spontaneous filling of hydrophobic nanotubes,™ phase transi-
tion under the most unexpected conditions,'® use in the fabri-
cation of hybrid materials,"” significant changes in properties
such as melting point, boiling point, density, and surface
tension,'® etc. Non-bonded water-water interactions, such as
water-water hydrogen bonding, are an important factor gov-
erning water behavior in such extreme confinements.">* For
example, hydrogen bonding has been known to dictate the
nature of water diffusion inside CNTs of varying diameters,*>*
graphene nanochannels of different heights,>?*® and self-
assembled ionic liquid crystals,” unidirectional proton trans-
port in fluorinated CNTs,*® etc. Water-water hydrogen bonds
(HBs) trigger water clusters inside a confinement: such clusters
are broken when in contact with certain types of
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structure formed by the water molecules in extreme BNNT confinements.

nanoconfinement material (e.g., nanomaterials composed of
fluorous compounds) resulting in very fast water transport in
such nanoconfinements.> In our recent study, we established
that such disruption of hydrogen bond (HB) formation, asso-
ciated with the presence of dangling -OH bonds, leads to the
spontaneous filling of boron nitride nanotubes (BNNTs) of sub-
nanometric diameters.*

While the importance of water-water hydrogen bonding
inside strong confinements has been thoroughly established,
there remain several gaps in understanding the very nature of
such HBs inside confinements. For example, the manner in
which the progressive increase in the extent of confinement
leads to the alterations of the conditions that define the
formation of water-water HBs and the corresponding energetics
of such hydrogen bonding, the confinement-driven changes in
the kinetics of hydrogen bonding (e.g., how stable a hydrogen
bond is, or once an HB is broken, how quickly it re-forms), etc.
have not been extensively explored. For example, in a very recent
study the water behavior inside nanometric to sub-nanometric
diameter CNTs was probed using MD simulations; however,
such confinement-driven changes in the conditions associated
with the HB formation and the corresponding HB energetics
and kinetics were not probed.** In this paper, we address these
issues considering water confined inside BNNTs of varying
diameters of nanometer to sub-nanometer ranges. In our
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previous study, we have delineated in great detail the manner in
which BNNTs of different diameters lead to entropy-driven
water filling of BNNTs, with the factors dictating the favorable
entropy changes and the corresponding water structure being
strongly dictated by the BNNT diameters.*® In this paper,
through all-atom molecular dynamics (MD) simulations, we
study two critical issues: (1) the effect of confinement on the
water-water interactions that govern the hydrogen bonding and
(2) the effect of confinement on the kinetics of the water-water
HBs. In order to understand the effect of confinement on the
interactions governing the water-water hydrogen bonding, we
probe the PMFs (potential of mean forces) dictating the water—
water HBs. Our results demonstrate that these PMFs, which are
expressed as functions of  and # (r denotes the inter-oxygen
distance or the distance between the oxygen atoms of the two
water molecules participating in the hydrogen bonding and ¢
denotes the angle between the OH bond and the line joining the
oxygen atoms), are significantly affected by the extent of the
BNNT confinement. For example, we observe completely iso-
lated HB basins in BNNTSs with strong confinement, which is in
stark contrast to the HBs in bulk water or in larger diameter
BNNTs where there is a second nearby PMF well to which the
primary HB basin is connected via a saddle point. The second
major contribution of this paper is to unveil the most remark-
able BNNT-diameter-dependent kinetics of the water-water
HBs. The specific single-file water structure inside sub-
nanometer-diameter BNNTSs ensures that the water-water HBs
formed inside such BNNTs are stable over a much longer time
period. This is confirmed by the corresponding auto-correlation
function (dictating the lifetime of the HBs) that decays to a large
non-zero constant value at long times. Similarly, the same water
structure ensures that such HBs, once broken, show a strong
tendency to re-form. Overall, the findings of this paper create
new knowledge of the specific water-water hydrogen bonding
behavior inside extreme nano- and sub-nano-confinements.

