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In my dissertation, | will use atomistic simulations to study the behavior of water and salt
solutions confined in subanometer and nanometer wide boron nitride nanotubes (BNNTSs). This
study wil provide fundamental insight into the effect of nanoconfinement on a) the structure of
waterin-salt electrolytes (WIiSEs) inside nanometgde BNNTs, b) structure, filling
thermodynamicsandhydrogen bondHB) kinetics andstrengthfor water confined irBNNTs of

various diameters.

For the past few decades, nanoconfined fluids are being actively researched by scientists
and engineers due to their interesting properties that are absent in their bulk counterparts. Such
fluids could play a crucial role in deloping novel nanofluidic devices for application in the fields

of energy storage, membrane separation, and bioengineering. In the context of nanoconfined



fluids, nanotubes are a very popular choice as structures used for confining these fluids. Among
them, carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTS) are two of the most well
studied nanotubes. They exhibit outstanding mechanical properties, chemical stability, and thermal
conductivity. However, their electronic properties are dissimilar.T€Mre known to be
semiconducting materials, while BNNTs are regarded as electrical insulators. These properties
make each of these nanotube types quite unique. Also, due to the polar nature-bif hoads,

the behavior of the fluid confined inside th&lBT is distinctly different compared to the fluid

confined inside the CNT.

In chapter 2, | use alitom molecular dynamics (MD) simulations to report a novet non
covalent endohedral nanotubaltwater hybrid formed by confining a 10 molal (m) LIiTFSI
aqueous solution inside a (7, 7) BNNT that has an internal diameter comparable to the size of the
TFSI anion. The simulation reveals that TF®hs and hydrated Liions form axially non
overlapping periodic blocks inside the (7, 7) BNNT. Also, the TFSdraare immobile inside
the hybrid, and as a result, traps the water encapsulated in between them. These circumstances lead
to an interesting scenario where the entrapped water is confined in all directions resulting in zero
dimensional water blocks. Fugh water exists in a liquid state in these zdirnensional blocks.

Finally, it is demonstrated (by detailed free energy curves) that this hybrid is stable against

increasing temperature and the change of the surrounding chemical composition.

In chaptel3, | use aHatom MD simulations to show that water free localization of a TFSI
ion at the negative electrode is possible for a moderately concentrated LiTFSI based WISE
confined inside a-hm diameter BNNT. | explain this possibility as a combined efdédhe
affinity of the TFS1 ion to enter an empty nanometeide BNNT prior to other electrolyte

molecules, and the size of the TH3ing comparable to the diameter of the BNNT.



In chapter 4 | use ReaxFF MD simulations to study the water structanel
thermodynamics inside BNNTs of various diameters. This study shows that water is
thermodynamically more stable when confined inside BNNTs compared to bulk water. Also,
entropic favorability is found to be the predominant factor in stabilizing Bldbifined water
despite themild hydrophilicity of hexagonalboron nitride. Further, the factors dictating the

entropic favorability varies with the BNNT diameter due to significant changes in water structure.

In chapter 5] explore the effect of BNNT basedmfinement on the water hydrogen bond
kinetics and strength. First, appropriatater HB definitions were devised faNNT-confined
water systems(with varying degrees of confinement)sing these definitions, pairs of water
molecules with HB configuratiaare identified and the corresponding HB kinetics and strengths

are quantified.
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Chapter 1: Background and Motivation

1.1. Overview

Nanoconfined fluids have gained a lot of attenfimm scientists and engineers for the past few
decadeswith the accelerated evolution of nanotechnolb@uch fluidswere shown to exhibit
remarkable propertighatcannot be seen in their bulk counterpdgigloration of such properties

is not only of great importance to the progress of fundamental science, bpiestsa crucial role

in advancing mangpplicationdriven fields. Few of the industrial applications that take advantage

of the unique properties of nanoconfined fluids idelenergy storagemembrane technology
andbioengineering Nanotubes areng of the commononfining structures used in many studies
involving nanoconfined fluids. Thes@nostructuresome in a wide range of pore sizegich
directly affect the degeeof confinement antherefore the behavior of fluids confined in them.
Carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTs) are two of the most widely
investigated nanotubesith CNT being the focus of numerous experimental and theoretical
studies>®® Unlike the GC bonds in CNTs, the Bl bonds in BNNTs are polar in nature
accordingly,there are significant disparitiesn the structure and dynamicsf water and salt
solutionsconfinedin these twaypesof nanotibes.While both thetypes ofnanotubegossess
excellent mechanical and thermal properties, their electronic properties are contrasting, BNNTs
for example have a wide band gap ofébeV making them excellent electric insulatoon the

other handCNTs behave asemiconducting material§. These characteristics make BN&T
desirable for applications requiriegectric insulatorsvith high thermal stabilityFigurel.1l shows

the schematic of a BNNT with a chiral index of (7, 7) whidiresponds to a diameter of

approximately 1 nm.
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Figure 1.1a) Axial and b) cross sectional view of a (7, 7) BNNT

Molecular dynamics (MD}imulations are an indispensable tool to explore the structural and
dynamic properties of materials at atoraeic-level resolution.In this thesis, we use (MD)
simulations to study the behavior of water and salt solutions confined inasumeter and
nanometer wide BNNTsWe will explore the structur@end filling behaviorof moderately
concentrated waten-sdt electrolytes (WIiSE) confined in nanometeide BNNTs. Furthenore

the effect oftheapplied voltage on these properties will be investigated for potential applgation

in aqueous l-ion batteriesLater, we will study the water hydrogen boftB) strergth and the



thermodynamics dictating the water structure and density in BNNTs of various dianheters
addition, we willprobethe effect of vacancy defects in BNNTs on the water friction confined in
them.Finally, we will analyze the effects of confinemem the chemisorption of hydroxide ion

at the inner surface of a BNNT.

1.2. Water-in-Salt Electrolytes Confined in Nanometeiwide BNNT: Effect of

Confinement and Voltage on Structureand Filling Behavior

Waterin-salt electrolyteqWISEs) refer to extremely large salt concentrations in an aqueous
medium. Thetypical characteristic of WISE systems is tlihé salt outnumbers water by both
weight and volume, and some of the water mol e
by anis.Recently highly concentratetliTFSI basedViSE systems have been found to enhance

the electrochemical stability window of aqueousidn batteries. Augmented ion pairiegd a

lack of free water in these systemmsve been found to lhbe primary reasosfor the enhanced

electrochemical stability’

Previous computational works have shown that boron nitridesheet dispersion is
thermodynamically more favorable in ionic liquids, containing TRE8lon, compared to pure
water!8 Also, recent studiemvolving experiments anBFT calculationshowed thahexagonal
boron nitrideinduces trapping of FSI anion'® In additionto these results, the size of the TFSI
anion leads to some interesting questions as to how confinement in a naneitdet8NNT
affectsthe structure and filling behavior of concentrated LiTFSI agueous electrolgtebapters

2 and 3, we use afitom MD simulations to answer these questiang assess the potential of



these nanoconfined aqueous electrolytes for application in aquedms lhatteries andhybrid

materials.
1.3. Water Confined in BNNTs

The exploration of structure and transport propertiesaotzonfined water is of great relevance

for developingstate of the arhanofluidic systemsFor specific applications requiring veat
confined in an electrically insulating, chemically and thermally stable nanostru8NIKg; is an
excellent choiceMany previousMD studies haveeported the structure and dynamicsaaiter
confined iINBNNTSs d various diameters: 2% 21 22However,most of these studies use force field
parameters that significantly underpredictweaer contact angle on boron nitridN). The force

field used in the above studies predict a water contact ang¥ efhile the recent experimental
studiesreport a vaterBN contact angle of 662 Results from th@bovestudies show that water
spontaneously fills a (5, 5) BNNT and formstaadycontinuous single file water in (5, 5) and (6,

6) BNNTswhich could be a result dhe overestimaton oBNNT 6s h ytd®® 3 fini | i ci
chapter 4,1 perform reactive MD simulations using the recently reported ReaxFF parameters
which predict a wateBN contact angle of ~7G* Here, |study the structure and tHiling
thermodynamic$or water confined ilBNNTSs of variaus diameterdn chapter 5, | study the effect

of BNNT induced confinement on the water hydrogen bond strength and kinetics using the above

described ReaxFF MD simulations.



The contents of this chapter have been publishéhasa, B. S., Wang, Y., & Das, S. (2021). Boron Nitride
Nanotubé Sali Water Hybrid: Toward Zer®imensional Liquid Water and Highly Trapped Immobile Single
Anions Inside @e-Dimensional Nanostructureshe Journal of Physical Chemistry ©25, 25, 1400614013

Chapter 2: Boron-Nitride -Nanotube-Salt-Water Hybrid: Towards Zero -
DimensionalLiquid Water and Highly Trapped Immobile Single Anions Inside
One-Dimensional Nanostructure$

Abstract

Nanotubemoleculesbased hybrid structures, where different chemical species are integrated with
the nanotubes either exohedrally (i.e., attacheduter gurface of the nanotubes) or endohedrally
(i.e., encapsulated within the nanotubes) has enabled developing novel materials with
unprecedented application potentials. In this paper, we describe our simdlatem discovery

of endohedral and netovdent nanotubesaltwater (boromnitride-nanotubeliTFSI-water)

hybrid structure, which forms when anin-diameter boromitride nanotube (BNNT), placed in a
large.concentration LiTFSI electrolyte solution, gets filled with periodically repeating andyaxiall
separated noenverlapping blocks of TFSI anion and-ibin-solvating water. In this hybrid
structure, the TFSI anions are in highly trapped immobile state, while the water blocks are in a
zeradimensional configuration and a liquid (rorystalline) stateFurthermore, subjecting the
hybrid to elevated temperature or date surrounding has little effect on the structure and
properties of this hybrid. This, along with separate free energy simulations, confirms the most

remarkable stability of this nandtersaltwater hybrid system.
2.1INTRODUCTION

Nanotubes (e.g., carbon nanotubes or CNTs, boron nitride nanotubes or BNNTS),
characterized as hollow tubes with internal diameters ranging from few to tens of nanometers have
emerged as most remarkable @hmensional nanostructure that have found wvadale

5



application in fabrication of sensors, transistors, conductors, batteries, -stmape materials,
light-emitting diodes, lithiurvion batteries, supercapacitolight-weight composites, and flexible
electronics as well as in applications such as wastier treatment, water purification,
chromatography, voltammetry, solphase extraction of drugs and biomolecules, drug targeting,
controlled drug release, disease diagnosis and treatment, enablibgaetial and antiungal
properties, and many mot22>® While many of these applications use these nanotubes as filler
materials for improving the properties of certain macroscopic materials (e.g., adding CNTs for
improving the mechanical, thermal, danelectric properties of CNppolymerbased
nanocomposité&3® or using CNTs to prepare mixtures/pastes that can be used for printing
temperature sensdéfé' and fabricating antbacterial coating$®), more exciting classes of
studies and future appéitions (e.g., use as higlerformance membran&spr use in futuristic
water treatment technologi&spr promoting specific chemical reactidfsinvolve probing the
properties and transport of water, ions, and other species (e.g., alcohol, dyegnemjng
encapsulated within or transporting through a single CNT or BR&#247%0 For example, water
encapsulated within CNTs or BNNTs demonstrate -dingensional structure with most
fascinating properties® Similarly, gasfilled CNTs have been téed to be used as nanesonators

with unprecedented properti€si2 Also, there have been massive interests in probing the behavior
of nanotubeencapsulated salt systeid>®! One such example, where other species have been
closely integrated with natubes are nanotubmoleculesbased hybrid systems. Over the last
several years, there has been a massive recent interest in designing and developing such nanotube
moleculesbased hybrid systeni$,where certain molecules get integrated with the nanotubes
eventually enabling engineering of new materials with outstandinged@ttronic, magnetic, and

other properties. These hybrid structures often appear as systems where these molecules are bound



to the nanotubes as stdeached structures (these structueze also identified as exohedral
functionalized nanotube hybrid¥)®® The examples include hybrid structures consisting of single
walled CNT-tetraphenylporphyrines (SWCNT/TPPdr SWCNT-pyrelene derivatives for optical
application$* hybrid structure obtained by reacting CNTs with azidodichkriazine 1 and
showing improved phottuminescence behavié?,CNT-singlemoleculemagnetTbPe hybrids
demonstrating giant magnetoresistatfc€ NT-tetraironlll -singlemoleculemagnet hybrid;
CNT-quantumdots nanohybrids with DNA linkers showing improved optoelectronic
performance§® DNA-SWCNT hybrid for detecting sattoncentratiordependent nucleobase
distribution®® etc. Nanotubdased hybrid structures have also been studied for BNNTs (Boron
Nitride Nanotubes). They include defeictduced formation of the BNNBoronnitride-nanosheet
exohedral hybrid®® BNNT-nucleobases hybrid systems where the nucleobases have been
physiosorped on the BNNT outer surfdéégrmation of structures where BNNTs are wragmn

their outer surfaces by -®NA molecules’? formation of hybrids whereamphiphilic
monomethoxypoly(ethylene glycoHo-poly(epsilon caprolactone)diblock copolymers are
attached as side structuteshydroxylated BNNTZ? etc.On the other hand, theare also several
examples where such nanottliesed hybrids have been formed with the molecules (or other
species) entering the nanotube and getting localized within the nanotubes (in other words, the
hybrids are formed between the nanotubes and thetie®igetting encapsulated within the
nanotubes; these configurations are also known as endohedrally functionalized nanotube
hybrids)/#7® These include cases such as G&itapsulated DySc2N@ GSingleMolecule
MagneticMetallofullerene hybrid demonstrat improved coercivity? CNT-encapsulated
Mn1.Ac-SingleMolecule Magnetic hybrid with possible applications in fabricating hagmsity

magnetic data storage devic@sSWCANT-DANS (DANS: p , -ginNjthylaminonitrostilbene



hybrid providing highly enhanced ndimear optical (NLO) respons€ BNNT-based endohedral
hybrid structures formed with BNNTs encapsulating and stabilizing polymeric nitfégeri
BNNTs-based hybrids where coronebasel graphene nanoribbons are encapsulated in BNAITSs.

In this paper, we report our simulatidniven discovery of nowovalent and endohedral
BNNT-LiTFSI-saltwater hybrid, where TFSI anions anddationsolvating water blocks are
encapsulated within adm-diamter BNNT. Within this hybrid, single TFSI anion and the water
molecules appear as nomerlapping and periodically repeating axial blocks. This hybrid forms
when (a) an empty BNNT is placed in a concentrated (10 m) LiTFSI agueous solution ane a sing|
TFSI anion, due to its great affinity to the boron nitritlenters the BNNT followed by the entry
of the Licationsolvating water molecules and (b) this process ofadtexanother entry of TFSI
anion and Licationsolvating water molecules progressetil the BNNT is completely filleéf
Interestingly, this formation does not involve any chemical bond formation: TFSI anions have
large affinity towards BNNT that makes it enter the tube first and subsequently the electrostatic
effects pulls the Lion-solvating water molecules inside the BNNT. We next study the properties
of the TFSI ions and water pockets (constituting the BMNNIFSI-saltwater hybrid)
encapsulated within the BNNT. First, we establish that the TFSI ions are extremely strongly
trappedand therefore demonstrate very little mobility or displacement. Such trapping of the TFSI
ions by boron nitride has also been reported previddsigwever, the diffusivity of the TFSI
anions is significantly smaller in the present case. Second, we staiwhe water blocks
(constituting the hybrid), trapped by the TFSI anions on either side, exhibit mobility that confirms
the zeredimensional nature of the water molecules within the hybrid. Therefore, within a
nanostructure (namely nanotubes), whereewit known to exist in a ordimensional chain like

structure’,517%1 we propose the existence of zlimensional water. While Abet al. has



identified such zeralimensional water in nanoconfined ionic liqufdsn general such zero
dimensional wate has not been extensively observed. Third, we quantify the RCF (Re
orientational correlation function) of the dipole vectors of this-ziémeensional water establishing

that the water, despite its zedonensional behavior, is in a n@nystalline liquidstate®? Finally,

we quantify the stability of this proposed BNNITFSI-water hybrid. The hybrid system is
subjected to a significant increase in temperature as well as a significant change in the surrounding
system (all the salt from the surrounding ewstis removed). Under either of these conditions,
there is little change in the structure of the hybrid, or in the corresponding mobility of the TFSI
ions, or in the zerglimensional nature and crystallinity of the entrapped water. These findings,
along wih separate free energy calculations confirming a large free energy barrier experienced by
the TFSI ions at the two ends of the BNNT against diffusing into the surrounding medium
(consisting of salfree water) from inside the BNNT, establish the remarkédige stability of

the BNNT-LiTFSI-water hybrid structure. Such stability of the hybrid points to the exciting
possibility of employing such hybrids in conditions that is vastly different from that in which they
were fabricated.

In summary, the mainatget of this study is to use computations to shed light on the
existence and the properties of a new type of nandiabed material: namely, a BNNT based
endohedral nanotubsaltwater hybrid (i.e., a new kind of endohedral nanotuioéecule hybrid).

There has been a plethora of studies probing the interactions between nanotubes of different
materials and dimensions with large concentrations of electrolyte salts: however, such a unique
observation in the context of forming a new kind of material through steractions has not
been probed before. The ease of formation of such BsiNfwater hybrid makes it even more

attractive: simulations predict that the momentrartdiameter BNNT is introduced inside a bulk



electrolyte solution of LITFSI salt of lge concentration, the attraction between the BNNT and
the TFSI anions, followed by the electrostatic effect driven interactions, lead to the formation of
such hybrids. The second facet is the structure of this hybrid: the large size of the TFSI anions
(i.e., large enough to be comparable to the internal diameter ofrthediameter BNNT) ensures

that the hybrid is characterized by the presence of periodically repeating aiodent@pping

blocks of TFSI anion and solvated Li cation. Such a structure eabntictates all the salient
properties of the hybrid, namely, (1) very weak mobility of the anions, (2) existence of water in
zerodimensional, yet nowrystalline water state, and (3) tremendous stability against different
perturbations. In this presgpdiper, we introduce the idea that such a structure is an example of an
endohedral nanotubsaltwater hybrid: therefore, we identify this structure as a unique and new
kind of nanotubéased nanomaterial. Furthermore, we unravel some of the most irgriguin
properties of the species (TFSI anion and water molecules) constituting this endohedral hybrid.
These properties are unique in the sense that they are not commonly encountered in other systems.
For example, we witness an almost immobile state of the @RiSh, the existence of water in a
zerodimensional state despite being confined within a-dimeensional nanostructure, the
existence of water in neerystalline liquid state despite being in zelimensional state, and
extreme stability of this entireybrid structure (as well as extreme propensity of the individual

constituents to maintain their respective states and properties) against different perturbations.

2.2METHODS
We used theLAMMPS® parallel Molecular Dynamics (MD) package perform all tle
simulations. The temperature and pressure were maintained at desired valulssesiHgover

8 thermostat and barostat with damping constants of 100fs and 1000fs respectively. LiTFSI was
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modeled using CL&® force field parameters. Water was simethusing the SPC/E modél.

BNNTs were simulated using the Tersoff potefti&lwith the norbonded force field parameters
reported by Won and Alurt?® We used the geometric mixing rules to obtain the interatomic
Lennard Jones (LJ) parameters and fEuwlistance of 12 A for both the LJ and Columbic
interactions. The longange electrostatic interactions were calculated using the PPfier

with an accuracy of 0.0001. We outputted the data every 500 fs, and a time step of 1fs was used

for all the smulations.

