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ABSTRACT

Effects of Confinement on Water Structure and Dyicarand on Proton Transport: A
Molecular Simulation Study. (May 2007)
Pussana Hirunsit, B.Eng., King Mongkut’s InstitofeTechnology Ladkrabang,
Bangkok, Thailand;
M.Eng., King Mongkut’s University of Technology Thiouri, Bangkok, Thailand

Chair of Advisory Committee: Dr. Perla B. Balbuena

Classical molecular dynamics (MD) simulations aeefgrmed to study structural
and dynamic properties of water confined withinpdriée surfaces. The surfaces are
separated at distances varying between 7 and 14ahddthe water density is held
constant at 1g/cc. Results at 298 K show the faonabf a well-ordered structure
constituted by water layers parallel to the grapbitrfaces. The water molecules in the
layers in contact with the surface have a tende@aayrient their dipole parallel to the
surface. Such ice-like structures may have diffestructural and dynamic properties
than those of ice. The calculated mean squardadesment reveals that the mobilities of
the confined water at a separation of 8 A becomslai to that of low-temperature
water (213 K) at the same density, although thecsires of water are very different.
The temperature at which the mobility of water @oed at the separation of 7 A would
become similar to that of bulk low-temperature watas found to be 373K. With
respect to the dynamics of confined water, a diggnit blue shift is observed in the
intermolecular vibrational modes associated witle @MIOIM bending and @D
stretching of molecules linked by hydrogen bonds.

The analysis of the geometry of water clusters ioedf between two graphite
surfaces has been performed using ab initio metiidasab initio calculations yield two
preferential orientations of water molecules whark; 1) one O-H bond points to the
surface and the other is parallel; 2) both O-H Isoack parallel to the surface. These
orientations agree with those found in our MD siatioin results. The calculated energy

barriers for proton transfer of the confinedd-(H,O) complexes between two graphite



model surfaces suggest that the confinement enbatiee proton transfer at the
separation 6-14.5 A. When the confinement is hajha separation of 4 A, the barrier
energies are extremely large. The confinement do¢snhance proton transfer when
the HO*-(H,0) complexes are located further from the surfdgesiore than 8 A. As a

result, the barrier energies start to increaskeaséparation of 20 A.
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CHAPTERI
INTRODUCTION

1.1. Water confined in carbon nanostructures

The behavior of water confined in carbon nanostmgst has many interesting
implications in chemical, biological, and electreafical fields. Several related
applications have already been explored in the dad@moil and gas, food, and
pharmaceutical industries [1]. Our fundamental arathnding of the behavior of
confined water has been enriched by the study témaadsorption isotherms [2], density
distribution and water clustering growth [3] in lban nanopores. Such behavior is
influenced by water interactions with hydropholpesies in nanoenvironments such as
those arising in water channels present in livingaaisms [3, 4]. Furthermore, water in
carbon nanotubes has been actively studied bedays®sence could alter the physical,
chemical, and electronic properties of the nanaUbge6], which are sought as potential
materials for electronics and biomedical devices.

In similarity to other systems in the nano regiitie, structure and properties of
water confined in nanoscale spaces may be vergrdiit from those of the bulk. X-ray
diffraction experiments by liyama et al [7, 8] tetdrmine the structure of a water
molecular assembly in a hydrophobic nanospace efitlracteristic widths in the range
of 1.13 nm between 148K and 303K, illustrated twatfined water in carbon nanotubes
shows solid-like structure. These authors showatiX-ray diffraction patterns of water
adsorbed in slit-shaped carbon pores contain gyeaks, contrasted with no sharp peaks
in the spectra of bulk liquid water. These shagpks suggest that the water molecules
have an ordered, ice-like structure, which is glaesalong the horizontal direction of
the slit pore [7]. Experimental X-ray diffractioasults also showed that the structure of
water molecules confined in the same hydrophobidrenment with pore widths of
0.75nm at 303 K is more ordered compared withahdt13nm without phase transition

detected as a function of the pore size [8].

This thesis follows the style of Physical Review E.



In addition, molecular simulations of the behavadr water encapsulated in
carbon nanotubes were reported Kgga et al [9]. The simulations were performed
using carbon nanotube diameters ranging from 1.i1oni.4nm and applied axial
pressures of 50 to 500 MPa. The results showedexistence of a new ice phase
(Figure 1.1), unlike any of the known bulk ice stures, which displayed a first-order
transition to hexagonal and heptagonal ice nanstubed a continuous phase
transformation into solid-like square or pentagdnalnanotubefd]. Similarly, Striolo
et al [5]performed simulations of water in single-walledbzar nanotubes and observed

layered ice-like structures.

Figure 1.1. Snapshots of quenched molecular coordinatesgaar® ice nanotubes in
(14,14) SWCNSs; b, pentagonal nanotubes in (15,Y8CHSs; c, hexagonal ice nanotubes
in (16,16) SWCNSs; The ice nanotubes were formedamiing under an axial pressure of

50 MPa in molecular dynamics simulations [9].

One of the potential applications of the ice-typeictures formed due to water
confinement in hydrophobic structures is the usthe$e structures as proton-conductor
media. Proton transport in aqueous solutions meldmental to many biological and
technological processes [10]. For technologicakesses, since the early days of the
industrial revolution, there have always been devmvhich depend on proton transport.

Most conventional batteries rely on the proton cmtidity of the corresponding



agueous electrolyte and at least some mixed condydjprotonic and electronic) in the
active electrode masses [10], as do many conveitigas sensors operating around
room temperature. Even large-scale fuel cells withower output in the MW range
benefit from the high proton conductivity of phospic acid. Besides these traditional
applications, the progressive availability of sghiebton-conducting materials stimulates
the utilization of proton conduction in a variety devices for energy conversion,

chemical sensing, the production of chemicals [10].

1.2. Proton transport in water confined in nanostructure systems

Dellago et al [11] have studied a system of prdtansport along a single file of
oriented water with hydrogen-bonding defects throwgater-filled carbon nanotubes
using molecular dynamics (MD) simulations. Thepaeed that charges and defects
interact strongly, and such interaction causes themiffuse together. The diffusion
coefficient of the defect is of the order of 3-4/@s, much lower compared with the
proton diffusion constant of 17%fps, when uncoupled from the motion of the defect.
Moreover, Mann et al [12] investigated proton tgzors along a one-dimensional water
wire encapsulated inside (6,6) single-walled carbanotubes. Their simulation results
suggested that a proton in presence of neutralrwatels to stay inside the carbon
nanotubes rather than to achieve complete condutticough the nanotube interior.
Instead, a proton rapidly diffuses from end to ender the presence of a small electric
field applied along the carbon nanotube axis. &hpsoton transport systems are
believed to mediate proton conduction following @#@uss mechanism [13] involving
proton hopping rather than molecular diffusion. Bmtthuss mechanism is that proton
tunnel from one water molecule to the next via bgén bonding as shown in Figure
1.2.

H w H ~ H ~ H
HOH" ... OH ... OH ... OH —

Figure 1.2. Grotthuss mechanism of proton transport [13].