Results and discussion

Water-water interactions dictating the hydrogen bonding
inside BNNTs

To study the hydrogen bonding thermodynamics for water
confined in BNNTs, we performed the ReaxFF MD simulations
of water confined in five different BNNTs with chiral indices (6,
6),(7,7), (8, 8), (10, 10), and (12, 12) respectively [see Fig. 1(a)-(e)
and the Methods section for more details]. The diameters of
these BNNTs range from 0.85 nm to 1.69 nm with the (6, 6)
BNNTs having the smallest diameter and the (12, 12) BNNTs
having the largest diameter. In addition, we also carried out
bulk water simulations to highlight the effect of the BNNT-
based confinement on water-water hydrogen bonding relative
to water in the absence of any confinement. The detailed water
structure and the energetics dictating these structures have
been discussed in our previous paper;** we avoid repeating such
discussions here for the sake of brevity.

In order to identify hydrogen bonding configurations
between pairs of water molecules, we need to devise appropriate
HB definitions for the various systems considered in this study.
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The generic geometry-based HB definition for water involves
cutoff values for the inter-oxygen distance (r) and the angle ()
between the OH bond and the line joining the oxygen atoms
[see Fig. 1(f)].**>* The most widely used criteria (for the forma-
tion of water-water HBs) for bulk water are r < 3.5 A and § <
30°.%7%° However, these specific cutoff values and the resulting
rectangular boundary, located on the 2D PMF [W(r,0)] mapped
using (7, 6) coordinates, may not be appropriate for identifying
HB configurations among water molecules present inside
nanoconfinements (i.e., in non-bulk-like environments). In
particular, for water inside the sub-nanometer and nanometer
wide nanotubes, the shape and size of the PMF basin corre-
sponding to the HB configurations can differ significantly from
that of the bulk water.

Fig. 2 shows the 2D PMFs [W(r,d)] corresponding to water-
water interactions for all the systems considered in this study.
In these PMF plots, we identify the HB basin (i.e., identify the r
and 6 values that correspond to water-water hydrogen bonding)
and the boundary distinguishing between the water-water
hydrogen bonding interactions (characterized by large negative
PMF values) and other types of water-water interactions (char-
acterized by weaker negative PMF values). From these results,
we can easily confirm that the ensemble of configurations (r, 6)
associated with the formation of the water-water HBs are
different for water confined in BNNTs (of various diameters) as
compared to water in the bulk. To be specific, we see a striking
contrast between the PMFs of bulk water and water confined in
(6, 6) and (7, 7) BNNTs (with diameters of 0.85 nm and 1 nm,
respectively). For water present in these extreme confinements,
we see completely isolated HB basins. On the other hand, for
bulk water the HB basin is connected (via a saddle point) to
a nearby second PMF well, which is centered around larger r
and 6 values and corresponds to the second hydration shell. In
our previous study,* we identified that water forms an axially
ordered single-file structure in (6, 6) and (7, 7) BNNTSs. As
a result, in these extreme confinements, a given water molecule
is well separated from other water molecules that are not its
nearest neighbors (i.e., not a part of its first solvation shell). For
water in (6,6) and (7,7) BNNTSs, as shown in Fig. 3, the r value of
the second peak of the corresponding water O-O RDF - this
second peak denotes the water molecules in the second solva-
tion shell of a given water molecule - is significantly large
compared to the other systems considered in this study. Also,
the minimum between the first and second O-O RDF peaks in
these systems [water inside (6, 6) and (7, 7) BNNTs] reaches
a near zero value indicating that no pathways exist for water
molecules to travel between the first and second solvation
shells. This justifies such a completely isolated HB basin for
water molecules in (6, 6) and (7, 7) BNNTs.

In the (8, 8) BNNTs, as the nanotube diameter increases, the
ordered single-file structure disappears, and we start to see
high-density clusters of water molecules joined by low-density
chain-like regions.?® This water structure results in the appear-
ance of the second hydration PMF well situated close to the HB
basin (see Fig. 2). Similarly, with further weakening of
confinement in (10, 10) and (12, 12) BNNTs, the PMF maps
approach a behavior similar to the water molecules in the bulk

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Simulation snapshots showing the cross-sectional and axial views of water confined in (a) (6, 6) BNNT (D = 0.85nm), (b) (7, 7) BNNT (D=1
nm), (c) (8, 8) BNNT (D = 1.13 nm), (d) (10, 10) BNNT (D = 1.41 nm), and (e) (12, 12) BNNT (D = 1.69 nm). Parts (a—e) have been reprinted with
permission from B. S. Chava, G. R. Chandel and S. Das, Water-structure-specific entropic dominance in the filling of boron nitride nanotubes, J.
Phys. Chem. C, 2023, 127, 7009-7018. Copyright 2023, American Chemical Society. (f) Graphical representation of the r and § coordinates used
to describe the hydrogen bonding configuration between a pair of water molecules.

and accordingly, the HB basin becomes separated from the
nearby well by a saddle region (see Fig. 2). The possibility of
such a saddle region connecting the HB basin and the nearby
second hydration basin (for bulk water and water inside larger
diameter BNNTS) creates pathways for water molecules to travel
between these basins.