The BNNT-saltwater hybrid was formed by soaking a (7, 7) BNNIn(h diameter) in a 10 m
(molal) LiTFSI agueous solution. The BNNT is 10 nm long with 1120 atoms and was generated
using VMD 23 We used 1380 LiTFSI pairs and 8280 water moledolgenerate the 10 m LiTFSI
agueous solutionrhe simulation box was initially filled with the solution atoms leaving enough
space in the middle of the box to fit the BNNT. First, the solution surrounding the BNNT was pre
equilibrated for 100 ps in the is@ermatisobaric (NPT) ensemble with a temperature of 300 K
and a pressure of 1 atmosphere. During thisegrelibration, the ends of the BNNT were blocked

to prevent filling at this stage. After the initial pequilibration, the aqueous LiTFSI solutiomas
allowed to fill the nanotube. Also, we observed that anion enters the tube first from both of its
ends. So, to prevent the initial trapping of anions inside thertliameter BNNT, the solution

was allowed to enter and fill the BNNT only through onéheftwo entrances. Once the BNNT is
completely filled, the block as removed and the system was allowed to equilibrates
simulation was performed in the isotherasdbaric (NPT) ensemble with the temperature and
pressure maintained at 300 K and 1 apieere, respectively. Periodic boundary conditions were

used in all directions. Atoms at both ends of the BNNT were tethered to harmonic dpaifs (

11



kcal/mol.A?), preventing the nanotube from drifting away. The simulation lasted for 20 ns with a
produdion run of 10 ns used for data analysis. Equilibrated system configuration obtained from
the above simulation was used as the initial state for fetlovgimulations where the nanotube
hybrid was surrounded by (a) 10 m LITFSI at 350 K and (b) pure wag90aK. For the latter

case, the LiTFSI aqueous solution surrounding the nanotube hybrid was replaced by pure water
consisting of 10,000 water molecules. Both the systems were further simulated in the NPT

ensemble for 20 ns, and the data gathered frofashd 0 ns was used for analysis.

Finally, we used the umbrella sampling method to obtain free energy curves as a function of the
axial positions of centers of mass (COM) of the LiTFSI pairs at both ends of the-BalNVater

hybrid in a pure water eimonment. In each sampling simulation, the axial position of the center

of mass of the LITFSI pair at one of the ends was confined to a window centered at a specific
location along the reaction coordinate using a harmonic potential with the stiffnesgyriogi

1-5k ¢ a | .A?feovhrious simulations. We used windows with =3, -2, 0, 2 and 4 A, and z

= 95, 97, 99, 101 and 103 A, as equilibrium positions for the harmonic potential, for the lower
(near z = 0 A) and upper (near z = 100 A) LiTFSI pagspectively. The radial position of the
sample LiTFSI pair was confined withB1A about the BNNT axis using a cylindrical LJ wall
outside the BNNT. Simulation snapshots of the nanotube hybrid in different windows are given in
Fig. Al of theappendix A All the sampling simulations lasted for 4 ns. These simulations were
performed in the NPT ensemble at a temperature of 300 K and a pressure of 1 atmosphere. The
axial position of the COM of the sample LiTFSI pair was collected every 500 fs from theblast 3.
ns of each simulation. We used the weighted histogram analysis method (VfifAiM)analyze

the data obtained from umbrella sampling simulations.
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2.3RESULTS AND DISCUSSIONS

Formation of the BNNT-Salt-Water Hybrid

The BNNT-LITFSI-water hybrid is fomed by soaking a 10m long and Inhm diameteopen

ended (7, 7BNNT in a 10 m aqueous electrolyte solution of LITFSI. Under such conditions, the
BNNT is spontaneously filled by the salt solution resulting in the BMBEIFwater hybrid. The

final equilibrium state of this hybrid is shown in FiguPel(a). The norbonded interaction
parameters used in the current study can be foufi@dte Al in appendix A These forcefield
parameters have been previously used to study the structural properties of higidgptiaied
aqueous LiTFSI electrolyt€§°”%8 Please see the Methods section for a more detailed discussion
on the molecular dynamics or MD simulation-gptused to study this filling process. The BNNT
LiTFSI-water hybrid is an endohedral, noavalentnanotube hybrid. It is characterized by the
presence of the periodic, axial, and rawerlapping molecular ordering of single TFSI anions and
lithium-ion-solvating water blocks within the BNN(please se€igure2.1(b)). Such an ordering

is caused by theatge size of the TFSI anidtthat is comparable to the diameter of the BNNT.
The bulkiness of the TFSI anion prevents it from occupying the same axial position as water
molecules when confined in a nanometer wide (7, 7) Bi8ase seEigure2.1(c)). Weattribute

the formation of this nanotuksaltwater hybrid to the strong affinity of TFSI anion to enter the
BNNT. The TFSI anion has a higher affinity to enter the empty (7, 7) BNNT before other
molecules of the electrolyte solution. The next moleculent@r the BNNT cannot be another
TFSI anion due to electrostatic repulsions; as a consequence, fitimwsuolvating water
molecules enter the BNNT following the TFSI anion. This process continues throughout the filling

process resulting in this orderettusture This nanometer wide BNNT, therefore, acts as a

13



templaté? that hosts the unique ordered structure of TFSI anions and water blocks that would not
have been possible in the absence of 1D nanoconfinement. To better understand the affinity of the
TFS anion towards the BNNT, we have tabulated the LJ and electrostatic contributions to the
interaction energyplease see tabk? in theappendix A between the BNNT and the TFSI ions,

Li ions, and water molecules confined in it. From tabk we can sethat the adhesion between

the BNNT and the TFSI anions is primarily caused by the van der Waals interactions between
them.In chapter 3, we provideraoredetaileddiscussion on the effects of salt concentration and
nanotube diameter on structure of thik salution confined inside the tube. Also, we proWicke

energy calculations to show that the TFSI anion has a higher affinity to enter the empty (7, 7)
BNNT before other molecules of the electrolyte solutiniihe following sections, we will discuss

the structural properties and stability of this nanotube hybrid.
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Figure 2.1. a) Simulation snapshot of the BNNJaltwater hybrid formed through the non
covalent interaction between anin-diameter (7, 7) BNNT and a 10 m aqueouBHSI solution.

The atoms surrounding the nanotube hybrid were removed to provide a clearer picture of the
BNNT-saltwater hybrid structureThe snapshot is generated using OVIfOb) Ax i al
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(representing the water molecules) confined insideltherdiameter (7, 7) BNNT. cRadial
distribution of the different atoms of the TF&In, Li* ion, and the water oxygen ataronfined
inside the 1-nm-diameter (7, 7)BNNT. d) Schematic depicting the confinementiuced
localization of all the specidmelow asmall (~2.5 A) radial distance around the BNNT axis

15



Structural and Dynamic Properties of the BNNT-Salt-Water Hybrid

Figure 22(a) shows the axial root mean squdrisplacement of the nitrogen atoms of all the TFSI
anions (there are six in all) confined inside the (7, 7) BNNT. We see that the nanoconfined TFSI
anions are localized in the axial direction as confirmed by their very small axial displacement.
More impatantly, we find that these displacement values remain constant with time confirming
negligibly small diffusivity (which is given by the slope of the variation of the mean square
displacement with time) of all the TFSI anions within the BNNT and consiifutie BNNF
LiTFSI-water hybrid. Two factors contribute to this extreme trapping of the TFSI ions leading to
their virtually immobile states. First is their strong attraction to the boron nitride (see Ref. 9 and
tableA2 inappendix A. The second is thegsence of the axial water blocks on either side of the
TFSI anions within the nanoconfinement preventing them from any further axial motion. These
dual factors ensure this negligibly small (much smaller than that reportedebgll? that probes

the tapping of TFSI ions by boron nitride) diffusivity of the TFSI ions.
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Figure 2.2. Axial root mean square displacement (rMSD) of the nitrogen atoms of all the TFSI
anions (six in all) of the BNN-Baltwater hybrid system for the case when the hybrid i®saded
by a) 10m LITFSI at 300K, b) 10m LITFSI at 350K, and c) pure water at 300K.
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Through our simulations, we observe that these immobilized TFSI anions themselves act as
barriers for the individual water blocks that are present in between themngguline formation

of zeradimensional (OD) water blocks (as confirmed by Ri§). In figure2.3, we provide the

axial root Mean Square Displacement (axMISD) of these water blocks/pockets (confined inside

the BNNT and constituting the BNNIITFSI-water hybrid). The axialMSD of the water
saturates to approximately 6 A. Saturation to such a value indicates that water experiences a strong
confinement even in the axial direction, in addition to the radial confinement imposed by the (7,
7) BNNT. As a lesult, these water blocks qualify as 0D water pockets due to confinement in all
three directionsin other words, our study confirms that in agpt(hamely, the nanotube that is

a 1D nanostructure), which is known to orient the water molecules in 1Ds¢R&®! we
encounter OD water states. Such 0D water blocks/pockets were previously reported in experimental
studies involving nangonfined water in room temperature ionic ligffdOne important
difference between the current and previously repontatér pockets/blocks (Re82) is that

confined water, in the present case, solvates the lithium cation in the pockets.
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Figure 2.3. Axial root mean square displacement (rMSD) of the oxygen atoms of water molecules
confined inside thBNNT-saltwater hybrid. The rMSD is obtained by averaging the MSD values
of all the water molecules encapsulated within the BNNT.

Further, we examine the crystalline nature of these 0D water blocks/pockets mentioned above.
Figure2.4 shows the r@rientdional correlation function (RCF) of the dipole vectors of these 0D
water pocketsThe RCF can be expressed@so & 1 GwhereQ is the dipole vector af" water
molecule and the bracket represents ensemble avéraigeRCF function indicates the time
dependent decay of dipole orientational memory of water molecules due to the random fotationa
motion. For the case of liquid water, this function decays toward¥@mw.the other hand, in
systems where the orientational motion of water is restrieted ice), water RCF decays towards

a nonzero valué® From Fig.2.4, we see that the RCFwhter molecules inside the hybrid decays

to zero, similar to liquid water. Therefore, these results confirm that the OD water blocks/packets
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exist in a norcrystalline liquid state. Such properties of the 0D water could find applications in

nancheterogeaity engineering for cryo preservatién.
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Figure 2.4. Reorientational correlation function of the dipole vectors of water molecules
(confined inside the BNNT and constituting the BNNITFSI-water hybrid).

Also, we have studied the effect of tBEINT on the ionic charge density distribution in the
electrolyte solution surrounding the BNNile(, outside the BNNT). Figur2.5 shows the ionic
charge density, as a function of radial distance from the nanotube axis, for radial distances ranging

fromr= 5 § (& nan ot20@.eorths dnalysis, we reve donsidered 0.05 A thick
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cylindrical sheaths that are coaxial with the BNNT, and the radius of the cylindrical sheaths range
from 5 A to 20 A. By computing the ionic charge density in esfdhese cylindrical sheaths, we

have obtained the ionic charge density curve as a function of the radial distance from the nanotube
axis. From figur@.5, we observe a negative charge density peak at the BN@¢Trolyte interface

which is accompanied ldamped oscillations in ionic charge density that persist beyond a distance
of 10 A from the BNNT surface. This oscillatory behavior is a result of strong correlation between
ions in a highly concentrated electrokfeg® and the affinity of TFSlions tavards BNNT surface

(which is primarily caused by the van der Waals interaction between the BNNT walls and the

TFST ions) (please seEableA2 in appendix A.
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Figure 2.5. lonic charge density, in the electrolyte solution surrounding the BB, function
of radial distance from the axis of the BNNT. The ionic charge density variation for tanger
been magnified in the inset of the figure.
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Stability of the BNNT-Salt-Water Hybrid

We have performed simulations (on the mobility of the T&8bns and 0D state and crystallinity

of the water pockets/blocks constituting the BNNTFSI-water hybrid) to check if the hybrid

would be stable at temperatures significantly elevated &t 350K) from the room temperature

and in a pure water envirorent (.e., where all the salt from the surrounding outside the nanotube
hybrid has been removed). F&2(b) confirms that even at an elevated temperature of 350K, the
rMSD of all the six TFSI ions confined within the BNNT are not significantly affeated
comparison to those at room temperature [see2(p)]. For the case of salepleted pure water
surroundings, we find that the rMSD and the diffusivity of the TFSI ions [seeRit)] are

similar in magnitude to that of the case where the nardtybrid is surrounded by 10 m aqueous
LITFSI [see Fig2.2(a)]. These results indicate that the TFSI anions that form the narsatitbe

water hybrid are immobilized inside the hybrid both at an elevated temperature and a pure water
environment (surroundg the BNNT). Under such circumstances, we expect the water
pockets/blocks, trapped axially between the between the TFSI anions, to continue to behave as a
0D system even in presence of elevated temperature-dresatturroundings. Figu&3 compares

the axialrMSD of confined water for all the three cases described above. For all the three cases,
the axialrMSD of water saturates to a value around 6 A, with the elevated temperature case
showing a slightly larger saturation value. These results agreeowitthypothesis that the
immobilized TFSI anions impose an axial confinement on the water present inside the nanotube
hybrid resulting in 0D water pockets for a variety of conditiang,(the condition of significantly
elevated temperature as well as tdoadition where the solution surrounding the hybrid has no
salt). Finally, figure2.4 compares the RCF of the dipole vectors of the OD water for all the three

cases: for each of the case, the RCF decays to zero indicating that water exists in a lsguid pha
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inside the OD water pockets. These results confirm the stability of the BddMWater hybrid

against an elevated temperature (350K) as well as a drastic change in the composition of the
surrounding medium (i.e., when all the salt from the surroundiedjum has been removed).

Finally, in Figure2.6, we show the free energy curves as a function of the axial positions of centers
of mass of the LiTFSI pairs at both ends of the BNgdiltwater hybrid surrounded by a pure
water environment. Ifig. A1 in appendix A we schematically describe the procedure adopted to
obtain these free energy curves. At both the ends of the nanotube hybrid, we see a free energy
barrier of approximately 7 kcal/mol against the diffusion of LiTFSI, at those ends, into pure water
We attribute this diffusive tendency (or the lack of it) to the strong interaction between the TFSI
anion and the BNNT, which is primarily caused by the van der Waals interactions between them
(please see table?2 in theappendix A. These results furtheonfirm the super stability of the
endohedral nanotubsaltwater hybrid formed due to the naovalent interactions between the
LiTFSI aqueous solution and the (7, 7) BNNT. The-ddfusive nature of the TFSI anions at both

the ends of the nanotube higbensures that the adjacent 0D water does not leak out of the hybrid

and these end@FSI anions act as a seal that holds the BNNIFSI-water hybrid together.
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Figure 2.6. Free energy curves as a function of the axial position of the center of midies of
LiTFSI pair ata) the lower end (near z =40 and b) the upper end (near z = Jof the BNNT-
saltwater hybrid surrounded by pure water at 300K.

2.4CONCLUSIONS

The findings presented in this paper point to the simulatiotivated discovery od new type of
nanotubebased hybrid: the hybrid is a BNNs&ltwater hybrid, where the TFSI anions and Li
ion-solvating water molecules get encapsulated as periodic axiallpvetapping blocks in a

BNNT that has similar internal diameter as the siz@fTFSI anion. The hybrid is characterized

by the ultimate immobility of the TFSI anions. The more interesting facet is thelireensional

(OD) and liquid state of the entrapped water constituting the hybrid. Equally interestingly, here we
encounter ODwvater in a nanostructure (namely nanotube) known to orient water molecules into
1D chains. Finally, the extreme stability of the BNISdItwater hybrid, as established from the
free energy analysis as well asbahe&g,meapednse
in temperature or changing the chemical composition of the surroundings), ensures the possibility
of utilizing these hybrids in settings that are vastly different from the conditions that led to their

formation. In summary, we cadentify a combination of two critical factors driving the formation
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of such unique nanotuksaltwater hybrid system: (1) the presence of an anion that is strongly
attracted to the chosen nanotube and (2) the diameter of the nanotube being comptrable to
dimensions of the anion. We anticipate that the present study will open up an entirely new area of
study focused on designing and fabricating such nanaalbevater hybrids and towards utilizing

such hybrids for multfaceted applications.
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Chapter 3: Water-free Localization of Anion at Anode for Small Concentration
Water-in-Salt Electrolytes Confined in BororrNitride Nanotube*

Abstract

Waterin-salt electrolyte (WISE) systems have been recently identified to significantly enhance

the performace of aqueous tibn batteries owing to the formation of solid electrolyte interphase

(SEI) due to localization of the cati@mion pair near the negative electrode in the absence of free
water. Such localization occurs for an extremely large concemtrafithe electrolyte salt that
enhances the interionic attraction between the salt cation and anion, thereby ensuring that the
cation fAcarrieso the anion with itself to th
establish that for a LITFSI electydé solution (LITFSI is a salt that is wedhown to form WISE

systems) confined in adm-diamter boron nitride nanotube (BNNT), such wdtee TFS1anion

localization at the anode surface is possible at a LiTFSI concentration that is several tifegs smal

than that needed for such localization in a-nanoconfined LITFSI WISE system.

3.1INTRODUCTION

Waterin-salt electrolyte (WISE) systems are characterized by the presence of an extremely large
concentration of a salt (typically consisting of a Bmation and a large anion) in an aqueous
medium: the salt concentration is so large that the salt outnumbers water by both weight and
volume and the anion replaces some water molecules in the hydration shell of th¥ dafpical
examples of such WISBystems include large concentrations of salts like LifESIOT,

LIBETI%®, NaOT£Y, LiIFSI'%, NaFS1® NaCIQ!°, LiNOsM!, NaNG!!2 NaOACd!, KOAc!
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andZnC¥*®di ssol ved in water. For t hiresalitTd Bstib asrad dt, e
(i.e., the scenario when the salt outhumbers water by both weight and volume) is witnessed for a
salt concentration of 5 molal (m) and abé/® e spi t e the | ong history ol
sal to t y¥¥& itssyosly recargly that WSE has been discovered to enhance the
electrochemical performance of aqueousoln' 19106121 gnd Naion!0"109110.112.13 hatteries. For

example, Suet all’ showed a significant increase in the size of the electrochemical stability
window (the sthility window attained a value of 2.3 V) of the-ian batteries when LiTFSI WISE

systems is used with 21 m concentration of LITFSI salt. For such a large concentration of the
LiTFSI salt, the TFSlions are able to replace some of the water moleculestf@solvation shell

of the Li* cation. As a result, there is a significant enhancement in the interionic attraction between
the Li" and TFSlions, which allows some of the TFSlons t o be #Ac¢@mriedo
Therefore, when a voltage differenceaplied across the LiTFSI WISE system, the attraction of

the Li" ion towards the negative electrode (anode) invariably draws some of theidrisSithat

are strongly attracted to thelion) towards the anode. Hence such a highly concentrated WISE
systen creates a most remarkable scenario where tHERSI ion-pair remains in close proximity

of the anode with very little probability of having any free water present in the same region. Such

a scenario implies that the TF$dns can get reduced at theode prior to the water getting
reduced, which in turn helps to form a robust wétee SEI (solid electrolyte interphase) layer.