1.3. Molecular dynamics simulation

Molecular dynamics is a powerful method for expigrithe structure of solids,
liquids and gases. The idea is a simple one. THeaular dynamics simulation method
is based on Newton’s second law or the equationadfon, F = ma, wherE is the force
exerted on a particlan is its mass ana is its acceleration. From knowledge of the
forces on each atom, it is possible to determireabceleration of each atom in the
system. Integration of the equations of motion thehds a trajectory that describes the
positions, velocities and accelerations of theiglag as they vary with time. When
enough information on the motion of the individwbms has been gathered, it is
possible to condense it all using the methodsaifssical mechanics to deduce the bulk
properties of the material. Therefore, from thejettory, the average values of
properties can be determined. The method is detéstis; once the positions and
velocities of each atom are known, the state ostfstem can be predicted at any time in
the future or the past. Properties that can berméted include the structure,
thermodynamics (e.g. enthalpy, temperature, preysamd transport properties (e.g.
thermal conductivity, viscosity, diffusion). Moldlem dynamics simulations can be time
consuming and computationally expensive. Howevemputers are getting faster and
cheaper. In addition molecular dynamics can be ts@uvestigate the detailed atomistic
mechanisms underlying these properties and contpare with theory. It is a valuable
bridge between experiment and theory.

1.4. Abinitio methods

Ab initio molecular orbital theory enables the cdétion of molecular
parameters such as geometry and energy of moleculesolecular complexes, by
solving the Schrédinger equation, without requirigy experimental data or
assumptions from the system under study.

Ab initio method is defined by two components, edtretical method and a basis
set. The theoretical method usually specifies ¢vellof electron correlation considered.

In general, the greater the level of electron dati@n considered, the more accurate the



results; however it requires the use of computsousces (RAM, hard disk space and
computation time). The basis set gives a mathealatescription of the orbitals used to

calculate the total electronic wave function of fystem. Again, the larger the basis set,
the more accurate the results, but the greatardb@f computer resources.

1.5. Motivation and objectives

It is well established that water structures fadnveithin the confinement of
hydrophobic structures are a plausible effectivetgr-conductor medium, and hence
this is worthy of further study. This work focused characterizing the structure and
dynamics of water at room temperature and a densityg/cni within graphite walls of
different separations. This research seeks to lesiatifferences between the structural
and dynamic properties of confined water and thaflstow-temperature water at the
same density using classical molecular dynamic lsitimns. The results could be useful
in describing the environment in which a proton l@omove under these conditions.

However, the classical molecular dynamic simufatian the preliminary study
did not include H...C interactions in the force fielso, it has been reported that water
orients on a benzene molecule with one of the Ifhatorienting to the surface [14, 15].
Nevertheless, the effect of additional moleculessooh orientation is not known. In
order to investigate this point, the analysis & geometry of water clusters using ab
initio calculations has been done. Once such wgigtribution was established via ab
initio calculations, the investigation of the pnotaobility for the system of confined
water within the graphite surfaces using the sane¢had has been done. Note that
classical molecular dynamics cannot provide an ratewescription of proton transport
due to the quantum nature of the proton, which oabe well described using effective
force fields.

The objectives of this study focusing on undersitagd
1. The structure and dynamics of water at room tentperaand a fixed density within
parallel graphite walls at various separationspgistlassical molecular dynamic

simulations, in comparison to bulk low-temperatweder of the same density.



. The geometry of water clusters confined within mogi@phite surfaces using ab
initio calculations.

. The barrier for proton transfer from a hydroniunm im a confined environment
using ab initio calculations.



CHAPTERII
METHODOLOGY

2.1. Molecular dynamics simulation procedures
2.1.1. Forcefields

The simple point charge-extended (SCP/E) modeised for watef[16]. The
water model is represented as a sphere with aneoxgtpm located in its center, and the
hydrogen atoms 1.0 A away, with an H-O-H angle@8.5°. The charge on the oxygen
site is -0.8476 and 0.4238 on each of the hydrogen sites. Van der Waalsdotens
between atoms are described by a 12-6 Lennard-Jbdgpotential and the Ewald Sum
technique is applied to account for the truncatérthe long range electrostatic forces
[17]. The LJ potential function is

u)=4g||—| -|— (2.1)
I I

& and g are the LJ potential parameters that characténeesize and strength of the
potential, andr;; is the distance between the centers of mass opdireatoms. The
model parameters of the like interaction are giweable 2.1, whereathose for the
unlike interaction are calculated by the LorentztBelot combining rules;

g. = i *0;

Ei =& E (2.2)

Table 2.1. LJ potential parameters for carbon-carbon (in lgitap and oxygen-oxygen

(in water) interactions.

Pair interaction & (kcal/mole) | g; (A)
Owater - Owater[16] 0.1553 3.166
C-CJ18] 0.0553 3.400




2.1.2. Building the system

To analyze the confinement effect of water betweetls of a hydrophobic
material, a graphite slab made of two layers wa®rporated into the unit cell to
simulate a slit pore containing water at 1 g/cc & K. The slit pore model is
constructed such that graphite-like crystallites semi-infinite and composed of two-
layer graphite slabs aligned parallel to one arrcdine separated by a distance H (Figure
2.1), which has been given values of 14.5, 11,r8, 2 A. The dimensions of the
graphite slab are 17 x 19.68 A. The volume ofdystem was calculated by excluding
the volume occupied by the graphite slabs (FiguB.2 Because of the periodic
boundary conditions imposed on the system in theetlspatial directions, water in the
box is confined between the graphite slab in thigobo of the unit cell and the graphite
slab located in the bottom of the next periodi¢.c®D simulations are performed in the
canonical NVT ensemble with the Evans thermostd}, [ising the DL-POLY program
[19]. The equilibration time is set to be 300 pwlahe time step 0.001 ps, with
production times of 500 ps. After the system reachquilibrium, the structural and

dynamic properties are analyzed.

H
VA
- 4
—

X Graphite laye

Figure 2.1. Schematic of the slit pore model.



2.1.3. Analysis of the smulation data
2.1.3.1. Radial distribution function

The radial distribution function (RDF) describessh@n average, the atoms in a
system are radially packed around each other. Trhetsre is analyzed using the pair
radial distribution functiongxy(r), given by the ratigox(r)/ fouk, Where px(r) is the
local density of atom¥ located at position r from the center of at¥mand ok is the
bulk density of atomg, andr is the radial distance measured in concentric regdie

shells from the center of atoX

2.1.3.2. Mean square displacement
The molecular diffusion is analyzed through theetigvolution of the mean
square displacement (MSD), a measure of the aveligtgnce that a molecule travels,

which is defined as:
MSD() = (|r () =1, (&) (2.3)

with the quantity in brackets averaged over mairffeidint initial timest,. Due to the
geometry of this system, The MSD of confined watetecules is computed in the (x-y)

direction, according to:
MSD() = ([ () =X () +[%. O -y @) 2.4)

The limiting slope of the MSD(t), considered fané intervals sufficiently long for it to
be in the linear regime, is related to the selfediion constant D:
1 dn@-r o))

D ==Ilim
Ot-» dt

(2.5)

where d depends on the space dimensionality (6 for threeewmsions, 4 for two

dimensions).