Additionally, we performed a ReaxFF MD simulation of
a water slab on a hexagonal Boron Nitride (h-BN) sheet and
obtained the water HB PMF for the h-BN-sheet-supported
interfacial water molecules. Results (see Fig. S1 in the ESI})
confirm that the HB PMF of h-BN-sheet-supported interfacial
water shows a near identical behavior to that of bulk water.

Number of hydrogen bonds inside BNNTs

From the 2D PMF results provided in Fig. 2, we determine the
appropriate water HB definitions for all the systems considered
in this study by choosing a continuous iso-surface with a PMF
value beyond which the volume enclosed by the iso-surface
increases discontinuously (please refer to the Methods section
for details). The iso-surface corresponding to the HB definition
for each system can be found in Fig. 2. Using these definitions,
we compute the average number of HBs formed by a water
molecule (Nyg) in each system (see Table 1). For bulk water, our
findings show the Nyg to be 3.62, which is close to the values
reported in previous studies® (ref. 35 reported 3.6 hydrogen
bonds per molecule in bulk water) following similar approaches
to develop HB definitions. Inside the BNNTs, Ny decreases
significantly: the smaller the BNNT diameter (or more

© 2024 The Author(s). Published by the Royal Society of Chemistry

pronounced the degree of nanoconfinement), the more prom-
inent is this decrease. For single-file water [in (6, 6) and (7, 7)
BNNTs],* we obtain Ny values less than 2 indicating that each
water molecule is connected to less than or equal to two adja-
cent water molecules in the single file structure. Such a behavior
stems from the water molecules taking an axially ordered single-
file structure in (6, 6) and (7, 7) BNNTs (see ref. 30) causing the
water molecules to be well separated from other water mole-
cules that are not their nearest neighbors. On the other hand,
for water confined in wider BNNTs [i.e., in (10, 10) and (12, 12)
BNNTs], we see Nyp values greater than 3 with a significant
fraction of water molecules forming three or more HBs with
surrounding water molecules in these systems.

Kinetics of water-water hydrogen bonds inside BNNTs

The second important contribution of this study is investigating
the effect of nanoconfinement on the kinetics of the water-water
HBs. We have explored the HB kinetics for nanoconfined and
bulk water using a chemical-dynamics-based analysis.*® In this
process, we first compute the HB autocorrelation function, C(t),
using an HB population operator, x(t), which equals 1 if an HB is
present between a given pair of water molecules and 0 otherwise.
As such, the HB autocorrelation function is given by:

{h(1)h(0))
(h(0))

where ( ) denotes an average over an ensemble of water
molecules.

C@) = (1)
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Fig.2 Two dimensional potentials of mean force (2D PMF) as functions of r and 6 for water molecules in BNNTs with chiral indices (6, 6), (7, 7), (8,
8), (10, 10) and (12, 12) as well as for water molecules in the bulk. In these figures, the continuous black contour line and the adjacent label (in each
figure) indicate the iso-surface separating the HB basin and the corresponding PMF value at this iso-surface, respectively.
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Fig. 3 Radial distribution functions between oxygen atoms for water
molecules in the bulk and in BNNTSs with chiral indices (6, 6), (7, 7), (8,

8), (10, 10) and (12, 12).