In addition, the lack of free water near the negative electrode prevents hydrogen evolitzse

two factors help to extel the electrochemical stability window of the aqueous WISE. These
effects are in direct contrast to what happens for the case of a standard electrolyte solution of 1m
LITFSI salt in the presence of an applied electrostatic potential difference: the weaker

concentration of the LITFSI salt implies a much weaker interionic coupling between' thedLi
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TFSrions and accordingly, in the presence of an applied electrostatic potential differencg, the Li
ions are driven closer to the anode, while the Tk are driven away from the anode. This

justifies why the WISE systems are being extensively researched for battery applications.

Despite the benefits of utilizing the WISE systems for battery applications, the unavoidable use of
large salt concentration (e,21 m for LiTFSisaltbased Liion batteries) makes the system
extremely expensive (associated with the cost of using such large amounts of salt), which is one
of the biggest bottlenecks for commercialization of such \WM§tembased Liion or Naion
bateries!011211314.122 ynder such circumstances, researchers have used cheaper salts like
NaClQ:!° which, however, do not form a favorable fluorine based SEI resulting in poor cycling
stability 123124125 Other strategies such as coating the andttehighly fluorinated ether (HFE¥

and using new electrolytes like hybrid aqueous/aqueous electrolyte (HANEY! hydrate melt
electrolytesi® and inericationassisted WISE?® were developed by researchers to enhance the
electrochemical stability iwdow of aqueous electrolytes. However, the challenge to ensure
localization of the large anions (e.g., the Th&s for the LiTFSI WISE system) at the anode at

a relatively smaller salt concentration remains unaddressed.

In this paper, we employ Moldewn Dynamics (MD) simulations to establish the most remarkable
possibility of such localization of the TF&n near the anode for a LIiTFSI WISE system at a
significantly smaller salt concentration (as compared to 21 m) by nanoconfining the LiTFSI WISE
in Boron Nitride nanotubes (BNNTSBNNTs are chosen over other nanotubes (like carbon
nanotubes) due to their excellent electrical insulation propé?fi€swhich could prevent the
reduction of water confined in them. Besides, we find that the Téi8$hows a great affinity to

enter the BNNT prior to any other molecule of the electrolyte. We investigate the structures of 5

m and 10 m LiTFSI WISE confined in BNNTs having diameters of 1.0 nm ((7, 7 BNNT)) and 1.4
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nm ((10, 10) BNNT}'2°, We discover thdbr the LITFSI WISE confined inside arim-diameter
BNNT, the water molecules and the TF&Ins prefer to form a strongly ordered structure,
characterized by axially neoverlapping and repeating concentration peaks of TieSland the
water moleculesplease see Figuf®l). This is possible due to the fact that the size of the TFSI
ion is very similar to the diameter of thenin BNNT. We explain that such a scenario, combined
with the greater affinity of TFSion to enter the BNNT, leads to a wateze TFSipeak near the
negative electrode. More importantly, we find that this affinity of Tk#l to enter the BNNT

(we consider a negative graphite surface at one end of the BNNT with the other end of the BNNT
open to bulk electrolyte) is not nullifian the presence of a voltage difference (of strength as large
as 5 V) applied across the LITFSI WISE system with a large negative volagié)(being applied

to the graphite surface at the end of the BNNT. Under such circumstances, ifithigtex
anodé®*134is used, one would have the TFBhs, and not the water molecules, get reduced at
the anode resulting in the formation of SEI. tall’ proposed such localization of the {iFST

ion pair near the anode for a Ananoconfined LITFSI WISEBystem using an extremely large (21

m) salt concentration that enforced an augmented interionic attraction betweehahd TFS1

ions, as discussed above. Our findings, on the other hand, establish that the interplay of
confinement effect, with the ofinement being strong enough so that it can induce the ordering of
the TFS1ions and water molecules, and the greater affinity of the “Ti6i$to enter the empty
BNNT prior to other electrolyte molecules and ions, allows such yiaerlocalization othe

TFSI ion and hence the formation of a stable SEI in the presence oflghjated negative
electrode. Our MD simulations also reveal that the LITFSI WISE confined in a relatively weaker
nanoconfined system (BNNT of 1.4 nm diameter) does not haveassttong ordering effect in

the axial distribution of the TFSbn and the water molecules. As a consequence, suchfneser
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localization (and hence the formation of the stable, wiader SEI) of the TFSlon near the anode
surface is no longer posée for the case of LITFSI enclosed in the BNNT of 1.4 nm diameter. We
explain that such a strong dependence on the diameter of the BNNT stems from the fact that for
the Enm-diameter BNNT, the size of the TF&In becomes closely comparable to the sizhe
nanoconfinement, which restricts the degrees of freedom of the ibRSkenforcing this distinct
ordering effect (between the TF&In and the water molecules) that can be observed even in the
presence of a large electric potential difference actbe system. However, for the
diameter BNNT, the degrees of freedom of Tk&1s are not hindered with such severity, thereby
disturbing this large ordering effect. Our simulations also reveal the effect of system parameters,
e.g., the concentratn of the LITFSI salt on such anion localization at the anode surface inside the
1-nm-diameter BNNT. Finally, we further test our hypothesis of the nanoconfinesnieen
waterfree localization of the anion at the negative electrode for the aqueousrsafitinother

salt, namely LIBETI, known to form WISE systems. We indeed find that the large size of the BETI
ion, coupled with the greater affinity of BETon (as compared to the other existing species) to
enter the BNNT, ensures a wafege localizaibn of the BET1ion at the anode surface in afh

diameter BNNT.
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Li Water TFSI

" ]

Figure 3.1. Schematic of the confinement induced molecular ordering of the TdfSland the
water molecules. Such an ordering refers to the presence of tevedapping bloks of A and

B. Here Block A: TFSlion without any water and Block B: water molecules with a possible
presence of a Liion (in other words, block B represents théibin with its hydration shell). Here
the confinement is a-Am-diameter BNNT that has natjvely charged graphite electrode at one
end while the other end is open to bulk electrolyte. The molecular ordering between therig-SI
and the water molecules, combined with the affinity of TE®Ito enter the BNNT prior to other
molecules and i (see FigB2 in theappendix B, helps to ensure the watieee localization of
the TFSlions near the graphite negative electrode at the closed end of the BNNT. Therefore, in
presence of negative voltage at the graphite surface where theidi-Baslocalized, we can
obtain a watefree TFSiion localization. In this figure, pink particle: lithium ion; blue rectangle:
water medium; green patrticles: fluorine atoms of the TiB8] grey particles: carbon atoms of the
TFST ion; yellow particles: sulfuatoms in the TFSion; cyan particles: oxygen atoms of the
TFSF ion; dark blue particles: nitrogen atoms in the Thal.
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3.2RESULTS

Axial Distribution of the lons and Water Molecules in the Absence of any External Voltage

Difference

We first prole the structure of the LITFSI WISE at relatively low salt concentrations (5 m
and 10 m) nanoconfined in BNNTs of diameters 1 nm (see Fsggrand 1.4nm (see FiguBe3).
As shown in Figure8.2A, D, 3.3A, D as well as Figur81(a) in theappendix B initially empty
BNNTs were soaked in aqueous LiTFSI solutions and were filled with electrolyte molecules.
Figures3.2B, E and3.3B, E show the distribution of the nitrogen atoms (representing the' TFSI
ion), Li* ion, and the water oxygen atoms (representiegiater molecules) along the axis of the
BNNT. The tube length is divided in bins of width 2 A and the number density of atoms in each
bin is averaged over the entire production run. The atom number densities are normalized by their
respective values inutk solution. Figure8.2B and3.2E show the axial distribution of these ions
and atoms confined in arim-diamter BNNT for 10 m and 5 m LiTFSI WISE, respectively. In
both Figures3.2B and3.2E, we observe highly ordered, rowerlapping, and noticeablegks of
the nitrogen atoms (representing the TH&1) and oxygen atoms (of the water molecules). This
ordered distribution f or ms ~iosspaad waten molealest er n a
surrounding Li ions, that continues along the entire nanotalés, as evident from the
corresponding snapshots (see Fig@2€ and3.2F). Here, we define a block as the region inside
the Enm-diameter BNNT where the axial density of TH8h (water molecules) is nexero while
the axial density of water molecsl€TFSiion) is zero. Thus, we can clearly differentiate between
the TFS1blocks and water blocks inside thend-diameter BNNT based on the axial distribution
profiles (more discussions on t INeteBhandpabdr t i es
Bl in appendix B. This ordering is representative of the fact that the large degree of
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nanoconfinement, which stems from the nanotube dimension being closely comparable to the size
of the TFSlions, ensures that the water molecules and the Tdfsde forced to occupy different
adjacent axial but similar radial locations (discussed in greater details in Bigur&he peaks
corresponding to the Lion distribution, and the peaks associated with the distribution of the water

molecules overlap exteingly, confirming that the Liions are solvated in water.
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A) 10 m LiTFSI in 1 nm wide BNNT () — Lithium

D) 5 m LiTFSI in 1 nm wide BNNT

34



Figure 3.2. MD simulation snapshots showing the entire system for the case of (A) 10 m
LiITFSI WISE confined in inm-diameter BNNT and (D) 5 m LiTFSI WISE confined imfin-
diameter BNNT. Axialdistribution of the nitrogen atoms (representing the Tk, Li* ions,
and water oxygen atoms (representing the water molecules) for the cases of (B) 10 m LiTFSI WISE
confined in Inm-diameter BNNT( al s o r e p or and () S5imLiTEShVEIPBEadimed 2 )
in 1I-nm-diameter BNNT. MD simulation snapshots showcasing the distribution of the different
species including the local arrangement of salt ions and water molecules for the case of (C) 10 m
LITFSI WISE confined in Inm-diameter BNNT and (F) 5 m LASI WISE confined in -hm-
diameter BNNT. In (C) and (F), atoms surrounding the BNNT were removed, to provide a clearer
picture of electrolyte distribution inside the BNNT. All the simulation snapshots are generated
using OVITO,

Also, in both the simutions (with Enm-diameter BNNT soaked in 5 m and 10 m aqueous
LITFSI), TFSIion entered the BNNT first followed by water molecules ariddn as can be seen
from FiguresB2(a,b) (please semppendix B, which showsthé i | | i ng process of
LiFTS | i ns-mmedel atmed eX¥ BNNT.TFSrlontso aéhmti @i tyhefinit
BNNT prior to other electrolyte molecules wil
Such a sitwuation wil/ il-nmmpdiagnetetBMNaNt T, i veh epnl acreed en
el ectr ode (tthhaet swetl | be tested fornmhaeamedse o
BNNT in presence of ch3&npgevd tdl ¢ hter od he,r ada
we mi ght be abl e tot |aewvseadaigadtnetdameter8iNNat hdefof e
simultaneousliyons ivewahaes T&isd t he water mol ec
this particular elfercae 0l0RSItesal tzagi on. aAwat e
see ifscemahia could persist even in the prese
near the BNNT end. We wi | | analyze this exact
persists (as willt lwa | éstbhaeb |piestad-tbrt éea tt oo feanl si uzraet
TFSlons at the negative electrode at a sal¢t

compared to that ne®dhasdattot hltoaaloidzi mg &abSlknc
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Fi guwBdds BB8E respewtithel yaxs lad dnitregerr atomsi t i o n
(representing the TFSbn), Li* ion, and water oxygen atoms (representing the water molecules)
for 5 m and 10 m LITFSI WISE confined in idn-diameter BNNT. In this case, the lowering of
the confinement edict (given that the BNNT diameter increases from 1 nm to 1.4 nm) weakens
the extent of noverlapping orderingof thE F Slons and t he water mol ec.
the TB8k is no | onger closely compargdlyl, e wto
obtain only weakl y pr onoun (repdeseptmagthedFSbrgand b ot h
the water oxygenatomsanhdher e i s a significant overl ap bet
water atom peaks. | 1z eod tbheavra dvearsd & ,y-zvees osneg@niSa arso |
density at near |l y eve4&npmdianeterBNNTp.osThHu o,n kBd v
def i niibtli acnk aotf we previously mentioned, we do n
ion and wast.erThmesl eowlfe rms t hat due to the wea
the BNNT with 1.4 nondwaméetdém, |l the TRESItrict
reaching the electrode, if placed atr eonrae nea mdy c

open to bulk electrolyte.
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A) 10 m LiTFSTin 1.4 nm wide BNNT () — Lithium
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Figure 3.3. MD simulation snapshots showing the entire system for the case of (A) 10 m LiTFSI
WISE confined in 1.4hm-diameter BNNT and (D) 5 m LiTFSI WISE confined in 1.4 nm diameter
BNNT. Axial distribution d the nitrogen atoms (representing the TR&t), Li* ions, and water
oxygen atoms (representing the water molecules) for the cases of (B) 10 m LiTFSI WISE confined
in 1.4nm-diameter BNNT and (E) 5 m LiTFSI WISE confined in-hd-diameter BNNT. MD
simulation snapshots showcasing the distribution of the different species including the local
arrangement of salt ions and water molecules for the case of (C) 10 m LiTFSI WISE confined in
1.4nm-diameter BNNT and (F) 5 m LiTFSI WISE confined in -hdrdiameterBNNT. In (C)

and (F), atoms surrounding the BNNT were removed, to provide a clearer picture of electrolyte
distribution inside the BNNT. All the simulation snapshots are generated using &¥%ITO

Radial Distribution of the lons and Water Molecules in theAbsence of any External Voltage

Difference

Figures3.4 and3.5 respectively provide the radial distributions of the different atoms of the TFSI

ion, Li*ion, and the oxygen atom of the water molecule for 5m and 10m LiTFSI WISE confined

in 1I-nm and 1.4ym diameter BNNTSs. For each case, the nanotube radius was divided in bins of

width 0.05 A and the normalized number density of every species present in each bin was
calculated by averaging over the entire production run. Fi@#ésand3.4B respectively mvide

the radial distribution of the different species for 10 m and 5 m LIiTFSI WISE confinednm 1

diameter BNNT. These radial distribution profiles help to explain the occurrence of the non
overlapping, periodic ordering in the axial distribution of TSI ions and water molecules.

These profiles show that all the atoms are present near the axis of the BNNT and there is a very
little probability of finding any atom or ion at a radial location beygand5 | away fr om |
of the BNNTe@dtbBrcbhemat dégfad)c.y Tmi sFiigurceue to t h
BNNT atoms with the different atoms and ions

that the distance between them (i.e., the BNN"
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cannot be smaller than the sum of their van d
of 2.0px §3.<5 ). Such a confinement effidht, co
(closely comparabl @anmdioamdNdNeTrd i B mMmept e esofh habhd ad T
water molecule can never occupy the same axi a
l ocation (neannmdti menedxirs BOANNI4YD]|¢.s Teh iFsi giusr eal s 0 ¢
t he combi naali o(ns e )Rihgaudraex a d i3aIA @&H@&@¢ HBHiIi guredvut
of theohF&Ind water mol ecules anéevexplapipnngt A&

di stribution peaks of the inointsr)o gaennd attmmoenaswa(treerp |
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A) 10 m LiTFSI 'in 1 nm wide VBNNT B) 5 m LiTFSI in 1 nm wide BNNT
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FigBda®Radi al distribution of itom€i amif fandnt hat
oxygen atom for the cases of-nfdA)anled e alBINWNAS I
reported amdchBptEerm2)i TFSIrdWhBEteonBNNE&gd (€)1
depicting t-ihrdecoedilneeamaelnitzati on of all the spe
around thg aBNMMT raeypiogted(Dn Shthematri )depi ctin
this | ocaliiegdtiimn( ¢)ilJdecndmidi nes wiotnh (tthhee |sairzgee
TFSlon is closely c¢compa-natbilaemetoert hBeN NT )a ntea een fo
ion and the water mol ecules to occueryenti maxiaal
| ocati ons. I n figure 4D, pink particle: it hi
fluorine atdnsn;ofgrtelye plakSli cl esiiomc;arypyeinl aw omar
sul fur atomsni;n ctylnenxTplg®Ihi at esmsoonf dthekTBBue p
nitrogen atomxn.in the TFSI
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On the other hand, f oWISEhe®n fciarsedn mri atnhthee r1.04
BNNT (se85 ki 8aBles the peaks char aothempironifng etsh a
di ffer ent TRStianpis ionpdnd thehnvater oxygenataar e di st ri buted o
| arger range of radial di stances owing to a w
the atoms and th&8Ei egstem ahe pré&EF8htWwd from ¢
the BNNT wall that is | ess than the sum of th
the BNNT atom and an atom/ion of the LI TFSI W
BNNT nlygeil arger (1.4 nm), it allows the atoms al
across a much |l arger radial di stance (~4.5 i)
Figdg@) . Within this | arger r aedicaasrespoafxamet airn | i
BNNT, it becomes possiibdne anod aac cwartmeord amhcel eac uTlke
l ocati on, but different radiaB5D)o.caThionn dxdmlpa
overl ap of the awatadr da&mabni Tdysdp rivabfryi IVieFsISIlo fb e u n
bl ock water from reaching t he e-hmdcitarnoedee rs uBrNNal
with the other end of the BNNT remaining open
theretappeaparate peaks in the radial distrib

near the BNNT axvual e) ecqoqrragsmorsdaaltle@ert he wat e

ion) that 1is not present; aen hhbesamandxi ahepec
peak, far away from the BNNT axi s, correspond
wi t h iToFnS | -hd it ddme tled B NNT-n nrduinal mektee ri nB NNTe, 1t he

of the confinemanttkeéfbohgesats othsme tssinon afl i §A
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to the BNNT axis resulting
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sul fur atomsni;n ctylaen PRSIt i cl esi onxydankabbme p
nitrogen atom:xn.in the TFSI

Axial and Radial Distribution of the lons and Water Molecules in thePresence of an External

Voltage Difference

To study the effect of the presence of the charged electrodes on the molecular ordering
within the Enm-diameter BNNT, we consider the filling of thenin-diameter BNNT with the
BNNT being placed perpendicular to the negative electrode witlelotef the BNNT blocked
by the negative electrode while the other end of the BNNT being open to the bulk electrolyte. On
the other hand, the positive electrode surface is entirely open to the electrolyte solution without
the presence of a BNNT nearby. Téetup is illustrated in Figure8.6A, 3.6D, andB1(b) (in
appendix B. We applied an electric potential .5 V on the left graphite electrode (z < 0) and
the right graphite electrode was maintained at a potential of +2.5 V [see RBdiAkeand3.6D].
The BNNTs were initially empty, and were allowed to be filled by the electrolyte solution in
presence of the applied electric potential difference. More details regarding the simulation
procedure can be found in the Supplemental Experimental Procddufagires3.6B and 6E, we
show the axial distribution of the nitrogen atoms (representing 69, Li* ion, and water
oxygen atoms (representing the water molecules) along the axis of the BNNT for the 10 m and 5
m WISE confined in 4hm diameter BNNT in gsence of an external axial voltage difference of
5V applied between the two graphite electrodés. s t i mportantl vy, we obse
presence of this apploedewbbetadetdef BEN&@npej o
mol echl esi pt cé&ntfuB2éeidrd patyphpee n]d,i xamBd t he mnanocor

driven (or driven by the Waecy thasethemshee di
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BNNT)owenl apping axial distributti e siT6S$ )t haen dhi
t he water oxygaewne ralt op@b h( gocokks iTaFo08b nand wat er mo!
persist resulting in theFigaes3.68 &nd3bBE $ nr obbher owop
t he axial distmibutoigem @t ofmsl easndoft htthevat er ox
there is an externally applied axi al voltage
externally applied axi a2B vazi)agel ndiafdfdeiatteieacne, (W
f r €FSI ion peak near the negative electrode as the TiBSI(that entered the BNNT first)

restricts water from reaching the negative electrode due to the confinement effant-didmeter

BNNT.Thi s confi-sf meet hat aWatSatt i tome orfe g ahtei ve el ec

even in the presence of a | arge applied volta
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Fig@6e®D simul ation snapshots showing the e
Li TFSI WI SE -rcran faimmreeaceri BNNT &nd WIBE Sommh Lhn&8& |

di ameter BNNT. For this case an electric poten
The negative and positive electrodes are | abe
with those -26l é&/ctarnald s 5arVe respectively. One en
negative el ectrode, while the other end is op:¢

(representiionngji,phle, TESHd water oxygenmaoaltecmsl g sr)e
for the cases of (B) 22rOmdm almeT R3S BWINIE i o mpfriersee
el ectrodes and (E) 5 -mnrdii aimreStl e rwl BBNENTC oinf | mreals &

el ectrodes. The green |inebechdbdat @wi-2 h®2ayYpes
MD simul ation snapshots showcasing the distr.i
arrangement of salt i1ions and water mol ecul es
Inmdi amet er BNNT oifn chraegggeerd el ectrodes and (F)
nmdi ameter BNNT in presence of <c¢charged electr
BNNT were removed, to provide a clearer pictu

t henusiati on snapshots #Pe generated using OVIT

The persist-ener|l aoppiangnaamxi ali othisstandut hen\y
mol ecules in the presence of the applied volte
radial disefirli®&stofont pe diifofne raenndt tahteo mwsa toefr tohxey
radi al di st r iFb wWtB3rccnes pple n)el asxreeBsweer y simil ar to
radi al di stribution profiles i(nseteh eBédahhusaeardc e ¢
34B). Once the 1 nm BNNT is -ovempl eppl wgfi bl edr
of TiF®ns and water mol ecul es, the electrolyte

another due to they sttlreag iENNMT pwdlsliso.ns caused b

The di st nitrogen atons represdenting TFRIn), Li* ion, and water oxygen
atoms near the positive electrode, which is completely open to the electrolyte, is stoguren

B4 in theappendix B Near the positive electrodeg seed F Slon peak, for both
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aqgueous Li TFSI . -alrhiicsn schomisn a rheee TiFSIt he first i

with previousP¥%'¥e®8rted studies.