2.1.3.3. Velocity auto-correlation function
Further insights into the dynamics of the systemabtained by analysis of the

normalized velocity autocorrelation function (vaffy]. The vacf is a prime example of
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a time dependent correlation function, and is ingudrbecause it reveals the underlying
nature of the dynamical processes operating in Becutar system. It is defined as
follows:

(v OV, (1)
C,(t) = 1207
v (v (t)?)

wherevi(t) is the velocity of O atoms in moleculat timet, and the brackets indicate

(2.6)

ensemble average over many initial tingsin this work, the vacf of water molecules is
also computed in the lateral (x-y) direction.

As well as revealing the dynamical processes igséem, the vacf has another
interesting property. It may be Fourier transformied project out the underlying
frequencies of the molecular processes. This isetyorelated to the infra-red spectrum

of the system, which is also concerned with vilermn the molecular scale.

2.2. Ab initio molecular simulation procedures
2.2.1. Simulation procedures for water clusters confined within model graphite sheets

A sequence of water clusters of increasing siz@®{jkin =1-4 confined between
two parallel model graphite sheets have been imgaet using ab initio calculations.
Each of the graphite sheets were initially modedsda benzene ring, and then by a
naphthalene (gHg) molecule. Since many studies [14, 15, 20] havdicoed that the
geometry of the complex is less sensitive to tle@itétical level applied, and reasonable
results are obtained already at the MP2 level ofnitio molecular simulations, this
method has been applied. The MP2 calculations weaamged out along with the basis set
6-31G(d) to evaluate geometry structures of thematisters and proton transport in the
system. All the ab initio calculations were donétwthe GAUSSIAN 03 [21] program.

Initially, the optimizations of the geometry of watclusters (KHO), n = 1-4 on a
model graphite sheet were done, in order to véfritye given results were reasonable by
comparing them with those reported by others [54,2P] who applied a higher level of
theory, and with the available experimental datg].[Furthermore, these results were
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used to investigate how the geometry of water elssthange under confinement within
two model graphite sheets.

The geometry of water clusters £B), n = 1-4 in the confined system were
optimized under the restriction that the x-y cooades of the benzene rings were frozen,
but the z-coordinate that reflects the separatietwben benzene planes and water
clusters were allowed to change. The studied systambuilt initially with 2 benzene
rings, and subsequently with 4 benzene rings, agehgraphite surfaces encapsulating

water molecules as shown in Figure 2.2.

Y- 2338330

N Y : g
333 1339393
(@ (b)

Figure 2.2. Schematic of theonfined water systefior ab initio MP2 calculations. (a)
water confined between 2 benzene rings. (b) watefimed between 4 benzene rings.

2.2.2. Simulation procedures to study proton transfer within the confined system

The hydronium ion (kD) is optimized using density functional theory (DFT
calculations with the B3PW91 functional and thel@-8+g(d,p) basis set. Its optimized
structure shows a flattened trigonal pyramid stee{O-H bond length 0.98 A, H-O-H
angle 113.33. The BO" was located in the vicinity of water clusters,@}, n = 1-4
confined between the model graphite sheets as showigure 2.3. Then, the system
was optimized to determine where the hydrated prédoates in the confined geometry
according to the MP2/6-31G(d) method/basis set.
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0393
‘0 °9

j)}}}fj

Figure 2.3. Schematic of a hydronium ion-water confined syste

According to the Grotthuss mechanism of proton dpant [13], the proton
propagates along the OFED hydrogen bond direction of thes®-(H,0), complexes.
Tao Li et al [24] have studied the potential enesgyface barrier (Figure 2.4(b)) for
proton transfer between two water molecules asatifon of the OH distance ¢Rand
parametric in the O-O distance jRas defined in Figure 2.4(a). Li et al [24] obssatv
that with decreasing jRdistance between the two oxygen atoms, the aiivddarrier
for proton transfer decreases sharply, and at @inesmall R value, the transfer is
barrier-free.

In this work, we analyze how the barrier energy footon transfer from a
hydronium ion changes in a confined environmenthagroton propagates along the O-
HIID hydrogen bond direction of the;®-(H,0), complexes according to the
Grotthuss mechanism. At a fixed Ristance, the Rdistances were scanned using the
optimized geometry obtained froms®-(H,O) confined between the two graphite
sheets. Then, the analysis was repeated for diffesdues of the Rdistance.

The results of the calculated potential energyama$ for the confined systems
provided an estimate of the barrier for proton ¢fanfor water in confined geometries.
Moreover, the separation distances between walle waried to study if there is any
influence of the proximity of the walls on the barr
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Figure 2.4. (a) Coordinates used for a potential energy sarsaan [24]. (b) Potential
energy surface taken from Ref. 24 for proton tranbétween two water molecules as a
function of the OH distancdf) and parametric in the O-O distané&g)( as defined in

(a). The energk is the energy difference between the energy oHthéH,0"),

complex and the energies of the isolated monont&®’(and HO) [24].
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CHAPTER 11
RESULTSAND DISCUSSION

3.1. Molecular dynamics simulation of water confined within graphite surfaces

MD simulations of bulk SPC/E water were performed g/cn? and at 213, 298,
and 375K. For the SPC/E model, the melting pofnice has been reported at 213 K
[25]. The self-diffusion coefficients calculated cacding to equation (2.5),

are733x107%, 126x107°, 250x10°and 745x10° m%/sec at 213K, 270K, 298K and

375K, respectively. The calculated value at 298HKairly consistent with experimental

water self-diffusion coefficient 0230x10° m?/sec at 298.2K [26]. SPCI/E diffusion
coefficients of low-temperature water have beenomrgg in a wide range of
temperatures and densities [27]. The calculated/SHRiffusion coefficient at 210K and
at a density of 1 g/ctis 1.03x 10" m?/sec [28], which is in fair agreement with the
calculated value from this work at 213K. Simulagoof hexagonal ice for the SPC/E
model were reported by Trout et al [29] who detewedi a slope of 1.4x18 m?/sec for
the MSD curve at 200K. Using equation (2.5) tiigps yields a diffusion coefficient of
2.3 x10" m%sec, one order of magnitude smaller with respethat of low-temperature
water at the same density (0.917 giprand 210 K [28]. However, Trout et al's
simulation was designed to measure the diffusionntdrstitial water, and therefore,
their final result is reported as the product c# ttalculated coefficient from equation
(2.5) times the concentration of interstitial wateslecules, yielding a much lower value
of 1.3 x 10" m?%sec at 200K and density of 0.917 gfcniThis last value is in good
agreement with experiments by Goto et al [30], whan interstitial mechanism is
proposed for the self-diffusion of water in icdn this work, the dynamics of confined
water were compared with those of low-temperatuadewat the same density. For
reference, this discussion also include the redulie MSD from ice (with density 0.917
g/cnt) as obtained by Trout et al [29].

Figure 3.1 shows the density profile of confinedevat 1 g/cc in a direction Z
perpendicular to the graphite walls, which corregfsoto the number density of oxygen
atoms belonging to water molecules found in plgyeesllel to the graphite surfaces (Z-
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density). It is observed that there are four layafr water molecules distributed in the

slit pore for H = 14.5 A, three layers for H = 1] &d two layersat H=8 Aand H=7
A.
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Figure 3.1. Z-density of oxygen atoms in water molecules aedidnt separations H (in
A) between the walls of a slit pore, at 298 K. Tels are located at the left and right of
the highest density peaks observed in the graptedch value of H. The separation
between the first peak and the wall is approxinya®ef A for H=7, 3 AforH =8, 3.1
A for H = 11, and approximately 3.2 A for H = 1445

Each of the profiles for a given value of H is syatrt; the highest peaks are
always in contact with the walls, and their widthscome sharper, solid-like, as H
decreases (Figure 3.1). These observations agreaement with other reports [2, 5, 6,
8,9, 31].