This function gives the conditional probability that a pair of

water molecules are hydrogen bonded at time ¢, given that there
exists an HB between this pair at time zero.** As shown in

3332 | Nanoscale Adv., 2024, 6, 3329-3337

Table 1 Average number of hydrogen bonds formed by each water
molecule in the different systems considered in this study

System Nus
Bulk water 3.62
(6, 6) 1.74
(7,7) 1.88
(8, 8) 2.35
(10, 10) 3.04
(12, 12) 3.29

Fig. 4(a), C(¢) decays the fastest to zero for bulk water and the
rate of decay generally decreases with an increase in the degree
of confinement (i.e., as the BNNT diameter decreases) except for
(6, 6) BNNTs. However, unlike other systems, C(t) for the water
molecules confined in (6, 6) and (7, 7) BNNTSs tends to decay to
a finite value below 0.5. In these extreme confinements, ie., in
(6, 6) and (7, 7) BNNTs, where water takes a single-file

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Variation of the HB autocorrelation function, C(t), with time. (b) Time variation of n(t), which is the conditional probability for a pair of

initially hydrogen bonded water molecules to be within the HB vicinity but with the initial bond broken. (c) Time variation of the sum of C(t) and
n(t). For all three sub-figures, results are shown for water molecules in the bulk and in the confined systems (BNNTs with different diameters)
considered in this study. The legends corresponding to the curves of different colors [see (a)—(c)] have been provided in (a).

structure® with Nyp close to 2 (see Table 1), a given water
molecule is forced to form HBs with the same two neighboring
water molecules for the entire duration of the simulations. As
a result, if a pair of water molecules is found to form an HB
through one of the four hydrogen atoms at ¢ = 0, the probability
of finding the same HB at ¢ = © would be approximately 0.25
(one of four possible HBs). In Fig. 4(a), we report our calcula-
tions for a finite time of 20 ps and we can see that C(¢) converges
to 0.25. For bulk water as well as water in larger diameter
BNNTs, a given water molecule has close interactions with its
second solvation shell and water molecules can travel between
the first solvation shell (HB basin) and the second solvation
shell through the saddle region (see Fig. 2); accordingly, in bulk
water and water in large diameter BNNTs water molecules
diffuse away from each other at larger times, and therefore, the
chances that a given water molecule will form the HB (at time ¢)
with the same molecule with which it formed the HB at time ¢ =
0 becomes progressively small (and approaches zero) with time.
This justifies the decay of C(¢) to zero at larger times for bulk
water as well as water in larger diameter BNNTs.

Fig. 4(b) shows the time dependent conditional probability
[7(t)] that an initially hydrogen bonded pair of water molecules
stay within the HB vicinity with the initial bond broken. In
a given system, a pair of water molecules is considered to be in
the HB vicinity if their inter-oxygen distance is less than the
maximum value of  that lies on the HB boundary (as indicated
in Fig. 2).

This conditional probability, n(t), can be expressed as:

(H(1)[1 = h(1)]h(0))
(n(0)) '

n(t) =

© 2024 The Author(s). Published by the Royal Society of Chemistry

Here, H(¢) equals 1 if the tagged pair of molecules are separated
by a distance within the HB vicinity (defined above) and
0 otherwise.

For single-file water in (6, 6) and (7, 7) BNNTs, n(¢) relaxes to
a value larger than 0.5 for the same reason that the corre-
sponding C(¢) approaches a finite value below 0.5 at large ¢. In
the single file structure, almost all the pairs of adjacent water
molecules stay hydrogen bonded, via one of four possible
hydrogens, for the entire simulation period. Accordingly, for
any given pair of water molecules that always stay connected via
an HB, there is a three-in-four probability that an initial HB
between these molecules is broken at large ¢. In other systems,
namely bulk water and water in BNNTs with larger diameters,
n(t) increases at shorter times and then relaxes to zero at longer
times. This behavior indicates that, in these systems, once an
HB breaks between a pair of water molecules, these water
molecules either relax back to form the same HB or diffuse away
from each other at large ¢.** Here, the latter seems to be the case
(for bulk water and water in larger diameter BNNTSs) as evident
from Fig. 4(c), which shows the time dependence of C(¢) + n(t).
Here, C(t) + n(t) gives the time dependent conditional proba-
bility that a pair of initially hydrogen bonded water molecules
stay within the HB vicinity. For systems where water molecules
do not form a single-file structure [i.e., in bulk and in (8, 8), (10,
10) and (12, 12) BNNTs], C(¢) + n(t) rapidly decays to zero indi-
cating that as time progresses, pairs of water molecules diffuse
away from each other after an HB is broken. In contrast, for
single file water, i.e., for water confined in (6, 6) and (7, 7)
BNNTs, C(¢) + n(t) decays to values near 0.9 since nearly every
pair of adjacent water molecules stays within the HB vicinity
forming one of four possible HBs.