Therefore, by leveraging the combined effect of TESb n 0 sy t@dnteri the IBNNT
prior to other electrolyte ions and molecules and the severe nanoconfinement effect caused by 1
nm-diameter BNNT( t o t he ext ent whieane htehceo nse sz ec lodfs et lhye
t he di a mlenmeiamete® N N Twe ae able to create a most remarkable scenario where
TFSr ions are localized near the negative electrode in the complete absence of water. If a partially
predlithiated anod&0131132133134 i ytilized in this scenario, it might be possible to ensure the
reduction of TFSlion and thus the formation of the SEI and prevention of the water reduction
near the negative electrode. Such wtee localization of catio@nion pair near the negative
electrode has been the broad purpose of using the WISE sy$teimsever, for achieving a
catiorranion pair localization at the negative electrode, the existing LITFSI WISE system (in
absence of any confinement effect) needs to use a very large concentration (~ 21 m) of’the salt.
On the contrary, by using an apprape nanoconfinement {Aim-diameter BNNT) and utilizing
TFSFi ondés tendency to enter the BNNT priioor to
localization at the negative electrode at a much smal&® (®) concentration of the LiTFSI salt.
This is the most important message of this papdr.er ef or e, this study al
potenti al solution to addr eslsasae dk ebya titiemiyt aatri c

stemming from the requirement hef el®ichng odytver g
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Affinity of TFSI - lon to Enter the 1 nmwide BNNT Prior to Hydrated Li * lon

In FigureB5 of appendixB, we provide the free energy curves, as a function of axial position with
respect to the BNNT entrance, corresponding to they @effTFSI ion and Li(H20)a (Li* along

with its primary hydration shell) from bulk 5 m aqueous LiTFSI solution into theniameter
empty BNNT in the presence of an applied electric potential difference of 5 V (with an electric
potential of-2.5 V at he negative electrode). We used the simulation setup as shown in Figure
3.6(D) to obtain these free energy curves. One end of the empty BNNT is blocked by negative
electrode while the other end is open to the entry of &S (or hydrated Liion). Furtrer details
regarding the simulations can be found in Supplemental Experimental ProcedineSI. The

free energy change associated with the entry of Tie8lis -7.55 kcal/mol and the change
corresponding to the entry of hydrated ld -1.24 kcal/mal While the entry of both, TFSion

and hydrated Li is thermodynamically favorable, we can clearly see the greater affinity of TFSI
ion to enter the -hm diameter BNNT prior to the hydrated®lion. Also, we see a free energy
barrier of 0.76 kcal/molputside the BNNT, associated with the entry of hydratédrito the

BNNT. This was caused by the presence of a TiB&)] outside the BNNT and near the entrance,
which was competing with hydrated‘lto enter the BNNT. This indicates that, when one end of
the BNNT is grafted to negative electrode with the other end open to electrolyte, the first molecule
that enters the BNNT through the open end will most likely be TiB8I As the filling further
proceeds and once the BNNT is completely filled, Tkl gets localized, without any water, at

the other end near negative electrode. We propose such a filling protocol to ensure the water free
localization TFSlion inside the BNNT near negative electrode. Once the BNNT is completely
filled, resulting in axialdistributions as shown in Fig.6(B, E), TFS1ion and water molecules

cannot switch position due to the steric repulsion caused by the walls of 1 nm wide BNNT as
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discussed in the above sections. These free energy curves support our claim that tba RESI
higher affinity to enter the 1 nm wide BNNT prior to other species of the solution. A stronger
binding effect between TFSAnion and boron nitride (BN), compared to that 6fdnd BN was
previously reported in1P] through experiments and DFT sieisl. However, water was absent in
that study and a comparison between binding effects of ‘Bfland wateBN is crucial to

support our findings.

Also, we have performed multiple filling simulations with different initial configurations,
for both the caseof 5 m and 10 m aqueous LITFSI, until the first species completely enters the
BNNT and the results were reportedhkigs B6 andB7 of appendix B(further details on the
simulations can be found in Supplemental Experimental Procetiutee appendix B. These
simulations were performed in order to check if our observations hold true for a significant number
of filling events. As we can see from the filling profiles repoite&igsB6 andB7 (in appendix
B), in all the twenty simulations (ten simulatioeach for the cases of 10 m and 5 m LiTFSI
solutions), TFSlion is always the first species to completely enter the 1 nm wide BNNT. In a few
simulations (like simulation 7 iRig B6 and simulation 1 in Fig§7 in appendix B, even though
we see aimitial presence of water molecules at the BNNT entrance (indicated by the initial non
zero water count), those water molecules were eventually replaced by a nearby competing TFSI
ion which caused the water count to drop to zero and the TFAStount to raise. Aese results,
which conclusively prove thahe event of the TFSI anion entering a neutral BNNT before water
or Li+ entering BNNT is indeed a highly significant event that occurs all the &dtestrength to
our prediction that the TFSbn has a much gher affinity to enter the 1 nm wide BNNT prior to

other species of the solution.
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Finally, it will be useful for the readers to have a mechanistic description (that get unraveled
from our MD simulations) dictating the filling of the BNNT. First, when tiéNJ is allowed to
be filled, it is observed that every time, regardless of the initial conditions starting from which the
BNNT is allowed to be filled, TFSlon is always the first species to completely enter the 1 nm
wide BNNT. This becomes possible snthie TFSIlion has a much larger affinity to the BNNT,
as compared to the affinity of water (or the hydratéddn) to the BNNT. Second, once one TFSI
ion has entered the BNNT, the next species to enter the BNNT cannot be anothamléisd to
the fact that this second TFESVill be strongly repelled away by the first TF8lat has entered the
BNNT. Accordingly, the second species to enter BNNT will be the water molecule (or a hydrated
Li* ion). The fact that the size of the TF®In is very closdo the diameter of the-dm BNNT,
this water molecule (or a hydrated" lion) will invariably trail behind the TFSion. In other
words, this water molecule will never be able to cross over the THRSAnd come in between the
already entered TFSbn and the negative electrode and therefore, will always remain in between
the TFSH ion and the entrance of the BNNT. This sequential entry mechanism will continue and
coupled with the fact that the size of the TH8h is very similar to the diameter of thenm
BNNT, thereby forbidding any water molecule from crossing over the-Tielwill ensure the
attainment of our proposed structure where there are axialpnore r | appi ng Abl oc ks @
ion and the water molecules (or hydrated ibin) confinal within the 2nm BNNT. The critical
thing to note here is that this entire filling procedure takes places in presence of a negative electrode
localized at the other end (the closed and-iilbng end) of the BNNT. Accordingly, given the
fact the TFSlion is always the first species to enter the BNNT and there is necaresbetween
t he axially separ ationthat gets localizédnenr, theindgativeslectrdie a8 T F

the end of the filling process. It is important to note that whilBITiBn is the species that is closest
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to the negative electrode, the repulsion from the negative electrode ensures that there is an axial
gap of nearly 0.5 to 1 nm (depending on the electrolyte concentration) between the location of the
negative electrodend the position of the nitrogen atom of THE8h (representing the location of

the local peak in the TFSI ion density, see Fig@réB,E) where majority of the negative charge
density is presenflso, this TFSI ion stays in the vicinity of the negei electrode despite this
repulsive force since it is not possible for it to leave the BNRNiEtly, it is not possible to leave

the BNNT in the radial direction, given the presence of the BNNT walls. Secondly, given the fact
that the size effect (i.ehe fact that the size of the BNNT closely resembles the diameter of the 1

nm BNNT) prevents any crossing over of the axially separated blocks, in order to escape axially,
this TFS1 ion must first force all the other species that have entered the BNNTt afte of the

BNNT. This is extremely unfavorable energetically, given that all the species have spontaneously
entered the BNNT. Since such a scenario is not possible, thisidir8iat had entered the BNNT

first remains in its position with its nitreg atom at a certain distance (0.5 nm) away from the
negative electrode and our proposed structure

ion and hydrated Liion confined in the -hm-diameter BNNT, remains stable.

Effect of Weaker LITFSI Concentration on the Anion Localization at the Anode

In FigureB8 in appendix B we provide the results for the case of much weaker concentration of
the LITFSI salt (1 m) confined within therim diameter BNNT in presence of an axial voltage
differnce d 5 V with -2.5 V being employed at the negative electrode near a BNNT end, as shown
in Figure B8(a) (see appendix B)Results [FigureB8(b) in appendix B show that while the
localization of the TFSlion still persists near the negative electrode, tHeidn concentration

peak is deviated further away from the negative electrode and there is a lackoof hear the

51



negative electrode. This is caused by the combined effect of lower availability pédi the

BNNT entrance (due to weaker concentratiand the higher affinity of TFSion to enter the

tube. This lack of Liion, at a weaker LiTFSI concentration, in the vicinity of anode could hinder
the (de)lithiation process and such hindrance
identify a critical value, we work with a concentration (5 m and 10 m) of the LIiTFSI salt that is
large enough to ensure that thé idns will be immediately available for (de)lithiation process

once the TFSion near the partially prithiated anode reduseo form a SEI.

Water-free Localization of Anion at the Anode for Other Types of Salts Known to Form

WISE Systems

Finally, we test our hypothesis of wafeee localization of anion at the negative electrode, driven
by a BNNT of tnm diameter, for ano#r type of salt, namely LiBETI, weknown to form WISE
systemg (the results are provided in FiguB® in appendix B. We consider a solution of 5m
LIBETI, with the simulation setup as shown in Figle®(a) (please see appendix,Bnd study

the axialdistributions of the different atoms and ions of the electrolyte in-tiva fliameter BNNT

in presence of an axial voltage difference of 5 V [see Fig@(b) in apppendix B A negative
potential of-2.5 V is applied to the negative electrode near a BMNd as shown in subfigure
B9(a) (in appendix B) As can be seen from the axial distribution profiles, we indeed observe a
waterfree BETTI ion localization near the negative electrode. This stems from the fact that BETI
ion, a derivative of TFSion, islarge enough to become closely comparable to the size @f the
nm-diameterBNNT and has higher affinity to enter the BNNT prior to hydrated(jpiease see
FigureB10 inappendix B. These findings for the solutions of different salts help to establish our

hypothesis of nanometer wide BNNT driven wétee localization of anion near the negative
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electrode using an aqueous solution of a salt with a large anion derived frontypi&dlly those

known to form WISE systems).

3.3DISCUSSIONS

In this paperwe employ MD simulations to propose a most remarkable possiblity of ensuring
waterfree localization of anion near the negative electrode with aqueous solution aferivéd

salts (known to form WISE systems) using nanometer wide BNNT. Most importaetfind that

such localization occurs at a salt concentration that is several times smaller than that needed for
localization of the catio@nion pair for the aquoeus solution of the same salt in absence of any
confinement. Such catieanion pair localizon at the negative electrode, with the anion based

on fluoroalkyl sulfonylimide or fluoroalkyl sulfonate, and the lack of free water have been
identifed as important factors that result in the formation of a stable SEI, which leads to the large
efficacy of using WISE systems for battery applicatioh©f course, a key bottleneck of using

such WISE systems stems from the need of employing a very large concentration of the such salt.
For example, ~21 m of LiTFSI salt is needed for achieving such eation pair localization that
improves the electrochemical stability window for the batter applicafi@m the other hand, by

using nanoconfinement effect caused by nanometer wide BNNT, we observe suchegater
localization of the TFShnion at the negaie electrode for much smaller concentration of the salt

(5 m and 10 m). The nanoconfinement effect refers to the size of theidi8ecoming closely
comparable to the diameter of th@m BNNT which results in the formation of nowerlapping

blocks of TFSI ions and water molecules. The affinity of TF®h to enter the BNNT prior to

hydrated Li, in addition to the above mentioned nanoconfinement effect, further ensures the
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presense of watdree TFS1 ion localization inside -hm-diameter BNNT nearhe negative
electrode. If a partially préthiated anode is utilised in this scenario, one can ensure the formation
of the SEI and prevent water reduction resulting in a safe aqueous lithium ion battery. Our
hypothesis is further established by studyimg behavior of the solutions of other salts known to
form WISE systems (e.g., LIBETI) in-Adm-diameter BNNT: for the LIiBETI, the BETIlon, a
derivative of TFSlion, is closely comparable to the size of fhem-diameterBNNT and has a

higer affinity to exter the BNNT prior to hydrated Lion leading to such watdree localiation of

the BETI ion at the negative electrode. We expect that in future extensive experiments could be

conducted to confirm our simulatiadriven hypothesis of watdree anion loalization at anode.
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3.4 Methods
Molecular Dynamics Simulations

All the simulations were performed using the LAMMPS parallel MD pacRhde. all the
simulations, a Nosé Hoover thermo$t& with a damping constant of 100 fs, was used. Also, for
simulations involving isobaric equilibration, a Nosé Hoover barostat was used with a damping
constant of 1000 fs. We used CL&Force field parameters to model LiTFSI and LiBETI.
Originally developed for the ionic liquids, these force fields were showndagable of accurately
predicting the structural properties of the WISE solutindlater was simulated using the SPC/E
model® The norbonded force field parameters for the BNNTs were obtained from Won and
Aluru?® %t and for both the tubes [£rfim (7,7) BNNT) and 1.4 nm (10, 10) BNNT)], we included

the charges on the BNNT surface in the presence of water that have been reported in previous
studies®® The interatomic Lennard Jones (LJ) parameters were obtained using the geometric
mixing rules. A cutoffdistance of 12 A was used for both the Lennard Jones (LJ) and Columbic
interactions. The PPP¥solver was used, with an accuracy of 0.0001, to calculaterkmge
electrostatic interactions. For simulations involving isobaric equilibration, the interdetween

atoms within the BNNTs were modeled using the Tersoff pot&htialh parameters gen in

K & n et al® We used the constant potential method (CE¥13%8 implemented in LAMMPS by
Wanget al,'* to maintain a desired electric potential difference between the electrodes. A time
step of 1 fs was used for all the simulations and, snhesntioned otherwise, all the data was

outputted every 500 time steps.

First, we performed MD simulations in which opemded boron nitride nanotubes
(BNNTSs) with 1 nm diameter [BNNT (7, 7)] and 1.4 nm diameter [BNNT (10, 10)] were soaked

in 5 m and 10m LiTFSI aqueous solutions. A bond distance of 1.446 A between the boron and
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nitrogen atoms was considefédnd the nanotubes were generated using the V\M8nce the
charges on (7, 7) BNNT were not reported, we have used the values reported for naitbtube
nearest size [(6, 6) BNNFY.For simulations with 5 m LiTFSI, 996 LiTFSI pairs along with 10956
water molecules were used and for simulations involving 10 m LiTFSI, 1380 LiTFSI pairs and
8280 water molecules were used. In all these simulationsjrthdation box was initially filled

with the solution atoms leaving enough space in the middle of the box to fit the BNNT. Both the
1-nm and 1.49vm diameter BNNTs were 10 nm long containing 1120 and 1600 atoms,
respectively. First, the solution surrounditigg BNNTs was prequilibrated for 100 ps in the
isothermalisobaric (NPT) ensemble with a temperature of 300 K and a pressure of 1 atmosphere.
During thispre-equilibration the ends of the BNNTs were blocked to prevent filling at this stage.
After the nitial pre-equilibration, the aqueous LiTFSI solution was allowed to fill the nanotube
and all the atoms were simulated in the NPT ensemble at a temperature of 300 K and a pressure of
1 atmosphere. In order to prevent the nanotubes from drifting awayy aodonitrogen atoms at

the two ends of the BNNT were tethered to their initial positions using springs with a stiffness of
23 kcal/mol.&. Periodic boundary conditions were used in all the three directions. The simulation
snapshot of -hm-diameter BNNT saked in 10 m LiTFSI aqueous solution is shown inBida).