The water structure illustrated in the snapshotsvshin Figure 3.2agrees with
the experimental results carried out by liyamal ¢7 a3] who observed long range well-

ordered water molecules in the horizontal directba slit pore at room temperature.
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H=8A H=7A

Figure 3.2. Snapshots of water molecules confined between geaplabs where H is

the separation between walls, at 298 K.

Most of the water molecules located in the layesstrio the walls orient with
both of the hydrogen atoms located nearly in theesplane with its corresponding
oxygen atom (Figure 3.2). Analysis of the denpityfiles shown in Figure 3.3 indicates
that the distribution of hydrogen atoms in the wadgers in contact with the surfaces
are broader, therefore there are a number of hgdragoms located closer to the
graphite surface than the corresponding oxygen @to@n the contrary, there is a group
of hydrogen atoms in the intermediate layers wihihlocated farther from the graphite
surfaces than their corresponding oxygen atommil&iresults regarding the presence
of H atoms closer to the walls were reported byeothuthors [32, 33]. Pertsin and

Grunze [33] incorporated [HT parameters in their Lennard Jones potential, &cim
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results of ab initio calculations indicating thaetmost stable configuration of a water
molecule in contact with graphite is that with allggen atom pointing to the surface.
Note however that such ab initio calculations regaom the interaction of a single water
molecule with a surface, which obviously will beegtly affected by the presence of
other water molecules interacting strongly betwiem via hydrogen bonds.

In these simulations, even though the results agitke finding some H atoms
closer to the walls, the interaction potential emypd does not include H...C
interactions. Note that Figure 3.3 shows thataaitfin hydrogen atoms in the layer
adjacent to the graphite surface are found in ositcloser than those of oxygen atoms,

the peaks of oxygen and hydrogen atoms are netaithe d&ame position.
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Figure 3.3. Z-density profiles of oxygen and hydrogen atomsvafer molecules in a slit pore at H = 14.5 A an8 29
K. The walls are located at the left and righthaf highest density peaks. The separation betiveefirst peak and
the wall is approximately 3.2 A. Note that in tlagdrs close to the wall, there is a small numbéryalfogen atoms
(represented by the small peak indicated by an@rimcated out of the plane where that water mdiecesides. In
the inner layers, a few H atoms are below the gafeheir respective water molecules and most afdins of those
water molecules in the layer are above those plaseshown by the peak of H atoms located shitbedatds the
center of the pore with respect to the peak of erygtoms in that layer. These results suggestiizr molecules in

contact with the carbon surface have a higher weryd® orient their dipole parallel to the surface.
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Thus, these results reveal that there are two meneti@l orientations of water
molecules in the layer close to the surfaces: itisé dne has both OH bonds parallel to
the surface, and the second one has one OH potiatithg surface and the other parallel.
Also, the first orientation is less frequently faum water molecules located in layers
away from the graphite surface (i.e., in the cewtiethe pore) where the interaction
forces between the carbon surface and the wateeawlels become weakened as
observed in Figure 3.3. Furthermore, the water oudés at the center of the pore prefer
to orient maximizing the number of hydrogen bonds.

The confined water properties can be further ingattd by analysis of a
dynamic property, the MSD of oxygen atoms showrrigure 3.4. The MSD of H =
14.5 A is considerably higher than H = 8 A. Theewaelf-diffusion coefficient, given
by equation 2.5, increases when H increases, ieeaggnt with previous reports [34].
Interestingly, the MSD of low-temperature watea8 K is very similar to the case of
confined water at H =8 A. Note that at higher eslof H (H = 14.5 A, Figure 3.4), the
average mobility is much higher than that of lomperature water, even though the
layers close to the walls still maintain the froztructure as shown in Figure 3.2. On
the other hand at the smallest separation, H = thé average diffusion coefficient is
much lower than low-temperature water at the saemsity of 1 g/cc, being of the same
order of magnitude as that reported by Trout ef2a] from simulations of SPC/E
hexagonal ice at 0.917 g/émnd 200K.

These results imply that the mobility of water noolles significantly decreases
under extreme confinement at H8<A, in contrast to the persistent mobility reedrby
Leng and Cummings [34] for water between movingarsbeets, where the smallest
size is 9.2 A. Such difference in dynamic behawiwy be attributed not only to the
different nature of the surfaces (hydrophilic vgdtophobic) but also to the presence of
an external field given by the shear force. SirylaKalra et al [31] observed that a
water layer confined between carbon nanotube mambravhich are separated by the
distance approximately 3 A still remains fluid wehiflowing through the membranes

under an osmotic pressure gradient, and Vaiteheaswat al [35] who analyzed the
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effect of an applied electric field on the struetwf confined water between graphite

walls, found that the density of the water film tiases and evaporation takes place.
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Figure 3.4. MSD of bulk low-temperature water (213 K) and fooed water at different
separations H (in A) between the graphite laye208tK. The MSD of water in the H =
8 A pore at 298 K is very similar to that of bubkw-temperature water (213 K). For
reference, the diffusion coefficient calculatednfrohe MSD for H = 7 A, is 7 x 18
m%/sec, of the same order of magnitude as that reghdmy Trout et al for hexagonal ice
(2.3 x 10" m?/sec) [29].

Definitely these external fields (in addition toetlsurface external potential
exerted on the confined fluid) induce other effectdhe system, but they cannot be
directly compared with the results from this work.

The structures shown by the radial distributionctions for low-temperature and
confined water are substantially different (Fig@t8). For example, thg,(r) for H =
14.5 and 11 A have much broader first peaks whiehrty show the departure from the

ice tetrahedral structure. Starr et al [28] proplod&t the structure of low-temperature
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low-density water was similar to low-density amasph (LDA) solid-water, consisting
of an open tetrahedral network, whereas with irgirgadensity the structure becomes
closer to that of high-density amorphous (HDA) dolater, similar to water under
pressure. This work utilizes a density of 1 gicmhich is closer to the LDA system.
Integration of thayye(r) until the minimum after the first peak yields 1ter molecules,
whereas a value of 4 is obtained in the case oftémmperature water corresponding to
four waters in tetrahedral structure, each oneigyating in four H-bonds. Thus, the
broad first peak in confined water includes molesuh a given layer plus those in the
first neighbor layer (s). For H = 8 A, the caldelh number of water molecules in the
first shell reduces to 10.