Nanoscale Adv., 2024, 6, 3329-3337 | 3333
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The description of the kinetics of the water-water hydrogen
bonding inside nanoconfinements will be further harnessed if
one can determine the effect of confinement on the forward rate
constant (k) of HB breaking and the backward rate constant (k')
of HB formation. To obtain these rate constants, we computed
the reactive flux HB correlation function K(¢), as a function of
the autocorrelation C(t), as:***®

KTHR ®3)

K(¢) can be further related to C(¢) and n(t) via the following
relation:**%¢

K(t) = kC(t) — K'n(1). (4)

Here, we used the C(¢), n(t) and K(¢) data for 1 ps < ¢ < 20 ps to
compute k and k'

From the above relations, the HB lifetime can be obtained
using®*3¢

1
THB = E (5)

Assuming that hydrogen bond breakage can be described as
an Eyring process,® we can relate AGyp (the Gibbs free energy of
HB breaking) to typ using the following equation:

i (AGh
THB = ko T eXp keT )’

where 7 is Planck's constant, kg is the Boltzmann constant, and
T is the temperature in kelvin.

Table 2 shows the HB lifetimes (tyg) and AGyg for water in
all the systems studied in this work. We see that bulk water has
the smallest AGysg, followed by water confined in the (6, 6)
BNNTs. For other confined systems, AGyp is inversely propor-
tional to the nanotube diameter with water in the (7, 7) BNNTs
exhibiting the largest AGyg. For bulk water, there is an entropic
gain associated with HB breaking due to water exchange
between the first and second hydration shells of a given water
molecule. In the (7, 7) BNNTs, as a given water molecule only
has access to the same two water molecules to form an HB with,
such exchange entropic gain associated with HB breaking is
absent. Thus, HBs are less prone to breaking and are stronger in
the (7, 7) BNNTs compared to the bulk water. As the BNNT

(6)

Table 2 Gibbs free energy of HB breaking (AGyg), HB lifetimes (tyg)
and the forward (k) and backward (k) rate constants for water in all the
systems considered in this work

System AGyg (kcal mol ™) Tus (PS) k(ps™ kK (ps™)
Bulk water 1.8142 3.3550 0.29806 0.0719
(6, 6) 1.8999 3.8735 0.25816 0.1698
(7,7) 2.0129 4.6815 0.21360  0.1686
(8,8) 1.9629 4.3051 0.23228 0.0831
(10, 10) 1.9483 4.2011 0.23803 0.0746
(12, 12) 1.9277 4.0587 0.24638 0.0752
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diameter increases and the single file nature of water disap-
pears, the water exchange entropic gain resulting from HB
breaking increases resulting in progressively weaker HBs.

Our previous study®*® has shown that in the (6, 6) BNNTs,
water molecules have low translational entropy due to extreme
radial confinement restricting the in-plane translational
motions of the water molecules. However, in the (6, 6) BNNTs,
water molecules possess high rotational entropy, on account of
the flipping rotations of water molecules in this system and
such water flipping involves regular HB breakage. Thus, the
small AGyy for water in the (6, 6) BNNTSs can be associated with
the corresponding significant rotational entropic gain associ-
ated with the HB breakage.

Conclusions

In summary, we use ReaxFF MD simulations to study the effect
of BNNT induced nanoconfinement on (1) water-water inter-
actions, the resulting conditions associated with the corre-
sponding water-water hydrogen bonding, and the total number
of HBs and (2) the kinetics of such hydrogen bonding. First the
2D PMF maps dictating the water-water interactions in BNNTSs
of different diameters and bulk water are obtained. This data is
subsequently used to identify the conditions dictating the
water-water hydrogen bonding in boron nitride nanoconfine-
ments. In very narrow BNNTs (with sub-nanometric diameters),
we observe completely isolated HB basins; in contrast, in bulk
water, the HB basin is connected to a nearby PMF well via
a saddle point. Such a behavior is entirely attributed to the
unique single-file structure of water in such BNNTs with sub-
nanometric diameters. This same single-file water structure
dictates the kinetics of water-water HBs in such strong sub-
nanometric confinements. The single-file structure ensures
that a given water molecule always remains in close proximity to
two or less other water molecules: hence the probability that the
HB between the same pair of water molecules survives or re-
forms after being broken is significantly high for water mole-
cules in such strong confinements. Overall, our study sheds
light on some of the most pressing fundamental issues of water
properties inside very strong confinements, and we anticipate
that such new information will be potentially useful in
explaining the vast number of highly non-intuitive events
associated with water entrapped in strong confinements.