All these simulations lasted for 15 ns, and the data from the last 5 ns was used for the analysis.
From these simulations, we confirm the molecular ordering of LITFSI aqueous solution confined
in a Inmdiameter BNNT. Also, in all the simulations involvingnin-diameter BNNT, we
observed that anion enters the tube first from both of its ends. So, to prevent the initial trapping of
anions inside the-hm-diameter BNNT, the solution was allowed tdegrand fill the BNNT only

through one of the two entrances. Once the BNNT is completely filled, the blocks were removed
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and the system was allowed to equilibrate. The first 300 ps of the filling process of 5 m and 10 m

LiTFSI inside the inm-diameter BNNTcan be seen in Figg2(a,b)in appendix B

Later, we have performed simulations in which we place graphite electrodes at both the
ends of the 10 m and 5 m WISE systems with a 10 nm long (7, 7) BNNT (1 nm diameter) placed
near the left electrode (z < O)here we apply a negative electric potential [see Bigb) in
appendix B. As shown in Fig.B1(b), the axis of the BNNT is perpendicular to the negative
electrode with one of its ends blocked by the negative electrode while the other end is open to bulk
electrolyte. The BNNTs and electrodes were fixed during these simulations and the BNNT was
initially geometry optimized, using Tersoff potenffalith the electrolyte solution surrounding
it. First, we equilibrate these systems, without applying an elqmtential difference between
the electrodes, in the isobaigothermal ensemble with a temperature of 300 K and the z
component of the pressure tensor maintained at 1 atm. Periodic boundary conditions were used, in
all three dimensions, during thes@su These simulations lasted for 5 ns and the data from last 1
ns was used to calculate the equilibrated box length in the z direction. Using the equilibrated
system sizes obtained from the above simulations, we have simulated the filling efirtihe 1
diamder BNNTSs in the presence of an applied electric potential difference of 5 V between the
electrodes. These simulations were performed in the canonical ensemble with a temperature of 300
K. The BNNTs were initially empty and the surrounding electrolyte pvagquilibrated for 1.5
ns before starting the filling process. To block the solution from entering the BNNT during pre
equilibration, we have used a circular Lennard Jones (LJ) wall (with a radius of 5 A) at entrance
of the BNNT. The interaction parametgnamely epsilon and sigma, between this LJ wall and all
the solution atoms is given by 0.02 kcal/mol and 1 A respectively. Also, to ensure a minimal effect

of this LJ wall on the solution atoms away from the BNNT entrance, a cutoff distance of 1 A was
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used beyond which the wall interactions disapp®anegative electric potential .5 V is
applied to the electrode that is blocking one end of the BNNT while a positive electric potential of
2.5 V is applied to the opposite electrodéjch is far awayrom the BNNT. The carbon atoms in

the graphite electrodes were modeled using the @RS force field parameters and each
graphite electrode consisted of three graphene layers. The BNNTs and electrodes were fixed
during these simulations with electrodesing parallel to the-y plane and the BNNT aligned
along the zaxis. The simulation cell dimensions were 29.4726 A x 29.778 A in-thelane and

the box length in z dimension varied from 360 A to 347 A for the various systems we simulated.
Periodic baindary conditions were used in the x and y directions and a volume factor of 3 was
used to account for the slab correctioin the z direction while calculating the lomgnge
Columbic forces. We used the constant potential method (EBMF,implemened in LAMMPS

by Wanget al,**°to maintain the electric potential difference between the left (z<0) and the right
(z>0) graphite electrodes at 5 \2(6 V and 2.5 V respectively on the left and right electrodes).
The charges on the electrodes were updatedy 100 fs and a Gaussian width parameter of 0.5 A
was used. All these simulations lasted for 15 ns and the data obtained from the last 5 ns was used
for the analysis. For this case too, we find that that the T&iSenters the BNNT first. The first

300 ps of the filling process of 5 m and 10 m LiTFSI inside tmenddiameter BNNT in presence

of the charged electrode can be seen in B&(c,d) in appendix B Other results from the
simulation are provided in Fig. 6 in the main paper and BR). We hae also performed
simulations, following the procedure described above, with 1 m LITFSI aqueous solutions (results
reported in FigB5 in appendix B and 5 m LIBETI (results reported in FiB6 in appendix B

filling the 1-nm-diameter BNNT in the presencéan external potential difference of 5 V.
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The free energy curves corresponding to the entry of Ti&$hnd hydrated Liion into
the empty 1 nm diameter BNNT were obtained by employing umbrella sampling method on the
system, with 5 m LiTFSI surroundinynm wide BNNT in the presence of an applied electric
potential difference of 5 V [please see the system setup shown 81&t#)]. In these simulations,
the axial position of the TFSbn (or the hydrated Liion) with respect to the BNNT entrance is
considered as the reaction coordinate. The whole range of the reaction coordinate was divided into
windows and the center of mass for sample Tie8I(or hydrated Liion) is constrained to these
windows using a harmonic potential with spring constantgivg from 1-8 kcal/mol.&. For the
case of TFSlion, we used five windows with z64 A,-65.5 A,-67 A,-68.5 A and-70 A as the
equilibrium positions for the constraining harmonic potential in those windows. On the other hand,
we used four windows fahe case of hydrated lithium with z65.5 A,-67 A,-68.5 A and70 A
as the equilibrium positions for the constraining harmonic potential. The BNNT entrance was
located at z =67.8 A, and the TFSion (or hydrated lithium ion) center of mass axia$itions
were sampled from2.7 A (inside BNNT) to 2.8 A (outside BNNT) with respect to the BNNT
entrance. The radial position, with respect to BNNT axis, of sample @& hydrated lithium
are constrained to a radius of 5 A outside the BNNT using adeidal LJ wall. Only the sample
TFSrion or the sample hydrated lithium ion are allowed to enter the BNNT during sampling. The
sample hydrated lithium is generated by coupling four water molecules’ {¢h&i solvation
number of Lt at 5 m LiTFSI concenation) at a radial distance of 2 A (first peak ofiLwater
oxygen RDF) with springs of 5 kcal/moPAstiffness. The BNNT was empty in all these
simulations (except for the presence of sample T&iShydrated lithium) and the electrolyte
surrounding thd8NNT was preequilibrated for 1.5 ns. All these simulations lasted for 4 ns and

the data collected from the last 3.5 ns was used for analysis. The axial positions of the sample
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molecules were output every 500 fs and the weighted histogram analysis n&tHAN]%* %
was used to analyze the data generated from umbrella sampling. The free energy curves are
reported in FigB5 (please see appendix BY taking the value of free energy outside the BNNT

(at the axial position of 2.8 A with respect to BNNT ent®) as the reference.

Finally, different initial configurations for multiple filling simulations (results reported in
Figs.B6 andB7 in appendix B, of 5 m and 10 m LiTFSI filling into 1 nm wide BNNT in the
presence of an applied electric potentialetéghce of 5V, are generated in the following manner.
First, we have prequilibrated the electrolyte solution surrounding the empty BNNT, in presence
of an applied electric potential difference of 5 V, in the canonical ensemble at a temperature of
300 K.The preequilibration lasted for 3 ns and the solution was blocked from entering the BNNT,
using a LJ wall as described in previous paragraphs, during this period. Later, from the last 2 ns of
the above described peguilibration, we have selected a swysteonfiguration every 200 ps
resulting in ten different states corresponding to timesteps at 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6,
2.8 and 3.0 ns. We have used these ten different states as initial system configurations for the
filling -simulations. Furtar, to make sure that these different initial states do not have memory of
each other, we have randomized the velocities of solution atoms before starting the filling
simulations. We have followed the above described procedure for both the cases ofdl® m an
agueous LiTFSI solutions. Using these initial states, we have performeddilimgations, in the
canonical ensemble at a temperature of 300 K, for 500 ps in the presence of an applied electric

potential difference of 5 V.
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The contents of this chapter have been publishéhasa, B. S., Chandel, G. R., & Das, S. (2023). Water
StructureSpecific Entrpic Dominance in the Filling of Boron Nitride Nanotub&he Journal of Physical
Chemistry C127(14), 7009 7018

Chapter 4: Water-Structure-Specific Entropic Dominance in the Filling of
Boron Nitride Nanotubes

Abstract

The filling of nanometer and suianometer channels/tubes with water governs applications
ranging from desalination and filtration to nanoscale energy conversion. ldespart the most
norrintuitive entropydominated filling of mildly hydrophilic boron nitride nanotubes (BNNTS)
from 0.85 to 1.69 nndiameters. For all the BNNT sizes, water inside the BNNT is more stable
than water in the bulk. The factor dictating thediable nature of the entropy depends on the
specificBNNT-diameterdictated structure of the water molecules. For example, for thentn85
BNNT, rotational entropic component dominates due to the presence of a significant fraction of
the dangling water Olonds that do not participate in hydrogen bonding. The fraction of such
dangling OH bonds (the average HBs per molecule) decreases (increases) with an increase in the
BNNT diameter leading to a progressively reduced contribution of the rotational ertooiie

1-nm BNNT, translational entropic component dominates stemming from the enhasptadan
motion of the water molecules caused by sheglefile nature of water molecules spanning a
significant radial expanse inside the BNNT. For larger BNNT&s)siational entropgecreases

with an increase in BNNT diameter, although it remains the dominant factor governing the entropy
driven filling of BNNTSs. This favorable translational entropy for larger BNNTs can be associated
to (1) the presence of chalike regions formety water in 1.13ym BNNT and (2) the presence

of high specific water volume and reduced number of HBs per molecule (as compared to bulk

water) in 1.27nm, 1.42nm, 1.55nm, and 1.69hm BNNTSs.
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4.1 Introduction

Nanofluidics#+14° over the past couple of decades, have emerged as a subject of great
significance with applications ranging from sensitfd;’ water treatment (such as desalinatién
150 and purificatiod®>?), nanoscale energy conversisa>* and many more. The dominamwle
of the surface physics and the specific structure of the nanochannel and the liquid molecules (water
molecules) govern all these applications. Therefore, there have been immense interests in the
fundamental explorations of the behavior and propeosfiéguid molecules (or more specifically,
water molecules) inside the more commonly available (or manufacturable) nanochannels and
nanotubes. Carbon nanotube (CNT) is an example of one such most commonly used nanotube and
extensive research has elucidaaedyriad of most fascinating effects associated with the transport
of water confined inside the CN¥&%8 and the manner in which these properties are leveraged
for a wideranging nanofluidic application&°%'! In comparison, the fundamental exgiton
of the behavior and properties of water inside boron nitride nanotubes (BNNTSs), which very much
like the CNTSs are easily fabricable with diameters being in the range from less than one nanometer
to a few nanometer§? have been significantly lessdthe existing studiég??2%.22.61.16368 r5ra|y
shed much light on the BNNd@liameterdependent changes in the thermodynamic factors (free
energy, internal energy, and entropy) dictating the stability of water itisedNNTs. Such
knowledge of the wat behavior inside the BNNTSs is key for a more widespread use of BNNTs

(and norgraphene, nolCNT-based nanomaterials, in general) in nanofluidic devices.

In this paper, we conduct molecular dynamics (MD) simulations using Reax force field
(ReaxFF) paranters to study the thermodynamic factors dictating the stability of water inside
BNNTs of diameters (D) ranging from 0.85 nm to 1.69 nm. Bif(ag) provides the MD

simulation snapshots showing the distribution of water molecules inside the BNNTs wdrdiffe
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diameters. For all the BNNT sizes, water inside the BNNTSs is found to be more stable than water
in the bulk. It is expected that in a mildly hydrophilic nanotube like BNNT, the favorable internal
energy change will be responsible for such water #tgbiside the BNNTs. On the contrary, we

find that internal energy changes have minimal contributions towards the stability of water
molecules inside the BNNTS; rather it is the extremely favorable entropy changes that ensure the
significant stability othe water molecules inside the BNNTs of all sizes, despite the fact that it is
conventional wisdom that confinement leads to unfavorable entropic changes ePatédhad

first challenged this conventional wisdom: their paper established that thealdkev@ntropic
changes led to spontaneous filling of the hydrophobic CNTs (carbon nanotubes) from 0.8 to 2.7
nm. The present study establishes the same entropic dominance in the filling of BNNTkeof all
sizes considerea@lbeit the factors governing tlemtropic dominance are different for the case of
BNNTs (and depend on the diameter of the BNNT) as compared to CNTs. For example, in the
subnanometer wideBNNT (D=0.85 nm), rotational entropy chang€é @) dominates the
favorable entropic contribution: such favorableprs: stems from the presence of a large number

of dangling water OH bonds [see Figl(h)] that do not participate in hydrogen bond (HB)
formation and enable the water molecules tangorotation by either rotating about the OH bond
participating in hydrogen bonding or by flipping about the axis perpendicular to the plane of the
water molecule. The number déngling watetOH bonds and the corresponding contribution of

T ot in dictating the favorable entropic changes decrease progressively with an increase in the
BNNT diameter. Therefore, for water molecules in larger BNNT diaméiers= 1 nm), the
changes in the t raddoiinateithe faverableemropy chgageading t S
water stability inside the BNNTs. Hoawitselfe r , i

decreases with an increase in the BNNT diameter. Of course, depending on the BNNT diameter,
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different physical factors lead to the dominating influen 0 frans Fape&ample, for D=1.0 nm,

ie,2t he BNNT di ame tais mdstdavorabldhe enhancédgiiane motion of the
water molecules, stemming from tlkenglefile nature of water molecules that can traverse a
significantradialexans e i nsi de t he BNNTyas Onghe dtser haral, tten e n h
f av or aHhalsresults i the presence of chiike regions in the water structure in 31

nm BNNT and from the enhanced specific water volume and a smaller number of HBs pe
molecule (as compared to bulk water) in 12, 1.42Xnm, 1.55nm, and 1.6 m BNNTs.Many
previous computational works studying the behavior of water confined in BNNTs have used force
field parameters that significantly overpredict the BN hydrophifiéity *> 2° resulting in a water

BN contact angle of ~30The Reax force field (ReaxFF) parameters used in this study predict a
waterBN contact angle of70°2*which is close to the 66° value reported in recent experimiénts.
Further, these force i@ parameters were shown to produce excellent agreement with the
experimental findings of bulk water structdf®.Owing to the accuracy of our ReaxFF MD
simulations, we expect our results to be well representative of-woeal picture We anticipate

that our findings will enable a better utilization of systems consisting of water confined in BNNTs

for a wide range of applications in the field of nanofluidics.
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Figure 4.1. Simulation snapshots showing the crgsstional and aal view of water confined in

a) (6, 6) BNNT (D = 0.85 nm), b) (7, 7) BNNT (D = 1 nm), c) (8, 8) BNNT (D = 1.13 nm), d) (9,
9) BNNT (D = 1.27 nm), €) (10, 10) BNNT (D = 1.41 nm) f) (11, 11) BNNT (D = 1.55 nm), and
0) (12, 12) BNNT (D = 1.69 nm). h) Magnitlecrosssectional snapshots of the water molecules
in (6, 6), (8, 8) and (11, 11) BNNTs highlighting the dangling w&terbonds.
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4.2 Methods

We consider BNNTSs of seven different diameters with the following chiral indices: (6, 6), (7, 7),
(8, 8), (9, 9) (10, 10), (112, 11) and (12, 12). First, we simulatemlong open ended BNNTs
soaked in bulk water made up of 3000 water molecules (se€Fig. appendixC). The initial

states for these simulations were obtained byepreglibrating the systems usitige force fields
reported in Won and Aluréf. During the preequilibration, all the BNNTs were completely filled

with water molecules, consistent with the results from previous studies using these force field
parameters. We used these configurations wotinpletely filled BNNTs as initial states for the
ReaxFF’* MD simulations. This choice of initial states serves two main purposes. First, we can
make sure that our observations from the ReaxFF simulations do not result from the water
molecules being traged in a local minimum outside the BNNTSs. Second, we can speed up the
equilibration of these systems by accelerating the initial filling process. These systems were
simulated in the isotherm#édobaric (NPT) ensemble at a temperature of 300 K and a peasfsur

1 atmosphere using Nosé Hod&f thermostat and barostat with damping constants of 100 and
1000 timesteps, respectively. In order to prevent the nanotubes from drifting away, boron and
nitrogen atoms at the middle of the BNNT were tethered to ithiéiall positions using springs

with a stiffness of 20 kcal.mélA2. Periodic boundary conditions were used in all the three
directions. The average water density inside the BNNTs were obtained using the production data
from these simulations. To miniae the effect of tube open ends, only the water molecules in the
middle region (of length 3 nm) of the tube were considered. The total simulation length,
production length and the average water count per unit tube length for each nanotube are provided
in TableC1 (see appendix C)Jsing the water density data, we have filled 10.24 nm long periodic

BNNTs with appropriate amount of water to simulate infinitely long whlled BNNTs. The
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simulation box spanned 10 nm in thandy directions with the BNNT xs being parallel to the

z direction (see FigC8 from appendix ¢ To prevent the BNNTs from drifting away, the BNNT
atoms at the middle were tethered to their initial positions using springs. These systems were
initially equilibrated in the NPzT ensenabfat a temperature of 300 K and a pressure of 1 atm) for

5 ns and the data from the last 2 ns were used to calculate the average box length alaxig.the z
Next, from the equilibrated NPzT ensemble trajectory for each BNNT diameter, we picked the
systenconfiguration with the box length being closest to the ensemble average value, and continue
the simulations in the NVT ensemble at a temperature of 300 K for 7 ns. From the last 6 ns of these
simulations, we obtained 40 different 100 ps long trajectohi@sare separated from each other

by 50 ps. Similarly, we have performed bulk water simulations using 1000 water molecules in the
NPT ensemble for 500 ps followed by a simulation in the NVT ensemble for 1.75 ns. The last 1.5
ns of this NVT simulation rested in 10 individual 100 ps long trajectories that are spaced 50 ps
apart. For all the ReaxFF MD simulations, a time step of 0.25 fs was used. The LAMMPS parallel
MD?®* engine was used to perform all the simulations. We employed the force field parameters
reported inVermaet al?* along with the charge equilibration scheme (&) for all the
ReaxFF MD simulationd he position and velocity information of the atoms were saved every 0.5

fs for the above described 100 ps long trajectories and thisvdatased to calculate the entropy,
density of stated)0S) and zerepoint energy corrections to the internal energy by employing the
2PT method/4Using this method, we found the bulk water entropy to be 62.94 3 knbivhich

is in agreement with relta reported in previous studi&$.The water internal energy inside the

BNNTSs were calculated using the below equation:

7AO0BOAOUI GAUOOAAOGOAT AAT T®HIAABDCU (1)
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The stanehlone BNNT energy was obtained by employing the LAMMB&IN command on

trajectory data containing only BNNT atoms (ivehen all the water molecules were removed).

The hydrogen bonding statistics webtained by adopting appropriate distaaogle ¢ ,) baded
definitions informed by the corresponding two dimensional potentials of meanWé(ce [, Ttie)
parameters andd represent the intesxygen distance and the angle between the OH bond and the
vector joining the oxygen atom$ HO4O,). For any pair of water molecules, there exists four
possible angles meeting the above criteria and only the smallest of these angles was considered for

sampling. The 2D PMF is given by the following equation:

® 1h— QYIh—h (2)
Here,g ( ris ddfined to be the ratio between the average number ofwatgen atoms in a shell
betweerr+dr andr centered sund a given wateoxygen atom, with the correspondihdgdO¢Oa
angle betweend+d dandd in the presence and absence of intermolecular interactions. The latter
is given by 4 “2r d r dnagn(Pd ) dvtieye, thePrandon{ drepresents the random probability
distribution of d for norrinteracting water molecules. For bulk watBrndon( di9 obtained by
considering the distribution af between water molecules with> 10 A. On the other hand, to
obtainPrandon{ dfOr water confined in each BNNT, we performed @euditional simulations with
only a single water molecule inside the BNNT. For each BNNT, these two simulations started with
dissimilar initial configurations, and the water molecule trajectories were superimposed on each
other to replicate the behavior@pair of noAnteracting water molecules confined in the BNNT.
Thel HO4Oa angle sampled from these superimposed trajectories gives the random probability
distribution ofd (Prandor{ {. JFurther, to account for the excluded volume effects in a confined

systemt’>the noninteracting particle distribution was modified &sg( r ) %4 4 f har(Pd ) d d)
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for water confined in BNNTSsThe uniform profilegu(r) for a cylindricalconfining geometry is

given by’®

Qi — Q00 0. (3)

Here, is the volume and 0 is the form fator”” of a cylindrical cell with radiugy and

length0, expressed as:

0 0 v ,Q ‘ ';‘Q - -_ y (4)

where0 is the first order Bessel function affdlis the zereorder spherical Bessel function. The
correction parametef accounts for the surface roughness and was adjusted so that the radial

distribution function (RDF) between the wateygen atoms tends towards one for large

The 2D PMF for bulk water and water confined in (6, 6) BNNT are shown i@%gee appendix

C). From the PMF data, we define a dividing surface surrounding the HB basin centered around a
short interoxygen dstance I < 3 A). The dividing HB boundary was chosen to be the RVt
equipotential contour (represented by black contour lines irtBig appendix ¢ beyond which

the depletion zone can be observgd (r < 1)).)For a given system, all the water molecule pairs

that lie within this HB basin are considered to be hydrogen bonded.