Figure 3.6 illustrates that the water moleculedrithiste approximately one per
ring; i.e., each molecule has 6 nearest neighborthe same layer. The measured
separation between layers for H = 8 A is 3.8 A, alihis the distance of the minimum
after the first peak (Figure 3.5, top), therefdhes other four water molecules found in
the first coordination shell must come from molesultemporarily residing in the
interlayer, as illustrated by the snapshot in FegBr2. This structure (see right image)
resembles the “low-energy” amorphous phase desthlgeKoga and Tanaka [36] (their
Figure 5b) which may exist at low temperature amdng confinements ( 3 <H < 6 A)
according to the phase diagram reported by thetb®isu

Integration of the first peak of thg(r) for low-temperature watefields two H
atoms that are forming H-bonds with an oxygen atibrese are two of the four H-bonds
in which the water molecule participates, the otien bonds result from the
involvement of each of its H atoms with the O atomisanother two molecules. In
confined water, integration of the first peak o€ tipn(r) also yields two H atoms.
However, the tetrahedral arrangement is brokene fddsition of the first peak in the
gon(r) shifts left as the confinement increases (1.78 fomtemperature water, 1.73 A
forH=145and 11 A, 1.71 for H =8 and 1.69 A b= 7 A). The shorter the H
distance in the H-bond, the strongest and morealitlee H-bond structure (the OHO
angle will tend to 187). The layered structure and the distribution shdnvFigure 3.6
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are responsible for the broadening of the secormd pethegon(r), and induces large
changes in thguu(r) (Figure 3.5).
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Figure 3.5. go-o(r), do-n(r), and g.x(r) of low-temperature (213 K) and confined water
(298K) at various separations H (in A) betweengraphite walls.
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Figure 3.6. Snapshots of the water layer in contact with onghefwalls for H =8 A. In
the figure at the right, the background surfaceldezen removed to visualize the order of

the water structure.

An investigation was performed to determine at Whiemperature the water
confined in the slit pores of H = 7 A would have bilty comparable to low-

temperature water. The results, shown in Figure demonstrate that the temperature
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has a mild effect on mobility in the confined syste At 323 K and 348 K, the time

evolution of the MSD vyields nearly the same slopettaat at room temperature, thus
indicating much lower mobility than bulk low-tempéure water. It is at 373 K when

the slope becomes similar to low-temperature watamplies that the effect of the wall

interaction exerted on confined water moleculeslpeces a strong effect on the water
dynamics which is disrupted only at very high tenaperes.

Further insights into the dynamics of the systemabtained by analysis of the
normalized velocity autocorrelation function (vaffy], defined as equation (2.6). The
vacf of water molecules is computed in the latéxay) direction. The results shown in
Figure 3.8 again offer evidence of a clear diffeeebbetween the dynamic behavior of
bulk low-temperature water and confined water atgsame density. The first minimum
which corresponds to backscattering of the atonesrnes much deeper in the confined
system as a consequence of its enhanced rigidityhas been found in previous
simulations of similar systems [37]. In the cadelaw-temperature water the first
minimum is followed by an oscillation which is d@ted to the intermolecular O-O
stretch vibration, where the two water moleculeslanked by H-bond [38]. Figure 3.8
shows that for H =14.5 A, the vacf tends to becamalitatively similar to that of bulk
water. However, at stronger confinements the numbescillations and the depth of
the first minimum increase, signaling restrictedeaalar mobility.

Vibrational (power) spectra obtained by Fourierngfarming the vacf are
displayed in Figure 3.9. The spectrum correspontinipw-temperature water has two
characteristic features: a peak at low frequeniestered at ~50 cf) representing the
Ol intermolecular bending motions of H-bonded mole¢89], and a shoulder at
~225 cni resulting from the intermolecular stretching mode, also relatedh&oH-
bond in bulk water. Such spectrum is substantimalbdified for confined water (Figure
3.9): the first peak has a blue shift (to highesqfrencies) which becomes more
pronounced as the separation between surfacesadeste This may be another

consequence of the distortion of the tetrahedrdéiocaused by lateral diffusion being
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reduced and also by changes in the distributiof-tonds. The blue shift was also

observed in interfacial water present in micel@usons [39].

== |ow - T w ater
—— H=7 T=298K

5 | —e— H=7 T=323K !
—s— H=7 T=348K
—+— H=7 T=373K

4

MSD (£?)
N w

0#
10 20 30 40 50 60 70 80 90 100

time (ps)

Figure 3.7. MSD of low-temperature water (213 K) and confineatev in a pore of H =

7 A at various temperatures.
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Figure 3.8. Velocity auto-correlation function of water moleeslin low-temperature
water, and that of water confined in slit poresasefed 7, 8, 11, and 14.5 A respectively.
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Figure 3.9. Power spectra obtained as the Fourier transfornthef velocity auto-
correlation function for water molecules in low-feenature water, and for water

confined in slit pores separated 7, 8, 11, and Ad@&spectively.

3.2. Theoretical characterization of the structures of water clusters on a model
graphite surface and confined within model graphite surfaces using ab initio
simulations
3.2.1. Water clusterson a graphite surface

Optimized geometries of the benzene@ (n = 1-4) clusters are obtained from

the MP2 calculations using the 6-31g(d) basis set.

3.2.1.1. (Benzene)-(H,0)
The optimized geometries of one water moleculeratteng with one benzene

ring, and with two benzene rings are shown in Fegaid.0.
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(b)

Figure 3.10. Optimized structures of a water molecule interagtvith: (a) one benzene

ring, (b) two benzene rings.

Figure 3.10(a) shows that one of the O-H bondh®fwater molecule points to a
carbon atom of the benzene ring, and the other BeHd is nearly parallel to the
benzene ring. Qualitatively, these results agre woth theoretical [14, 40, 41] and
experimental works by others [22, 23]. The distabetveen the oxygen atom and the
benzene center-of-mass is 3.3 A, while higher lehebretical calculations at both
CCSD(T)/aug-cc-pVDZ and MP2/aug-cc-pVDZ levels loéary give distances of 3.23
and 3.211 A [41]. Also, the results are in goodeagrent with the experimentally
determined value of 3.32 A [22, 23]. The distarroerf the center of benzene ring to the
hydrogen atom bonded to the ring is 2.5 A, whilghler level theoretical calculations at
both CCSD(T)/aug-cc-pVDZ and MP2/aug-cc-pVDZ levelgheory yield distances of
2.417 and 2.414 A [41].

In the case of two benzene rings shown in Figut®(®), both O-H bonds point
to neighboring carbon atoms in qualitative agregnvath MP2/aug-cc-pVDZ results
[40]. The oxygen atom is above the surface at tamiée of 3.0 A, measured as the
shortest vertical distance from the oxygen atortihéosurface, slightly different from the
value of 3.06 A determined from MP2/aug-cc-pVDZ J[48ing seven benzene rings
interacting with one water molecule. It is foumat the optimized geometries obtained
by the MP2 calculations using the 6-31+g(d) bastsase in good agreement with those

predicting by larger basis sets.
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3.2.1.2. (Benzene)-(H,0),
The optimized structures of a water dimer on oraplite surface represented by

one benzene ring and two benzene rings are showigume 3.11.

(b)

Figure 3.11. Optimized structures of two water molecules intérey with: (a) one

benzene ring, (b) two benzene rings.