Methods

All the simulations were performed using the ReaxFF*” package
implemented in the LAMMPS MD engine.*®* The ReaxFF force
field parameters were obtained from Verma et al.*® The Qeq"
charge equilibration scheme was used for all the simulations.
BNNTs with chiral indices (6, 6), (7, 7), (8, 8), (9, 9), (10,10),
(11,11) and (12,12) were considered in this study. In all the
simulations involving BNNTSs, the nanotubes were modeled to
be flexible using the ReaxFF force field parameters. The
production data was obtained by simulating bulk water and
confined water (in approximately 10 nm long BNNTs) in the
canonical ensemble (NVT). During the production runs, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10 nm long BNNTs were modeled to be periodic in the axial
direction to simulate infinitely long water-filled nanotubes.
These production trajectories were 5 ns long for BNNT systems,
and 1.5 ns long for bulk water. The temperature was maintained
at 300 K using the Nosé-Hoover thermostat*>** with a damping
constant of 100 time-steps and a time step of 0.25 fs was used
for all the simulations. More details regarding the simulation
procedure such as the equilibration process, bulk water simu-
lations, and obtaining appropriate confined water densities can
be found in our previous study.*

We obtained the hydrogen bonding definitions based on the
distance-angle (r,6) coordinates using the corresponding two-
dimensional potentials of mean force W(r,d). Here, r and 6
represent the inter-oxygen distance and the angle between the
OH bond and the vector joining the oxygen atoms ZHO4O,
(Fig. 1). Only the smallest § among the four possible values, for
a given pair of water molecules, was considered for sampling.
W(r,0) is given by the following equation:

W(r,0) = —kgTg(r,0). 7)

Here, g(r,0) represents the ratio between the average number of
water-oxygen atoms in a shell between r + dr and r centered
around a given water-oxygen atom, with the corresponding
/HO40, angle between 6 + df and 6, in the presence and
absence of intermolecular interactions. The latter can be ob-
tained using (477 prdr)[Prandom()df], where the Prangom(d)
represents the random probability distribution of # for non-
interacting water molecules. For the bulk water it is calculated
using the distribution of # between water molecules with r > 10
A. On the other hand, P.angom(f) for confined water (in each
BNNT) was obtained by performing two additional simulations
with only a single water molecule inside the BNNT. We started
these two simulations with different initial configurations, and
the ¢ distribution for a pair of non-interacting confined water
molecules was obtained by superimposing these water molecule
trajectories on each other.** The random probability distribu-
tion of O(Prandom(0)) was given by the £ HO40, values sampled
from these superimposed trajectories. In addition, the non-
interacting particle distribution was modified as (f.g,(r)
4707 prdr)[Prandom(f)df], for confined water in BNNTs, to take
the excluded volume effects into consideration in a confined
system.** Here gy,(r) is the uniform profile for a cylindrical
confining geometry and is given by:*

Vo J 3
W(r)= —=5 |d’Q P . 8
&u(r) 2n) 0 Pea(Q) (®)
In eqn (8), V}, is the volume and Pcy(Q) is the form factor*® of
a cylindrical cell with radius R, and length L, which is given by:

o [ ()] [ G

Here, J, is the first order Bessel function and j, is the zero-order
spherical Bessel function. In the modified formulation for non-
interacting particle distribution, correction parameter fg
accounts for the surface roughness and was adjusted so that the

©)
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radial distribution function (RDF) between the water oxygen
atoms tends towards one for large r. To calculate g(r,0) for water,
we sampled r and 6 every 500 fs from the production trajectories
in the NVT ensemble.

In Fig. 2, we show the 2D PMF for water in all the systems
considered in this study. The boundary demarcating the HB
boundary was obtained by considering the iso-surface with
a PMF value beyond which the volume enclosed by such
a surface increased discontinuously. The HB boundary for each
system is shown using a continuous black contour line in Fig. 2.
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