Polarizability of water inside the BNNTSs ian important consideration. The charges on
atoms simulated using ReaxFF are static. In these simulations, a charge equilibration scheme
(QEQ) is used to predict the environment dependent charge distribution in molecules by equating
the electronic chemical potentials of atolhiSAs a result, polarizability is accounted for by
consdering the fluctuations in atomic charges which capture the variations in molecular dipole
moment induced by variations in molecular geometry and environtfféft However, unlike
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other implementations such as the Drude polarizable m&tle atomicpolarization is not
explicitly modeled in the present simulations. Of course, most recent studies attempting to
accurately model the wateBN interfacial interactions have not considered these explicit atomic
polarizabilities*®+183 despite that, thesduslies have been successful in capturing the wetting
properties and the binding energy of water @8N Thus, we expect our results to be of reasonable
accuracy and the trends in the calculated thermodynamic quantities to represent reality at least

qualitatively.
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Figure 42. a) Changesnt he i nt er Dadntrogyr( € qp§3andfreecp n e r dyof (
water confined in BNN$ (these changes are relative to the bulk water) as functions of the BNNT
diameters. b) Variation in the translab n a Itand T g8 d 1 0 tra)tcampaments of ¢hd S
total entropy change plotted as functions of the BNNT diameters. The error bars represent standard
errors.
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4.3 Resultsand Discussions

Figure42 ( a) shows t he f r e eiatedmwighrtige yater toafineg e@  ( pA)
BNNTSs (relative to the bulk water) and the corresponding entropiccS) and 1 nter nal
(pU) contributions tY0 t"WIsYVf Foeal thetonbe digmeters han g
(ranging from 0.85 nmto 1.69 nm), wate mol ecul es have | ower free e
the BNNT as compared to the water molecules present in the bulk. This confirms that the water
molecules prefer to remain confined within the BNNT than to remain in the bulk. Along the same
lines, wefind that greater the degree of confinement (i.e., smaller the BNNT diameter), more
negative is @A (i.e., A i ncreases monotonic
confirming a greater preference of the water molecules to be present inside aNBNEEmaller
di ameter (or a greater degree of nanoconfinem
BNNT diameter, the entropic (Y'Y and i nternal energy (oU) <con
show a normonotonic trend with the BNNT diametdfor example, the entropic component
( "Y"Ydecreases in magnitude (i.e., becomes less favorable) monotonically with BNNT diameter
(D) for D ranging from 1 nm to 1.69 nm. However, it is largest (in magnitude) and hence most
favorable forD = 1 nm or (7,7BNNT and decreases in magnitude (denoting less favorability) for
D= 0.85 nm or (6, 6) BNNT. The contribution o
favorabl e oA, on the other hand, is negligihb
diameterand is favorable for (6,6) BNNT (D=0.85 nm), mildly favorable for (7,7) BNNT (D=1.0
nm), and mildly unfavorable for (8,8) (D=1.13 nm) BNNT. This comparison establishes that the
entropic contribution is the dominant factor in stabilizing the water confmedl the BNNTs
considered in this study. Of cour se, the mos:

(D=0.85 nm), although the entropic contribution is maximum for (7,7) BNNT (D=1.0 nm). This
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stems from the fact t ha6)BpNNT(D=0.8%nj [y fach indhle
(6,6) BNNT, @U is so signi "Wy acoountstfohomly 67% bfe
the corresponding total free energy change
favorabi | i 6)BNNIf(D=gB@5nm)or ( 6,
a) b) c)
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Figure 4.3. a) Variation of the fraction of dangling OH bonds for the water molecules confined in
BNNTSs (for different values of the BNNT diameters) and the water molecules present in the bulk.
b) Variation of the rotational dengiof states (RDoS) for the water molecules confined in BNNTs

(of different diameters) and the water molecules present in the bulk. ¢) Variation of the specific
volume of the water molecules confined in BNNTSs (for different values of the BNNT diameters)
andthe water molecules present in the bulk. d) Variation of the average number of HBs per water
molecule for the water molecules confined in BNNTSs (for different values of the BNNT diameters)
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and the water molecules present in the bulk. €) Variation ofrémslational density of states
(TDoS) for water molecules confined in BNNTSs (of different diameters) and the water molecules
present in the bulk. fyariation of the normalized wat&NNT interaction energy for the water
molecules confined in BNNTSs (for fferent values of the BNNT diameterg). Variation of the
zerofrequency TDoS [or, TDoS(0)] for water molecules confined in BNNTs (of different
diameters) and the water molecules present in the bulk.

a) ——Dangling OH bond
~__~OH bond participating in HB
b)
] 1 -2 2 =3
6( vl | é ; ‘; 8/\ L
._\\‘ ’”,"c‘
7 / '/ ‘
; 1 -2 e 2 =3 ]
1 2 3
c)
@
® 0" ¢ & ® ® o ° - ®
(6, 6) (7,7)

Figure 4.4. Schematics showing a) the rotation ofvater molecule, with a dangling OH bond,
about the axis (indicated by the straight dashed arrow) parallel to the hydrogen bonding OH bond,
and b) flipping of a water molecule, with a dangling OH bond, about the axis perpendicular to the
molecular plane fidicated by the straight dashed arrow). Schematic representations of c) single
file arrangement of water molecules in (6, 6) and (7, 7) BNNTs and d) restraints imposed on the
molecular plane of a water molecule donating both the hydrogens and simultarecegting at

least one HB.
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Given the dominant role of the entropic favorability in dictating the stable (and preferred)
configuration of water molecules within the BNNT, we further decompose the total entropic
contribution imitandtmmomsladt ommal ( dGep®pdstudynthes (T
variation of these components as functions of the BNNT diameters [seeZfi]. We find that
for water confined in the (6, 6) rosNiedomindt=0. 85
part with a74% contribution to the total entropic gain. Further, the (6, 6) BNNT system exhibits
the | argest water r mytamong alnha BNNE sizes congideced igthis n = (T
st udy; irndedremses monoloncally (i.e., shows progressleslyfavorability) with an
increase in the BNNT diameter. We attribute this enhanced rotational entropy [for the (6, 6)
BNNT] to the large fraction of dangling water OH bonds present in this system [see3Faj].

Fig. 4.3(a) shows that thieactionof dangling watetOH bonds insid the BNNT is always greater

than that in the bulk and this number is maximum for (6,6) BNNT (i.e., BNNT with smallest
di ameter) and decreases monotonicalrhkflowsi t h an
the same trend as the dangling OH bond foacfor all the systems considered in this study.
Numerous studié&*'® have shown that near a hBN (hexagonal boron nitride) surface, water
molecules favor a oregged orientation, which characterizes such dangling bonds. In this
configuration, one of #¢16OH bonds of an interfacial water molecule points towards the BN surface
and such bonds are referred to as dangling OH bonds as they do not participate in hydrogen
bonding with the surrounding water molecules [see Eifj(h) showing the MD simulation
sngshot of such a dangling bond in (6,6) BNNT]. Also, in the (6, 6) BNNT (D=0.85 nm), the
extremeconfinement in the radial direction localizes the water oxygen atoms to the center of the
tube [see Figd.1(a, h) and FigC2(b) (see appendix €)As a resultthe OH bonds participating

in hydrogen bonding tend to align with the tube axis [seedFiga)] and the dangling hydrogens
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remain close to the oxygen atoms of the nearby water molecules [s€H @&pin appendix ¢

In this configuration, a water matule with a dangling OH bond undergoes rotation primarily via
two mechanisms: a) rotation about the OH bond participating in hydrogen btidseg Fig.

4.4(a) and FigC3(a)(in appendix C)and b) flipping about the axis perpendicular to the plane of
the water molecul&® [see Fig.4.4(b), Fig.C1(b) and Fig.C3(b)]. The former mechanism is
characterized by the dangling OH bonds making rotational sweeps about the hWabyoded OH

bond, while the latter mechanism is driven by the two OH bonds swapipénigrespective
positions. Such rotational motions are not prominent for the water molecules in the bulk, where
the water molecules form tetrahedral hydrogen bond networks and the fraction of dangling OH
bonds is less than 0.15. These findings are etvifilem the enhancement in the ldrequency
rotational modes (in the frequency range of -220 cm?), as indicated by a red shift in the
rotational density of states (RDOS) for water molecules in the (6, 6) BNNT as compared to the
bulk [see Fig4.3(b)]. The presence of such amplified ldmequency rotational modes indicates
that relative to the bulk, water (similar to that in vapor phase) undergoes freer rotations in the (6,

6) BNNT 169

On the other hand, t heratl)fseefgsdl2@d)fortheBNNF ent r oy
confined water depends on the density [depicted in4=&fc)] and the average number of HBs
formed by each water molecule [depicted in Bi§(d)]. Given the significant radial confinement
experienced by the water molecules tie {6, 6) BNNT (D=0.85 nm), loMrequency inplane
oscillations are suppressed and kigdguency rattling motions are enhanced compared to the bulk
water: this is evident from a blue shift in the translation density of states (TDoS) [sé&&}.
As a result, we can infer that for water inside the (6, 6) BNNT, the translational entropic gain is

primarily caused by axial diffusion. Figude3(g) shows the zerfyequency TDoS [denoted as
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TDoS(0) for water in all the systems (i.e., BNNTSs of all the eliéint diameters) considered in this
study. TDoS(0)accounts for the contribution from the diffusional motions to the translational
entropic componerit® of the water molecules, and is found to be highest for the water molecules
in the (6, 6) BNNT. In thi$6,6) BNNT, on average, water molecules form less than 1.7 HBs per

molecule [see Figt.3(d)] and exist in a straight single file configuration [see &it(a)].

Al so, the favorability associated with the
water in the (6, 6) BNNT (D=0.85 nm) [see F2(a)]. This enhanced energetic favorability is
due to the fact that in the 0.85 nm wide BNNT the water molecules remain localized at the center
of the tube and are in close proximity to all the BN atomsgven axial location. As a result,
these water molecules experience optimal interaction with a larger portion of the BNNT surface,
as compared to the water molecules confined in BNNTs with larger diameters: this is established
by the fact that the wat@NNT interaction energy is highest for water confined in (6,6) BNNT
[see Fig4.3(f)]. Also, these results indicate that the large wBINT interaction energy triumphs
over the energy penalty due to | oss of HBs, tF

confined in (6,6) BNNT.

In the (7, 7) BNNT (D=1 nm), where waterolecules experience the largest entropic gain
contributing 87% to the total free energy change [see42ga)], we see that the translational
entropi cragaiis ( Bepyer t han t hga [seedrigdid(h)].oNaterl coun
moleculesn the (7, 7) BNNT possess the highest specific volume (lowest density) [sdeEaY.
and exist in a singtéle chain structure that spans a much wider radial expanse at the nanotube
center as compared to the single file chain structure in (6, 6) BB&€TFigs4.1(a,b), Fig4.4(c)
and Fig.C2(a,b)]. While both the (6, 6) and (7, 7) BNNTs contain single file water, the radial

confinement in the (7, 7) BNNT (D=1.0 nm) is weaker in comparison to the (6,6) BNNT (D=0.85
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nm) and as a result, the leéwequency inplane oscillations are more prominent. Therefore,
compared to the water molecules in the bulk and the (6, 6) BNNT, we see an enhancement in the
low-frequency translational modes for water molecules in (7, 7) BNNT indicated by the redshift
in TDoS [see Fig4.3(e)]. In addition, th& DoS(0)for water in this system is significantly higher

as compared to the bulk water [see Hig(g)] and this behavior can be attributed to the single

file nature of water causing improved axial diffusion. The higicsje volume for water in (7, 7)
BNNT is a result of the entropic gain and the aligning tendency of water near the BN surface. In a
densely packed configuration, water tends to form well connected HB networks resulting in a
smaller dangling OH bond fraoti. The sparse packing of water in the (7, 7) BNNT is
accompanied by a |l oss in HBs per mol ecul e.
positive) ensued by such a loss in HBs is compensated by a significant entropic §éivhas

the highest negate value for (7,7) BNNT, see Fig.2(a)] as well as a reduction in internal energy

( pU) d u e -legged vprierdatioo naesed by the favorable interaction between water
molecules and the BNNT surface. In this BNNT, while the dangling OH bond frastabose to

that in the (6, 6) BNNT [see Fig.3(a)], we see a noticeable drop in the rotational entropic gain

( T e@pPas compared to the (6, 6) BNNT system [see #R(b)]. As the restriction on the-in
plane translational motion of the confined waterecules is less severe in the (7, 7) BNNT (D=1
nm) as compared to the water molecules confined in (6, 6) BNNT (D=0.85 nm), the hydrogen
bonding OH bonds do not align with the tube axis [see&idb) and Fig4.4(c)]. At the same

time, the dangling hydgens tend to stay further away from the oxygen atoms of the nearby water
molecules in the (7, 7) BNNT [see Fig4(c) and FigCl1(a)(in appendix C] this is established

by the OH RDF plot [see FigCl(a)], as discussed below. The third peak in thid RDF plot

corresponds to the distance between the oxygen atom of a water molecule and the dangling
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hydrogen atom of a neighboring water molecule. We clearly see that the location of this third peak

is shifted by0.17 A towards the right for water in (7,BNNT, when compared to the water

confined in (6,6) BNNT. Consequently, the flipping tendency of a water molecule, about the axis
perpendicular to the plane of the molecule, is weakened in the (7, 7) BNNT [s&&L@EYy(in

appendix C)resultinginavs i bl e drop i n t he rr§asadmpaedtwthe ent r C
water molecules confined in the (6, 6) BNNT. This scenario is confirmed from the suppressed
rotational modes in the 160270 cm' range [see Figd.3(b)] for water in (7, 7) BNNT, as

compared to the water molecules confined in the (6,6) BNNT. Also, despite the average number

of HBs per molecule being similar in the (6, 6) and (7, 7) BNNT systems [se@3)], we see

a notable rise in the penalty associated with the internal eflergy e . , @U becomes m
for the water molecules confined in (7,7) BNNT as compared to the water molecules confined in

the (6,6) BNNT [see Figt.2(a)] owing to the weakening of the waNNT interaction energy

with an increase in the tube diamefsee Fig4.3(f)].

In the (8, 8) BNNT (D= 1.13 nm), water forms local hidgnsity clustetike regions that
are bridged by lowdensity chairlike structures of varying lengths [see HdL(c) and FigC4 (in
appendix C)) The clustedlike regions areharacterized by dense hydrogen bond networks, while
the chainlike regions show HB connectivity similar to that of single file (cH&®g) water (see
Fig. C4 and FigC5 in appendix §. In Fig.C5, 0.59 fraction of water molecules form two or less
HBs (this is characteristic of singlde or chainrlike water), while 0.41 fractioaf water molecules
form three or more HBs (this is characteristic of water molecules in clisteaegions forming
dense HB networks). As such, the distinct rise in the agaragber of HBs per molecule in this
(8,8) BNNT system, as compared to the (6, 6) and (7, 7) BNNTs [see3id)], can be attributed

to these local water clusters. The cluster formation is also accompanied by a noticeable drop in the
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fraction of the dagling OH bonds [see Figl.3(a)] resulting in a lower rotational entropic gain

( T e¥[see Fig4.2(b)], as compared to the (6, 6) and (7, 7) BNNT systems. Also, as evident
from Fig.4.3(b), the presence of such clusters enhances thdreigiency rotabnal modes, while

the decline in fraction of the dangling OH bonds [see #§(a)] suppresses the lefnrequency
rotational modes that were found to be dominant in the (6, 6) and (7, 7) BNNTs. On the other hand,
the transl at i o nradforeatet in tbhep(8, 8 BNINA systeny( isTsgmdar to that in

the (7, 7) system and accounts for 65% of the total entropic gain [sde2fn]. Fig.4.3(e) shows

a red shift in the TDoS for water in (8, 8) BNNT, relative to the (7, 7) BNNT system, dhe to t
presence of chailike regions that experience enhancegblsne oscillations in the wider (8, 8)
BNNT. However, for water molecules confined in the (8,8) BNNT, the presence of the water
clusters ensures that the intensities of modes with a frequengey than 50 cnh tend towards
values similar to that of bulk water. Interestingly, the presence of clusters does not affect the
entropic contribution from the diffusional motions withT®0S(0)value similar to the water
confined in the (7, 7) BNNT systefsee Fig4.3(e)]. Finally, among all the BNNTs considered in

this study, water has the most unfavorable internal energy in the (8, 8) BNNT: this is corroborated
by a positive @U associated with thed42@jesence
This distnct rise in the internal energy penalty is due to the combined effect of increased tube
diameter which results in a lower wat8KNT interaction energy per molecule [see H@(f)]

[as compared to the (7, 7) system, while we do notice an increaseawettagie number of HBs

per molecule from 1.8 to 2.3, see HiB(d), the wateBNNT interaction energy drops steeply
from -5.3 t0-3.9 kcal/mol, see Figt.3(f)] and the presence of chain like regions where the HB
network is less dense (see K in appadix C). However, these two aspects also lead to a

reduced water density for the water confined in (8,8) BNNT [seediEd(r)], which is conducive
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to the translational entropic gain in the system [see4=2fb)] resulting in a net favorable free

energychange [see FidgL.2(a)].

In (9, 9) (D =1.27 nm) and (10, 10) (D = 1.41 nm) BNNTSs, water molecules exhibit-a cage
like structure [see FigC2(a)in appendix € with majority of them forming three or motéBs
with the surrounding water molecules. Theseicitres are characterized by a scarce water
population near the center of the tube [see Fig@¢a, b)in appendix € Previous studies have
shown that water confined in CNTSs of similar diameters exhibiikeestructures with the average
number of HBs pr molecule exceeding the bulk vaf$However, we do not observe such
structures in BNNTs as evidenced by F@(d), which shows the average number of HBs per
molecule is lower in all BNNTs of all diameters, as compared to the bulk. We attribute this
behavior to the presence of a significant fraction of dangling OH bonds in all the BNNT systems
[see Fig.4.3(a)]. Specifically, in (9, 9) and (10, 10) BNNTs with cdige water structures, the
energetic penalty due to the loss of HBs, otherwise presaeogiike water, is compensated by
the gain in entropy [see Figd.2(a)] and the favorable interaction energy between the BNNT
surface and the interfacial water molecules in thelegged configuration [see Fig.3(f)]. Unlike
the hBNwater interface, &ch a ondegged orientation for water molecules was not found to be
favorable at the graphemneater interfacé®® Consequently, the dangling OH bonds can be labelled

asstructure breakersf water confined within the BNNTSs.