As shown in Figure 3.11(a), one O-H points toghdace similarly to the case of
one water molecule. Yet, the second water moleisutather free from the surface and
both of its O-H bonds point upward, forming one togen bond with the other water
molecule. The hydrogen bond length is 1.92 A sljglhorter than the results from
MP2/6-31+G(d,2p), 1.93 A [14]. The O...0O separatisr2i89 A which is close to the
value of 2.94 A calculated from QCISD/6-31+G(d,2p}]. The hydrogen bond length
of the complex is 0.034 A shorter than that of swlated water dimer [14]. Therefore,
the water-water interaction is slightly stronger thie graphite surface. The O-H bond
length associated with the hydrogen atom bondel thi¢ surface is 0.976 A, i.e. only
0.002 A longer than for one water molecule. In #ddj the distance of 2.43 A between
the center of the ring and the hydrogen atom bordéetle ring is 0.007 A shorter than
that in the case of one water molecule. These teesllggest a slightly stronger
attachment to the surface in the case of two watetecules than for one water

molecule, in agreement with a report [14] using NMP21+G(d,2p).
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Figure 3.11(b) shows the optimized structure whemeiasing the surface to two
benzene rings. Two O-H bonds from both water mdéeguQs-Hi9 and Q4-Hyo point
down to the surface. One O-H,£H,, points away from the surface andsO.Hy;
forms a hydrogen bond with the other water moleciileus, both water molecules
interact with the surface and with each other. iyrogen bond length is 1.93 A which
is 0.02 A shorter than that of the isolated waiered and 0.015 A longer than the case
of the surface of one benzene rifige O...O separation distance is 2.90 A, only 0.005
longer than for the interaction with one benzeng ifihe distance between,fand the
surface is 3.15 A, and between,@nd the surface is 3.26 A, showing that the linear
dimer is nearly parallel to the model surface. Hosvethis parallel characteristic is not
found in the case of the surface modeled by onedyenring (Figure 3.11(a)). Although
the structure of (Benzene()H,0), obtained by DFTB-D [40] shows a similar result to
ours (where the linear dimer is nearly paralleh® surface) such structure differs in that
there is only one O-H pointing to the surface. @sults are in good agreement with
that found in QM/MD simulations using ONIOM(B3LYRAL+G(d):DFTB-D) [42].

3.2.1.3 (Benzene)-(H,0)3

Figure 3.12(a) shows the optimized geometry of éhmgater molecules
interacting with one benzene ring. The interactbthe trimer with the model surface is
similar to that of the dimer and one benzene rirfgere is only one O-H pointing to the
surface. The other two water molecules are frem ftioe surface but all of three water
molecules form a cyclic network of hydrogen borfise hydrogen bonds are{.Hjs,
O17...H»1 and Qq...His with distances of 2.21, 1.95 and 2.13 A, respebtfivThe
distance between @and the surface is 2.70 A, and betwegp &hd the surface is 2.17
A, indicating that the O...O line is not parallel ioe graphite surface. This may be
because the water molecule;s8:gH15, does not interact to the benzene ring. For this
reason, the simulations of water clusters confwétin model graphite surfaces which
are discussed later have been done using two bemzegs representing a surface. The

distance between the center of the benzene ringhenldydrogen atom associated to the
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surface is 2.44 A, which is 0.01 A longer than tlee case of two water molecules but
0.06 A shorter than for the case of one water mided his suggests that the interaction
between the water cluster and the model graphitaiis strongest for two water
molecules, of intermediate strength for three watetecules, and less strong for one
water molecule. This trend agrees with the MP2/6&H,2p) calculations by
Fredericks and Jordan [14].

(a) (b)
Figure 3.12. Optimized structures of (a) one surface of onebea ring interacting with
three water molecules (b) one surface of two bemzemys interacting with three water

molecules.

Figure 3.12(b) shows the optimized structure of tvemzene rings interacting
with three water molecules. The interaction of tifrer with the model graphite surface
is slightly different from the case of one benzemg but similar to the case of two
benzene rings interacting with two water molecul&svo O-H from two water
molecules, @-H,, and Q#Has, point down to the surface and one O-Hs-8;4, points
away from the surface. A cyclic network of hydrogeands forms with @...Hos,
O27...Hz and Qs...H2;:. The same configuration also has been found imZBee)-
(H-0); using DFTB-D [40]. The distance betweens@nd the surface is 2.81 A,
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between @; and the surface is 3.08 A and betweenadd the surface is 3.17 A. Unlike
the case of one benzene ring, these results iedicat the linear trimer is nearly parallel
to this model graphite surface and similar to theecof the water dimer. These results

are in agreement with our molecular dynamics sitmardaresults shown in Figure 3.2.

3.2.1.4. (Benzene)-(H,0)4

Figure 3.13(a) shows two O-H pointing toward theate and the other two O-
H pointing away from the surface. All of four wataolecules form a cyclic network of
hydrogen bonds. The hydrogen bond distances,..617, Os...His O2...Hyo and
Ou4...Hi1s, are 1.79, 1.82, 1.79 and 1.84 A, respectivelye @istance between,©and
the surface is 4.38 A, and betwees, @nd the surface is 2.55 A. This indicates that th
top water molecule does not lay parallel to thebr& surface, which is similar to the
cases of dimer and trimer. The distance betweerehter of the benzene ring and the
hydrogen atom associated to the surface is 3.08hkgh is 0.58 A longer than the case
of one water molecule in which the water clustes ti@e weakest interaction with the
graphite surface. Therefore, the cluster of fourtewamolecules has the weakest
interaction with the graphite sheet compared todases of one, two and three water
molecules. Furthermore, all the O...O distances geroximately of 2.8 A. The
tetramer is has a square shape linked by four lggirdbonds but the four water
molecules are not on the same plane as found inabe of the surface modeled by two
benzene rings.

Figure 13.3(b) shows that the interaction of theewégetramer with the graphite
surface is similar to the cases of dimer and trirfiée configuration exhibits two O-H,
O:7H; and Qg-Hg, from two water molecules pointing down to theface and two O-
H, O1s-Hs4 and Qg-Hs, pointing away from the surface. Also, it shows alicynetwork
of hydrogen bonds of 2...Hs, O9...H3, Ois...H7 and Qo...H,. The linear tetramer is
parallel to the model surface as shown by the miists of 2.43, 2.98, 3.50 and 3.31 A
between @;, O3 O19 and Qg and surface atoms, respectively. This structure hés
been found in (BenzengelH.O), using DFTB-D calculation [40]. Moreover, the
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configuration of the tetramer is a square andredl ©...O distances are approximately
2.8A,

1

o3 ‘0%’
° 9
() (b)

Figure 3.13. Optimized structures of four water molecules iatdéing with: (a) one

«@

benzene ring and (b) two benzene rings.