For water confined in (9, P =1.27 nm), (10, 10) (D = 1.41 nm), (11, 11) (D = 1.55 nm),
and (12, 12) (D = 1.69 nm) B NN T Sang is the majot r an s |
contributor to the total entropic change, which is favorable for water confined in all these BNNTs
[see Figs.4.2(a,b)]. Such favorable translational entropic contributions can be attributed to the

high specific volume [see Fig.3(c)] and lower average number of HBs per molecule [see Fig.
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4.3(d)] compared to the bulk water. The translation entropic igatentical for water in (9, 9)
and (10, 10) BNNTSs due to the structural similarities of water in these systems [s€elfig®)

and Fig.C2(a, b)in appendix ¢ Similar reasoning can be applied to explain the comparable
T gp&nsvalues for water confined in (11, 11) and (12, 12) BNNTs [see Eig, g) and Fig.

C2(a, b)in appendix €

Further, the wvariati on oré) withhthe BNN® dianeter® n a | €
follows the same trend as the fraction of glaxg OH bonds for water confined in these BNNTSs
[compare Figs4.2(b) and Fig4.3(a)]. This correlation follows from the fact that as the fraction
of dangling bonds decrease and falls below 0.5 (for cases of water confined in BNNTs with larger
diameters)we see an increase in theportion of water molecules donating both the hydrogens
and simultaneously accepting at least one (8Be Fig.C6 in appendix ¢. The resulting
restrictions on the plane of a water molecule [see4=#fd)] tend to prevent ée rotations, and
the highfrequency rattling motions become dominant, which is evident from the RDoS showing
bulk water like behavior for these systems [see £&[b)]. Nevertheless, for all the BNNT sizes
considered in this study, we do see a considgraigher dangling OH bond fractions (> 0.2)
compared to bulk water (0.13) ameistawraldefares ul t

water confined in all these BNNTs [see H@(b)].

Finally, the contribution from relative internal enefgypU) t o t he t ot al fr e
(pPA) is significantly weak (ranging from 15%
energetic penalty due to the loss in HBs and the energetic favorability caused bBMidier
interaction tend to balance eacther in these systems and result in the relative internal energy

contributions to remain small.
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4.4 Conclusion

In summary, we employ ReaxFF based MD simulations to unravel that highly favorable entropic
effects drive the filling of mildly hydrophilic BNTs having diameters ranging from 0.85 nm to
1.69 nm and water is more stable inside BNNTs of all these diameters as compared to water in the
bulk. Such a nointuitive favorable role of entropy, given the conventional wisdom that
confinement leads to ewopic unfavourability, has been earlier demonstrated during the water
filling of CNTs.1®*However, we show that the factors that drive the favorable enthdpgn water

filling of BNNTSs are significantly different from that of the CNTs. These factors ré&noge the
predominance of dangling wat&H bonds leading to a dominance of the rotational entropic
effects for the BNNTs with extreme confinement (D = 0.85 nm) to the dominance of the
translational entropic effects associated with the presence of-§ilegleater structures or chain

like water regions and/or high specific wateume for larger BNNTs. We anticipate that our
findings will lay the groundwork for developing applications suchil&ation, desalination, and

energy storage and conversionngsinteractions of water with nanomaterials such as BNNTSs.

84



Chapter 5. Hydrogen Bond Strength and Kineticsof Nanoconfined Waterin
Boron Nitride Nanotubes

5.1Introduction

Water structure in presence of strong (few nanometers enaulimeters) confement
has been extensively studi€d1°’ owing to some of the most fascinating effects demonstrated by
water in such confinements, including wufest transport?>*® spontaneous filling of
hydrophobic nanotube&® phase transition under most unesigel condition$®® hybrid
materialst®’ significant changes in properties such as melting point, boiling point, density, and
surface tensioi)® etc. Nonbonded watewater interactions, such as waveater hydrogen
bonding, is an important factor govargiwater behavior in such extreme confineméit&€? For
example, hydrogen bonding has been known to dictate the nature of water diffusion inside CNTs
of varying diametef>2% graphene nanochannels of different nanochannel heéf§t#t€ and self
assembled ionic liquid cryst&unidirectional proton transport in fluorinated CNPP&etc. Water
water HBs trigger water clusters inside a confinement: such clusters get broken in contact with
certain types of nanoconfinement material (e.g., nanomatenabosed of fluorous compounds)
resulting in very fast water transport in such nanoconfinefi&ntn our recent study, we
established that such disruption of the hydrogen bond (HB) formation associated with the presence
of dangling-OH bonds lead to thepontaneous filling of boron nitride nanotubes (BNNTS) of sub
nanometric diameters®

While the importance of watavater hydrogen bonding inside strong confinements has
been thoroughly established, there remains several gaps in understanding ttaduwergfrsuch
HBs inside confinement. 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 cfwatder
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HBs and the corresponding energetics of suchidgen bonding, the confinemetiven changes

of thekineticsof hydrogen bonding (e.g., how stable is a hydrogen bond or once a HB is broken
how quickly it reforms), etc. have not been extensively explored. In this chapter, we address these
issues condeering water confined inside BNNTs of varying diameters. In our previous study, we
have delineated in great details the manner in which BNNTSs of different diameters lead to-entropy
driven water filling of BNNTSs, with the factors dictating the favorableayt changes and the
corresponding water structure, being strongly dictated by the BNNT diarfi@tershis chapter,

we shall study the properties of the HBs inside such BNNTs of various diameters with these
properties being entirely governed by the esponding BNNTdiameterspecific water structures.
Specifically, ouresultsdemonstrate that depending on the confinementhheacteristicef the

PMFs (potential of mean forces) dictating the watater HBs significantly changes. These PMFs

are ploted as functions of and— wherer denotes the inteoxygen 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. We observe
completey isolated HB basins in BNNTs with strong confinement, which is in stark contrast to
the HBs in bulk or larger diameter BNNTs where there is a second nearby PMF well to which the
HB basin is connecteda a saddle point. At the same time, we obtain masarkable BNNTF
diameterdependent kinetics of the HBs. The specific sifée water structure inside sub
nanometediameter BNNT ensures that the hydrogen bonds formed inside such BNNTSs are stable
over a much longer time period, as confirmed by the gooreting autecorrelation function,
dictating the lifetime of the HBs, decaying to a large-mero constant value at long times.
Similarly, the same water structure ensures that such HBs, once broken, show a strong tendency

to reform. These are highly geric and unprecedented information on the behavior of the HBs as
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functions of the nano and swanoconfinement, which motivate the need for a deeper

investigation on theature and propertiesf HBs inside nanomateridased confinements.

Figure 5.1. Graphical representation phndd coordinates used to describe the hydrogen bonding
configuration between a pair of water molecules.

5.2 Results and Discussions

To study the hydrogen bonding thermodynamics for water confined in boron nitride nanotubes
(BNNTSs), 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. The diameters of these
BNNTs range from 0.85 nm to 1.69 nm with the (6, 6) BNNT hatiregsmallest diameter and

the (12, 12) BNNT having the largest. In addition, we also carried out bulk water simulations so
as to highlight the effect of BNNIbased confinement on water hydrogen bonding relative to bulk
water. First, in order to identify lkiyogen bonding configurations between pairs of water
molecules, we need to device appropriate HB definitions for the various systems considered in this

study. The generic geometbased HB definition for water involves cutoff values for the inter
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oxygen dstance 1), and the angled between the OH bond and the line joining the oxygen
atomg+213 (figure. 5.1). The most widely used criterion for bulk water {s3.5A andd  39°2%?

214 However, these specific cutoff values and the resulting rectangular boundary, located on the
2D PMF W( r),mépped usingr( d )coordinates, may not be appropriate for identifying HB
configurations among water molecules present inlmdk-like environments. In particular, for
water inside the subanometer and nanometer wide nanotubes, the sirapsize of the PMF

basin corresponding to the HB configurations can differ significantly from that of the bulk water.
Figure.5.2 shows the 2D PMFSA(( r),cdimesponding to watevater HB basins for all the
systems considered in this study. From thesalt® we can easily identify the abediscussed
differences between bulk water, and water confined in BNNTs of various diameters. To be
specific, we see a striking contrast between the PMFs of bulk water and water confined in (6, 6)
and (7, 7) BNNTs (wh diameters of 0.85 nm and 1 nm, respectively). For water present in these
extreme confinements, we see completely isolated HB basins unlike in bulk water, where the HB
basin is connected to a nearby PMF well, which is centered around laagdrd valuesand
correspond to the second hydration shell, via a saddle point. In our previou$-$weidentified

that water takes an axially ordered sinfifle structure in (6, 6) and (7, 7) BNNTAs a result, in

these extreme confinements, a givenawvatolecule is well separated from other water molecules
that are not its nearest neighbors (i.e., not part of its first solvation shell) and thexygen
distances corresponding to the second solvation shell in bulk water are not accessible fo pairs o
water molecules in these singlie structuregsee figure5.3). In the (8, 8) BNNT, as the nanotube
diameter increases, the ordered siffiéestructure disappears and we start to see-tiegisity
clusters of water molecules joined by lal@nsity cha-like regions. This water structure results

in the appearance of the second hydration RW\H situated close to the HB basin (see figure.
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5.2). Similarly, with further weakening of confinement in (10, 10) and (12, 12) BNNTSs, the PMF
maps approach the thavior similar to the water molecules in the bulk and accordingly, the HB

basin gets separated from the nearby well by a saddle region (seeSigure.
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Figure 5.2. Two dimensional potentials of mean force (2D PMF) as functionsodld 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. Bhargav: The continuous black contour line and the adjacent label in
each figure indicate the boundary separativegitydrogen bond basin and the corresponding PMF
value at this boundary line respectively.
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From the 2D PMF data shown in figurg@2, we have determined the appropriate water HB
definitions for all the systems considered in this study by choosing angons$ isesurface with

a PMF value beyond which the volume enclosed by theusiace increases discontinuously
(please refer to the methods section for details). Theugace corresponding to the HB definition

for each system can be found in figls2. Using these definitions, we have computed the average
number of HBs formed by a water moleculeigNin each system (see Taliel). For bulk water,

our findings show the M to be 3.62, which is close to the values reported in previous studies
following similar approaches to develop HB definitions. Inside the BNNHg 8ecreases
significantly: smaller the BNNT diameter more prominent is this decrease. For single file water
[in (6, 6) and (7, 7) BNNTS], we seesdlvalues lower than 2 indicating thatobawater molecule

is connected to less than or equal to two adjacent water molecules in the single file structure. Such
a behavior stems from the water molecules taking an axially ordered-8iegiucture in (6, 6)

and (7, 7) BNNTs causing the wateolecules to be well separated from other water molecules
that are not their nearest neighbors (see fighi8). On the other hand, for water confined in
wider BNNTSs [i.e., in (10, 10) and (12, 12) BNNTs], we sa@ Malues greater than 3 as a
significart fraction of water molecules form three or more HBs with surrounding water molecules

in these systems.
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System Nz
Bulk water 3.62
(6, 6) 1.74
(7,7) 1.88
(8, 8) 2.35
(10, 10) 3.04
(12, 12) 3.29

Table 5.1. Average number of hydrogen bonds form®d each molecule in all the systems
considered in this study.
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Figure 5.3. 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).
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Further, ve have explored the HB kinetics for confined and bulk water modeled in this study using
a chemical dynamiebased analysi€? In this process, we first compute the HB autocorrelation
function (C(t)) using a HB population operath(t) which equals 1 if &IB is present between a

given pair of water molecules and 0 otherwise. As such, the HB autocorrelation function is given

by

R (1)

This function gives the conditional probability that a pair of water molecules are hydrogen bonded

at timet, given that there exists a HB ta&ten this pair at time zefd? As shown in figure5.4(a),

C(t) decays the fastest towards 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)
BNNT. However, unlike other systems, C(t) for the water molecules confined in (6, 6) and (7, 7)
BNNTs tend to decay towards a finite value below 0.5. In these extreme confinements, where
water takes a singtle structure with Nig close to 2, a given wet molecule is restricted to

forming HBs with the same two neighboring water molecules for the entire duration of the
simulations. As a result, if a pair of water molecules are found to form a HB through one of the

four hydrogen atoms &t0, the probabity of findingthe same HBat®= woul d be appr ox

0.25 (one of four possible HBs).

Figure5.4(b) shows the time dependent conditional probabiéity[] that an initially hydrogen
bonded pair of water molecules staighin the HB vicinitywith the initial bond brokere 0 can

be expressed as:

€0 ‘ 56 i (2)
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Here, H(t) equals 1 if the tagged pair of molecules are separated by a distance within the HB
vicinity and O otherwise. In a given system, a pawater molecules are considered to be in HB
vicinity if their inter-oxygen distance is less than the maximum value tbat lies on the HB

boundary.

For single file water, in (6, 6) and (7, 7) BNNTSs, n(t) relaxes toward a value larger than 0.5
following the same reasoning as described in the above paragraph. Whereas in other systems, n(t)
increases at shorter times and then relaxes towards zero at longer times. This behavior indicates
that, in these systems, once a HB breaks between a pair of moléoelesiter molecules either

relax back toward forming the same HB or diffuse away from eachdftéere, the latter seems

to be the case as evident from figbré(c) which shows the time dependence&@)+n(t). Here,

C(t)+n(t) gives the time dependeartnditional probability that a pair of initially hydrogen bonded
water molecules stay within the HB vicinitiyor systems where water molecutks notform a
singlefile structure [i.e., in bulk and in (8, 8), (10, 10) and (12, 12) BNNTs], C(t)+n(t) Isapid
decays towards zero indicating that as time progresses, pairs of water molecules diffuse away from
each other after a HB is broken. In contrast, for single file water, i.e., for water confined in (6, 6)
and (7, 7) BNNTs, C(t)+n(t) decays toward valueam0.9 due to the fact that nearly every pair

of adjacent water molecules stay within the HB vicinity forming one of four possible HBs.

Further, in order to obtain the forward rate const&ho{ HB breaking and the backward rate

constant K )oof HB formation, we computed the reactive flux HB correlation funcigt) given

by

oo —— 3)

K(t) canbe related to C(t) and n(t) via the following relation
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0o Q66 @O (4)
Here, we used the C(t), n(t) ak¢) data for 1ps <t <{@ps to comput& andk .0

From the above relations, the HB lifetime can be obtained using

T - ()

Assuning that hydrogen bond breakage can be described as an Eyring ptovessan relate

the Gibbs free energy of HB breakingfto using the following equation

t  —Agb- (6)

Here, Qs the planks constarif) is the Boltzmann constant aids the temperature.

Table5.2 shows the HB lifetimest( andgo Glor water in all the systems mddd in this work.
We see that bulk water has the smakips¥ollowed by water confined in (6, 6) BNNT. For other
confined systemsp Gis inversely proportional to the nanotube diameter with water in the (7, 7)

BNNT exhibiting the largesip G

Our previousstudy!® shows that, in the (6, 6) BNNT, water molecules have low translational
entropy due to extreme radial confinement restrictinglame translational motions. However, in
the (6, 6) BNNT, water molecules possess high rotational entropy, whicle i dhe flipping
rotations of water molecules in this system archsuater flipping involves regular HB breakage.

Thus, the smal/l G for water in the (6, 6) BN
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Figure 5.4. a) HB autocorrelation function (C(t)), b) time dependent conditional probability for a
pair of initially hydrogen bonded water molecules to be within the HB vicinity but with the initial
bond broken (n(t)), and c) the sum of C(t) and n(t) for water molecules in the bulk and in the

confined systems considered in this study.
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System nD o010tk W | (ps)

Bulk water 1.8142 3.3550
(6, 6) 1.8999 3.8735

7,7 2.0129 4.6815

(8, 8) 1.9629 4.3051

(10, 10) 1.9483 4.2011

(12, 12) 1.9277 4.0587

Table 5.2. HB lifetimes ( ) Gi bbs free energy

systems ansidered in this work.

5.3 Conclusion

In summary, we use ReaxFF MD simulations to study the effect of BNNT induced
confinement on water hydrogen bond kinetics and strebgthobtaining appropriate HB
definitions from the 2D PMF maps for each system.sékethat in very narrow BNNTSs (with sub
nanometric diameter), we observe completely isolated HB basins unlike in bulk water, where the
HB basin is connected to a nearby PMEIl via a saddle pointAlso, subtle changes in water
structure between (6, 6) @7, 7) BNNTSs result in significant differences in water HB strengths
with the water confined in a (6, 6) and (7, 7) BNNTs showing the weakest and strongest HBs

respectively, among confined systems.

98

br e



5.4 Methods

All the simulations are performed using ReaxFE’° package implemented in LAMMPS
MD engine®* 1’1 The ReaxFF force field parameters were obtained ffofile production data
was obtained from simulatingulk water andconfined water (in approximately 10nm long
BNNTS) in thecanonical ensembI®&{/T). The temperature was maintained at 300 K using Nosé
Hooverthermostd® 8 with a damping constant of 100 tirseeps and a time step of 0.25 fs was
used for all the simulations. More details regarding the simulation procedure such as the
equilibration processbulk water simulationand obtaining appropriate confined water densities

can be found in our previous stuh}

We obtained the hydrogen bonding definitimased on the distane@mgle ¢ ,) codrdinatesising

the corresponding two dimensional potentials of mean fatke [, ].cHere,r andd represent the
inter-oxygendistance and the angle between the OH bond and the vector joining the oxygen atoms
(I HO4Oy) (figure 5.1). Only the smallesd among the four possible values, for a given pair of

water molecules, was considered for samphlfg. , isl given by the following equation:

® ih—  QYQAR—h @)
Here,g( r Jsdiyen bythe ratio between the average number of waxggen atoms in a shell
betweerr+dr andr centered around a given watetygen atom, with the correspondihgdO4Oa
angle betweed+dd andd, in the presence and absence of intermolecular interactions. The latter
can be obtained usin@ “2jr (Prandor(d ) )XJ Where thePrandon{ drepresents the random
probability distribution ofd for norrinteracting water molecule®randon{ dfgr the bulk wateis

calcuatedusingthe distribution off between water molecules with> 10A. WhereasPrandon{ d )

for confinedwater(in each BNNT), was obtained bperfornming two additional simulations with
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only a single water molecule inside the BNNWVe startedthese two snulationswith different
initial configurations, and thédistribution for a pair of nointeracting confined water molecules
was obtained by superimposing thesater molecule trajectories on each otf€The random
probability distribution ofd (Prancor{ f Was given by théd HO4Oa values sampled from these
superimposed trajectoriel addition the norinteracting particle distribution was modified as
(fe.0u(r).4 "4r d(Prandon{ d ), tbritonfinedwaterin BNNTS, to take the excluded volume effects
into consideration in a confined systéffi Here, gy(r) the uniform profilefor a cylindrical

confining geometry is given by?