3.2.2. Water clusters confined within model graphite surfaces

The initial configuration was constructed by addangraphite surface parallel to
the other surface in the converged configuratiohsvater clusters interacting with a
model graphite sheet. In the optimization procdbg, water molecule and the z
coordinates of benzene which reflect the distamteden the two surfaces were allowed
to move freely (case A). Yet, the x and y coord@sadf benzene are fixed. The surface
represented by 2 benzene rings was chosen to pedptimization so that all water
molecules are influenced by the confinement. Thimoped geometries obtained using
MP2/6-31G (d) calculations are shown in Figure 3.14

The configuration of a water dimer, {B)),, confined within the model graphite
surfaces is different from the case of water chssteteracting with one surface. Figure
3.14(a) shows that only one O-H points to the loswgface and one O-H points to the
upper surface while the other two O-H are paratighe surfaces as well as the oxygen

atoms. However, there are two O-H pointing to thdage in the case of one surface.
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This is because the confined system tends to fosymanetric structure. The,Q Oyo,

Hs; and Hy are approximately at the same distance of 2.9® Ahe surfaces. The
distance between the oxygen atoms (Table 3.1) &210A shorter and the hydrogen
bond is 0.04 shorter from the case of one surféberefore, water-water interaction is
slightly stronger in the confined environment. Tdeerage distance of O...surface and
H...surface are approximately 0.06 and 0.31 A sndhan the case of only one surface.
Thus, the interaction between water molecules hadytaphite surface are also stronger
due to the confinement. The distance from the omy@ems to the upper and the lower
surfaces are approximate equally at 3 A while trstadce between the surfaces are
approximately 5.99 A. Thus, thes Os, Hs and Hy atoms locate at the middle
between the graphite surfaces. The structure inr€i@.14(a) shows two O-H bonds
belonging to @, are parallel to the surface. This satisfies onethaf preferential
orientations of water molecules that both O-H boads parallel to the surface as the
results of the reported structures from the MD sation.

A water trimer between two surfaces shows the samangements as does the
case with one surface (Figure 3.14(b)). One O-Hdbaineach water molecule points to
the surface and hydrogen bonds are maximized loyifigr a cyclic network of them. As
shown in Table 3.2, the distance between O...O awdogen bonds length are slightly
shorter than the case of one surface, showindler I#tronger interaction between water
molecules under a confinement environment. Alse, résults of approximately 0.028
and 0.15 A shorter O...surface and H...surfaceanists, compared to the case of one
surface, suggest a stronger interaction betweearwadlecules and the model graphite
surface under a confinement environment. The aeemdigtance between the two
surfaces is 6.66 A and the oxygen atoms are appaigly located in the middle
between the graphite surfaces. (Approximately 3.befween oxygen atoms and the

lower and upper surfaces).
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Figure 3.14. The optimized structures of water molecules cadiwithin two surfaces
of graphite (a) (HO), (b) (H:O); (c) (H.O)4. During the optimization process, water
molecules and z coordinates of benzene are allowethove freely but the x, y

coordinates of benzene are fixed.

Figure 3.14(c) shows that a water tetramer betviwergraphite surfaces locates
in the same arrangements as is the case with afecswand two O-H pointing down,
two O-H pointing away from one of the surfaces andquare cyclic network of
hydrogen bonds is formed. These square cycles arfolggn bonds were also found in
the MD simulations as shown in Figure 3.2(left) maixing hydrogen bonds. However,

the configuration of two O-H bonds pointing dowrdamwo O-H bonds pointing away



34

from one of the surfaces has not found in the MBults. This might be because the
models of graphite surfaces in the MD are largdre Tomplex shows a symmetric
geometry. All O...0 distances and hydrogen bond lemgte shorter than in the case of
one surface (Table 3.1), indicating that water-wadtderaction in confinement is
stronger, similarly to the case of one, two andceehwater molecules. The distance
between the two surfaces is 6.87 A and the oxygemsare approximately 3.4 A from
the lower and upper surfaces. The average 0.0680dtd A shorter O...surface and
H...surface distances, compared to the case of samtace, indicates a stronger
interaction between water molecules and the mogglhgte surface under a confinement
environment.

Two from eight O-H of four water molecules pointtte surface while four are
parallel to the surface and two point away from she&face, indicating that they tend to
be parallel to the graphite surface and maximieenydrogen bonds rather than pointing
toward the surface. This agrees with the findimgghe MD simulations with bulk water
(Figure 3.2). These results also support thosedonrthe MD simulations that there are
some hydrogen atoms located closer to the graphiteace than the corresponding
oxygen atoms as shown in Figure 3.3. Accordindgheoreported structures from the MD
simulation results, the structure shown in Figurg4®) and (c) present one of the
preferential orientations of water molecules witte®-H pointing to the surface and the
other parallel.

Thus, water clusters confined within model graplsurfaces show symmetric
configurations and the oxygen atoms locate apprateiy in the middle between the
surfaces. At least one O-H bond of each water mtders parallel to the surface. A
cyclic network of hydrogen bond is formed becaulse system tries to maximize
hydrogen bonds. Water-water interaction between swdaces is stronger than in the
case of one surface and the water-graphite inferatt stronger as well. The distance
between the surfaces increases with the number akrwmolecules. The MP2
calculations present both of the preferential dagans of water molecules as reported

in the MD simulation results that one O-H pointtagthe surface and the other parallel
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and that both O-H bonds parallel to the surfacerddeer, Lin et al [40] have shown
that both orientations of water molecules presenthe system of one surface of
(Benzene)interacting to (HO)e.

In the case of one water molecule confined betwibentwo surfaces, as the
program is performing the optimization, the struetghanges in a way such that the
water molecule tries to escape from the confineatep The program cannot optimize
the system of one water molecule confined betwkertvto surfaces.

Furthermore, the initial configurations of wateustlers confined in the graphite
surfaces were optimized by allowing z coordinatiesvery atom to move but restricting
X, y coordinates of every atom (case B). This maaas the optimized structures of
water clusters interacting with a graphite surface fixed but the distances between
them and the two surfaces are optimized. Compaitiegdistances between the two
surfaces of the two different optimization consitsj the values are slightly different as
shown in Table 3.2. The distances increase witmthmber of water molecules for both
cases but case B gives higher distance values., Als® oxygen atoms locate
approximately at the middle between the surfacesilaily to the case of water

molecules moving freely. However, the energy vakfabis method are higher.



Table 3.1. Distances in A of water clusters on a graphitdaser and water clusters

confined within graphite surfaces.

Distance, (H20) (H20)s (H20)4
A 1 surfac | 2 surfaces 1 surfate 2 surfaces 1 surfate 2 surfaces
0...0 2.897 2.866 €..0p, 043..044, 017..0yy, 025..0,7,
2.862 2.827 2.744 2.697
026..027, O44..0ss, 0O19..01s, 027..02,
2.811 2.813 2.772 2.668
O25..027, | O45..On3, | O18..020, | O26..Ozs,
2.797 2.797 2.792 2.702
020..017, | O2s..Og5,
2.807 2.731
O...H 1.931 1.891 ©..Hoo, Oys..Hao, O17..Hs, Oys..Hs,
(hydrogen 1.872 1.872 1.762 1.717
bonds) O2s..Ha1, O43..Has, O10..Hs, O27..H;s,
1.977 1.913 1.797 1.679
O26..Haa, Ou4..Hza, O1s..H7, Oy..H7,
1.920 1.898 1.816 1.722
O20..Ho, Oos..Hy,
1.841 1.764
O..surface| Ogpg, Oy, Oys, 3.080 | O3, 3.167 | Oy17, 3.431 | Oz5, 3.489
3.147 | 3.0491 | Oz, 3.169 | Oy4, 3.056 | O1g, 2.985 | Oz, 3.355
O24, Oy, 027, 3.169 | Oy5, 3.111 | Oq9, 3.498 | O,7, 3.534
3.259 |3.228 |Avg, Avg, Oso, 3.610 | Oz 3.400
Avg, |Avg, |3.139 3.111 Avg, 3.513 | Avg, 3.445
3.203 | 3.139




Table3.1. Continued.