Qi — Q00 0, (8)

where & is the volume and 0 is the form factor’® of a cylindrical cell with radiug’ and

length0, which is given by

6o 0 . o0— ——— | (9)

Here, 0 is the first order Bessel function afdlis the zereorder spherical Bessel function. The
correction parametde accounts for the surface roughness and was adjusted so that the radial

distribution function (RDF) between the water oxygen atoms tends towards one far large

In figure.5.2, we show the 2D PMF for water in all the systems considered in this $helyB
diving boundary was obtained by considering thesisdace with a PMF valued beyond which
the volume enclosed by such surface increases discontinuously. The HB bdandaci system

is shown using a continuous black contour line in figar2.
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Chapter 6: Conclusions and Future Scope

6.1 Conclusions

This thesis employs adtom MD simulations to probe the structure, properties, and
thermodynamics of water and ions confined within a hydrophilic nanotube (BNNT) of nanometric
and subnanometric radii. ie results, elucidated four separate chapters, bring out the effect that
extremely strong confinement can have mm/water structureand mobility, and water

thermodynamics and hydrogen bonding characteristics.

First (in chapter 2), we unravel the unéggendohedral and naovalent nanotubevater
electrolyte hybrid structure that develops when an electrolyte solution containing a large
concentration of salt with a large anion (e.g., LITFSI salt) is forced into a BNNT of 1 nm diameter.
This hybrid struaire is characterized by the presence of the repeating and axially separated non
overlapping blocks of the TFSI anion and theidn-solvated water molecules. We confirm the
highly stable nature of this hybrid by separate free energy calculations; thésretalre leads to
(a) the TFSI anions being present in a highly trapped immobile state, (b) water molecules being
present in a zerdimensional liquid state, and (c) the hybrid showing very little structural changes
even after being subjected large tenapere changes or changes in the salt concentration of the

surrounding medium.

Second (in chapter 3), we study the response of this hybrid when subjected to an
electrostatic potential difference. The presence of theowerlapping and immobile blocks of
water molecules (solvating the highly mobileian) and TFSI anion, coupled with the TFSI
aniondbs greater t e mudwideBNNTbaoredydiatedLiom eventuallpt v 1

leads to the fascinating situation where there is the viierocaliation of the TFSI anion near
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the negative electrode. WISE systems, with a very large concentration of the electrolyte salt (e.qg.,
LiTFSI), has been specifically designed to ensure such sfratetocalization of the anion at the
negative electrode. In thigork, we show that the periodic and immobile structuring of thiern-
solvating water molecules and TFSI anions ensures that such localization is possible at a much

smaller concertation of the LiTFSI salt.

Third (in chapter 4), we study the thermodynesnof water filling BNNTs of different
diameters. We find that the favorable entropy changes promote the filling of the BNNTSs. This is
highly countefintuitive, stemming from the fact that encapsulation of water molecules in
confinement is expected to letwlloss in the degrees of freedom of the water molecules making
the process entropically unfavorable. However, in the present case, entropy becomes the driving
factor: of course, the type of the favorable entropy depends on the exact diameter of the BNNT.
For BNNTs of very small diameters (< 1nm), the favorable rotational entropic component,
stemming from the presence of the dangling water OH bonds that do not participate in hydrogen
bonding, promotes the filling process. On the other hand, 4mm IBBNNT, the translational
entropic component dominates driven by the enhanc@thime motion of the water molecules
present in a singléle structure and spanning a significant radial expanse inside the BNNT.
Finally, for BNNTs with larger diameters, the favdelranslational entropic component
associated with either the presence of cliz@water regions inside the BNNT or the presence of
a high specific water volume and reduced number of HBs per molecule ensure the preferable water

filling of the BNNTSs.

Fouth (in chapter 5), we study the hydrogen bonding between water molecules confined in such
BNNTs and explain the effect of the specifics of the water structures, as a function of the BNNT

diameter, in deciding the energetics and kinetics of such wwater HBs. For example, in very
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narrow BNNT (with subnanometric diameter), we observe completely isolated HB basins unlike
in bulk water, where the HB basin is connected to a nearby PMF well via a saddléAfsmint.
subtle changes in water structure betw@1®) and (7, 7) BNNTSs result in significant differences

in water HB strengths with the water confined in a (6, 6) and (7, 7) BNNTs showing the weakest

and strongest HBs respectively, among confined systems.

6.2 Future Scope

This dissertation attempts sted light on the behavior and properties of water molecules
and ions inside a weknown nanomaterial, namely BNNT. Such understanding is critical for

promoting the usage of nararbonbased nanomaterial.

As immediate future problems, the computatiofraimework established in different
chapters of this dissertation can be leveraged for studying (1) the BNNT filling thermodynamics
and the resulting water structure and hydrogen bonding for electrolyte solutions containing salts
of ions of different valeres and sizes; (2) electrohydrodynamic liquid transport inside BNNTs of
different diameters; (3) formation of different types of naybrids for cases where water is mixed
with salts of different charges and sizes of cations and anions; (4) effect aofceliettls,
temperature gradients, and other perturbations on suckhyanids and the mechanisms in which

such perturbations can be utilized for various applications.

As longterm future problems, the framework proposed in this dissertation can bdeskten
to analyze the behavior of water and ions inside othercadoorbased materials. For example,
the analysis proposed in chapters 4 and 5 can be utilized to understand the filling, structure, and

properties of water inside MXene nanochannels and-na@mbranes!®??° Recent studies have
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focused on interesting behavior and properties of water inside MXene nanocR&els;
however, analysis focusing on the thermodynamics and kinetics of water behavior inside such
nanochannels remain less studied. &/diehavior inside other kinds of nanomatebiased
nanoconfinements that will be benefitted by such analysis include nanochannels and nanopores
composed of Mo§?+222WS;,,223 etc. Like the properties and structures of the water molecules in
such nanoanfinements, equally interesting will be elucidating the effect of acgeentration of

salts of ions of different sizes and valences in water behavior (e.g., in the formation esaitater
nanomateriabased nanohybrid and the stability of such nrhaylaids) in strong
nanoconfinements fabricated with such novel nanomaterials. Finally, our analysis method will be
useful for understanding the interactions of hydrated and charged biomaterials (e.g., charged and
counterionscreened DNA molecules in watersidn) with such nanomaterials: for example, our
simulations will provide the framework for developing simulations towards understanding the
dynamics of a DNA molecules through a nanopore of such nanomaterials for sensing and
sequencing?*??’ developingnanomaterial based nawarrier for the delivery of therapeutic
proteins2?® fabricating MXene/Protein based nanocomposites for biomedical applic&iions,

developing biological celladen MXene nanocomposite based-inks ° etc.

The application space f owaternoncarbonrbaseeénanomaterial interactions is ever
expanding; from energy solutions, water treatment, and healthcare to flexible electronics and
sensors, watemanomaterial interactions are becoming ubiquitous. Under such circumstances, this
dissetation provides an important foundation for advancing our understanding of interactions of
ions and water with very weknown, but much less studied nanomaterial, namely BNNT, and in
the process, promises to develop strategies for understanding waitan artdractions with other

nanomaterials, such as MXene, Mp®/S, and many more.
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Appendix A

Supporting informatioffior chapter 2 is presented here
A1l. Nonbonded Potentials and Corresponding Parameters

The 126 LennardJones interaction energy is exgged as:

Y - — — (A1)

and the Coulombic interaction energy is given by:

~.

2% — (A2

In equationAl andA2,- is the depth ofthe LJ potential, is the interatomic distance at which the LJ
interaction energy between atoms i and j is zgrandr} are the charges of atoms i and j, is the

interatomic distance between atoms i and j, ands the grmittivity of vacuum. The values of the

nonbonded interaction parameters for all the atom types are provided inATlable
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Atom a A) U (Kcal/ Charge (e)
Li 2.12645 0.01828 1.0000
NtFsi 3.25000 0.17000 -0.6600
Strsi 3.55000 0.25000 1.0200
Orrsi 2.96000 0.21000 -0.5300
CrFsi 3.50000 0.06600 0.3500
Fresi 2.95000 0.05300 -0.1600
Owater 3.16600 0.15530 -0.8476
Hwater 0.00000 0.00000 0.4238
Bennt 3.45300 0.09490 0.76000
NBNNT 3.36500 0.14500 -0.76000

Table Al. LJ parameters and chardges all the atom types considered in the present study.
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Interacting groups LJ interaction energy Electrostatic interaction energy
(kcal/mol) (kcal/mol)
TESI- BNNT -45.51 -2.29
Li*- BNNT -0.36 -3.25
Water- BNNT -3.55 -0.14

Table A2. Decompotgion of the interaction energy between the BNNT and the salt ions and water
molecules confined inside the BNNT. The interaction energies between -TBISNT, Li* -

BNNT, and wateiBNNT are normalized by the respective number of Tkfis, Li" ions, and

water molecules inside the BNNT.
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a) b)

Figure A1. Simulation snapshots of the nanotube hybrid during umbrella sampling simulations to
obtain free energy curves for LiTFSI pair at a) the lower end (near 4)=afd b) the upper end

(near z = 10@&) of the nantube. The snapshots are generated using OVfTO.
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Appendix B

Supporting information for chapt&rs presented here

X
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Figure B1. Simulation Setup. Simulation snapshot of 10 m LiTFSI aqueous solution filling in
1-nm-diameter BNNT a) in the absence aplied electric potential difference and b) in the
presence of an applied electric potential difference of 5 V [negafive V) and positive (2.5 V)

electrodes are labeled accordingly]. All the simulation snapshots are generated using'®8VITO.
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10 m LiTFSI filling in 1 nm wide BNNT 10 m LiTFSI filling in 1 nm wide BNNT with AW =5V
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Figure B2. Filling profiles of LiTFSI filling in 1 nm -wide BNNT. Dynamics (quantified by the
variation of the corresponding number of TH8, Li* ion, and water molecules) of the first 300
ps filling of the Znm-diameter BNNT with (a) 10 m LiTFSI WISE, Xb m LiTFSI WISE, (c) 10

m LITFSI WISE in the presence of an applied electric potential difference of 5 V [for the set
shown in Fig.B1(b)], and (d) 5 m LiTFSI WISE in the presence of an applied electric potential
difference of 5 V [similar setip as kg. B1(b)]. We see that for all the cases, Th&h enters the
tube first followed by the water molecules, and theidum.
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10 m LiTFSIin 1 nm wide BNNT with AW =5V 5m LiTFSIin 1 nm wide BNNT with AW =5V
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Figure B3. Radial Distribution of the lons and Water Molecules Confined in 1 nrdiameter

BNNT in the Presence of an AppliecElectric Potential Difference of 5 V.Radial distribution

of the different atoms of the TF3dn, Li*ion, and the oxygen atom of the water molecule for (a)

10 m LiTFSI confined in .am-diameter BNNT and (b) 5 m LiTFSI confined imnin-diameter

BNNT. Forthese cases, an electric potential difference of 5 V has been applied between the
electrodes with2.5V applied at the negative electrode which is present at one end of the BNNT
with the other end open to bulk electrolyte [see Bi(b) for the MD simuldon snapshot
confirming the setp].
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Figure B4. Distribution of the lons and Water Molecules at the Positive Electrode.
Distribution of nitrogen atoms (representing the Tk&1), Li* ion, and water oxygen atoms for

() 10 m LiTF$ near the positive electrode (2.5V) and (c) 5 m LiTFSI near the positive electrode
(2.5V). Subfigures (b) and (d) show the corresponding MD simulations snapshots, generated using
OVITO,'Pof the electrolyte distribution near the positive electrode.
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10 m LiTFSI filling in 1 nm wide BNNT with AW =5V
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Figure B6. Multiple Filling Profiles of 10 m LiTFSI filling in 1 nm -wide BNNT. Ten different

filling profiles (for the first 500 pdm of 10
applied electric potential difference of 5V These profiles are obtaine

simulations performed with various initial sy
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5 m LiTFSI filling in 1 nm wide BNNT with AW =5V
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Figure B7. Multiple Filling Profiles of 5 m LiTFSI filling in 1 nm -wide BNNT. Tendifferent

filling profiles (for the first 500 poagn of
applied electric potential difference of 5V These profiles are obt ai
simul ations performedowifilguvatioans.initial
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a) 1 m LiTFSIin 1 nm wide BNNT with AW =5V +
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Figure B8. Axial Distribution of the lons and Water Molecules of 1 m LiTFSI Confined in 1
nm-diameter BNNT in the Presence of an Applied Electric Potential Difference of 5 Y&)

MD simulation snapshots showing the ensiystem for the case of 1 m LiTFSI WISE confined in
1-nm-diameter BNNT. For this case an electric potential difference of 5 V is applied across these
systems. The negative and positive electrodes are labeled accordingly and the electric potentials
associaté with those electrodes ai25 V and 2.5 V respectively. One end of the BNNT is placed
near the negative electrode, while the other end is open to the bulk. (b) Axial distribution of the
nitrogen atoms (representing the THBh), Li* ions, and water gzggen atoms (representing the
water molecules) inside therin-diameter BNNT. The green lines indicate the presence of a
negative electrode with a potential €1.5 V. (c) MD simulation snapshots showcasing the
distribution of the different species includirthe local arrangement of salt ions and water
molecules inside the-dm-diameter BNNT. In (c) atoms surrounding the BNNT were removed,
to provide a clearer picture of electrolyte distribution inside the BNNT. All the simulation
snapshots are generatedngsOVITO.1% The axial distribution profiles confirm that while the
localization of the TFSlion, inside the Inm-diameter BNNT, still persists near the negative
electrode, the Liion concentration peak is more deviated away from the negative electrde a
there is a lack of lithium near the negative electrode at this weaker value of the LIiTFSI salt
concentration.
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Figure B9. Axial Distribution of the lons and Water Molecules of 5 m LIBETI Confined in 1
nm-diameter BNNT in the Presence of an Aplied Electric Potential Difference of 5 V(a)

MD simulation snapshots showing the entire system for the case of 5 m LIBETI WISE confined
in I-nm-diameter BNNT. For this case an electric potential difference of 5 V is applied across
these systems. The néiga and positive electrodes are labeled accordingly and the electric
potentials associated with those electrodeszaBeV and 2.5 V respectively. One end of the BNNT

is placed near the negative electrode, while the other end is open to the bulka(la)igtsbution

of the nitrogen atoms (representing the TkSl), Li* ions, and water oxygen atoms (representing
the water molecules) inside thenfn-diameter BNNT. The green lines indicate the presence of a
negative electrode with a potential €1.5 V. (c) MD simulation snapshots showcasing the
distribution of the different species including the local arrangement of salt ions and water
molecules inside the-dm-diameter BNNT. In (c) atoms surrounding the BNNT were removed,
to provide a clearer picturef @lectrolyte distribution inside the BNNT. All the simulation
snapshots are generated using OVFFOA careful study of these distributions reveals that there

is the wateiffree localization of the BETlon at the negative electrode inside thent-diameer-

BNNT.
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5 m LiBETI filling in 1 nm wide BNNT with AW =5V
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Figure B10.5 m LiBETI Filling in 1 nm -wide BNNT in the Presence of External Electric
Potential Difference Dynamics (quantified by the variation of the corresponding number of
BETI ion, Li* ion, and water molecules) of the first 608 filling of the tnm-diameter BNNT
with 5 m LIBETI WISE in the presence of an applied electric potential difference of 5-Ugset
as shown in FigB9(a)]. We see that, BETlon enters the tube first followed by the water
molecules, and the Lion.
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Electrolyte TFSI block @ TFSI block | Water block Water block
concentration thickness in | thickness in | thickness in | thickness in

axial direction | radial direction @ axial direction | radial direction
10 m 9.1A 52A 6 A 4.8 A

5m 9.1A 5.2 A 13.6 A 4.8 A

Table B1. Block ThicknessAver age thickness of Abl ok so of
confined in a iAnm-diameter BNNT in presence of an applied potential difference of 5V

Note B1. Properties of Axial Nornroverlapping Blocks of Water Molecules And TF$ lon in
1-nm-diameter BNNT in Presence of an Applied Voltage Difference

Inside the Inm-diameter BNNT, we observe distinct, rowerlapping axial blocks of
TFSI ion and the water molecules (see Hd. in thechapter Jor a schematic illustration). We
define a block as the region inside therit-diameter BNNT, where the axial density of THS8h
(water molecules) is nerero while the axial density of water molecules (TkB1) is zeroUsing
this definition of @bl etwdenthe TRSblookssand waterélacksl y di

inside the iInm-diameter BNNT based on the axial distribution profiles.

Under such circumstances, we provide (see TBb)ehe average block thicknesses of the
1-nm-diameter BNNTconfined blocks of TFSlon and vater molecules in presence of an applied
potential difference of 5 V [i.e., the system configuration shown inBigb)]. Please note that
here we only provide results for the case ofal BNNT in presence of an applied voltage.
However, such block foration equally occurs for the case of -arh BNNT in absence of an
applied voltage (see Fig.2 in the main paper).

As can be seen from the thickness values for different blocks provided inBlghitee thickness

of different blocks in dnm-diameter BNNTis not always similar. The axial thickness of the
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TFSI blocks is similar, for both 5m and 10m LiTFSI confined-midiameter BNNT, since
each TFSI block is comprised of one TH8h and the length of the TFS$bn along its longest
dimension is indepeatent of concentration. However, the axial thickness of the water block is
different for both the two cases. This is due to the fact that each water block-tasBroontains
more water molecules on an average as compared to thedd@gmThe radial thicless of the
blocks of TFSlions and water molecules are similar for both 5m and 10m LiTFShim-1

diameter BNNT due to their similar radial distribution profiles, as shown irBag.

The procedure that we have employed to calculate the thicknesdes whter and TFSlon

blocks is described as follows. First, we calculated the approximate averagemfEick axial
thickness in the following manner. The farthest distance, in the axial direction, between the atoms
of a TFSlion was averaged ovelt the TFStions inside the tube for the last 5 ns of the simulation
run. To calculate the axial thickness of the TH&h block, we summed the abeubtained
distance with the van der Waals diameter of TFSI fluorine atoms (since fluorine atoms are the
farthest apart in the axial direction). This thickness approximately equals to the length ‘of TFSI
ion along its longest dimensithas this dimension is aligned parallel to the axis of tmend

diameter BNNT.

Using this TFSI block axial thickness, wea#hted the average water block axial thickness using
the following expression:
7 AOAIAAGOAIEAET AOO

AQENGA G 6 'Y ¢ 0 @ QTYOWA £ O QVOWA ¢ rIBdRn QE éQi i
£ 0a00D O QNE ©QI
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Finally, we calculated the radial thickness of both the water and Rdlocks using the radial
density profiles given in Figd3. We considered the radial distance, from the BNNT axis, beyond
which the radial density of TFSI atomer (water oxygen atoms for the case of water block)

vanished, and the block thickness in the radial direction is twice this radial distance.
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Appendix C

Supporting information for chaptdrs presented here

a) b)
> ——6, 6 BNNT s
6 g . -7, 7 BNNT/] o0
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E 4 | ’r. ‘.. T ‘\‘\’ g
' 72]
g 5400 I
2 -
u 200
0
0 1 ’

(6, 6) (7,7)

Figure C1. a) Oxygenhydrogen adial distribution functions for water confined in (6, 6) and (7,

7) BNNTs. Here, the first and second peaks correspond to 4Hec@alent bonds and-&
hydrogen bonds respectively, while the third peak represents the distance between the oxygen atom
of a water molecule and the dangling hydrogen atom of a neighboring water molecule. b)
Normalized rate of water molecule flipping about the axis perpendicular to the molecular plane in
(6, 6) and (7, 7) BNNTSs.
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Radial density profile
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Figure C2. a) Crosssectional snaghots and b) watesxygen radial density profiles for water
molecules confined in BNNTSs of various diameters.
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