37

Distance, (H20), (H20)3 (H20)4
A 1 surfacd 2 surfaces 1 surfacd 2 surfaces 1 surfacd 2 surfaces

H...surface | Hqg, Hog, Hyo, 2.545 | Hyg, 2.389 | Hy, 2.697 | Hy, 2.563
2.500 2.279 Hos, 2.589 | Hsp, 2.389 | Hg, 3.000 | Hg, 2.563
Hao, Hao, Avg, Hss, 2.472 | Avg, Hg, 2.921
2.656 2.255 2567 Avg, 2.843 He, 2.721
Avg, Avg, 24171 Avg,
2.578 2 266 2.742

@water clusters on a graphite surface representéadbenzene rings.

Table 3.2. Average distances between the two surfaces, unit A

(H20)2 (H20)3 (H20)4
Case A 6.0 6.7 6.9
Case B 6.4 6.9 7.0

Additional geometry optimizations were performeithwut any constraints. The
optimal geometries are shown in Figure 3.15. Thangements of water clusters are
similar to the case of only one surface and théasas tend to arrange forming a T-
shaped structure, which is one of the preferredigorations of the benzene dimer [20,

43-45]. Therefore, the surface tends to intera¢h whe other surface as well as with

water clusters.
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(c) (d)
Figure 3.15. The optimal structures without constraints (aPHb) (H:O). (c) (H.0)3

(d) (H20)a.

3.3. Proton transfer between two water molecules confined within the graphite
surfaces

The initial configuration of a hydronium ion andwater molecule confined
within the graphite surfaces was optimized using2F31G(d) under the constraints
that the hydronium ion, the water molecule, andztmordinates of the surfaces were
allowed to be varied. However, the x and y coordisaf the surfaces were restricted.
The optimal geometry is shown in Figure 3.16. & beginning, kb was the hydrogen
atom from the hydronium ion and belonged tg.Q’he optimum distances between the

oxygen atoms (B and R, are 2.42 and 1.21 A, respectively. The separalistance
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between the surfaces, H, is 5.89 A. The oxygen stamd H locate at the middle

between the surfaces and parallel to them.

3 X ~\ 36.
PPN I HIS
R>
2g)| <> 4
9 H
P<—>9

Ry

Figure 3.16. Optimal structure of fD*-(H,0) confined within the graphite surfaces.

The energy barriers for proton transfer from arbpiim ion in a confined
environment as the proton propagates along thellHydrogen bond direction of the
Hs0"-(H,0) complexes were determined. The distancesdte scanned at various H of
4,6, 8, 10, 14.5 and 20 A using the optimized getoyn The energy barrier (Table 3.3)
is defined as the energy difference between theimar and minimum points of the
curve (Figure 3.17-3.22). At a specifig,Rhe maximum points give an estimate of the
transition state of proton transfer. The left miomm points denote the equilibrium of a
left H;O" with a right HO. The symmetric minimum points at the right dentite
equilibrium of a right HO" with a left HO. As shown in Figure 3.17-3.22, only when
R: is at the optimal distance {.42 A), the curves show a single minimum for gver
varied H. Also, all other Rcurves show symmetric double-well shapes simdahbse
found in the HO'-(H,O) complexes in the unconfined environment [24]gufe 3.23
shows that at a specific,ffhe system energy is increasing as H is incredsimg shows
a very small change at H = 14.5 and 20 A. Howeiterapidly increases when H is

decreased to H = 4 A. Considering Table 3.3, asinRreases, the energy barrier
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increases very sharply for every value of H. Thergy barriers at H = 4 A are the
highest in every Rdistance and increase sharply compared to the éthealues and
non-confinement. The energy barriers at H = 6 Adeery varied Rare very close to
those of the case of no confinement. At a speé&ficwhen H is increasing between 6-
14.5 A, the energy barrier decreases. Howeveretieegy barriers start increasing when
H increases from 14.5 to 20 A. The results suggesinteresting possibility that the
confinement environment can either reduce or rdugdarrier energy of proton transfer.
At H =4 A, the HO'-(H,0) complexes strongly interact with the surfacesis Tnight
result in a higher energy requirement for a praimrovercome that strong interaction
and to be transported from one molecule to anofftes.interaction energy of the simple
example system of 40" confined between the two model graphite surfaces lleen
calculated by subtracting the total energy of tygtesn from the energy of", H,O
and the surfaces. The results as shown in Tablel®% extremely strong interaction
energy at H = 4 A compared to the other H valueditonally, it shows that at H = 6
A, which is close to the optimum H, we find a vesyall value (1.44 kcal/mol) of
interaction energy. Also, as H is increased frodk, 6he interaction energy is increasing
but it does not significantly increase when H igager than 14.5 A. Although the
interaction energy is increasing between H = 6-25h& energy barrier is reduced and
starts to increase at H = 20 A. Therefore, it setgy¢hat at a specific range of surface
separation between 6-14.5 A the confinement effeatehow plays an important role on
the proton transportation which does not only helmlefeat the increasing interaction
energy of the system but also creates even lesgyeharrier than the system of the least
interaction energy (H=6 A). Nevertheless, the auwmfient does not make proton
transfer easier when H is greater than 14.5 A addirier energy begins to increase. It
should be noted that the barrier energy has betulated when the D*-(H,0)
complexes are located in the middle between théases. Thus, it implies that the
complex does not feel the walls when H is gredtant14.5 A. It can be seen in Figure
3.2 that at H=14.5 A water molecules located inrthiddle (layer 2 and 3) are not well

ordered.



41

Table 3.3. Energy barriers for proton transfer of the sys&mwn in Figure 3.16 in

kcal/mol.
No Confined within the model graphite surfaces

R; (A) | confinemeny H=4A | H=6A] H=8A[H=10A] H=145A] H=20A
2.55 0.659 1.780 0.792 0.594 0.526 0.502 0.498
2.6 1.491 2.950 1.678 1.387 1.287 1.249 1.252
2.7 3.950 6.480 4.209 3.743 3.591 3.533 3.535
2.8 7.223 10.762 7.544 6.91% 6.710 6.634 6.635
2.9 11.111 15.768 11.514 10.732 10.460 10.375 11.11
3.1 20.211 27.229 20.864 19.699 19.316 19.222 89.18

Table 3.4. Interaction energy of the 4" confined within the two model graphite

surfaces (kcal/mol).

H (A) Interaction energy (kcal/mol
4 137.182
6 1.438
8 21.604
10 33.582
14.5 43.177
20 45.520
25 46.233
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Furthermore, the barrier energy for proton transigth another possible
configuration of the KD'-(H,0) complexes has been studied. The optimizatiothef
HsO"-(H,0) complexes confined between the two model grapdtieets are performed
at fixed H = 8 A. The complexes tend to arrangstesvn in Figure 3.24.

Unlike Figures 3.17-3.23, Figure 3.25 shows thatéhergy curves of every R
of the system, which are shown in Figure 3.24 at 81 A, do not show the symmetric
double wells shape due to the asymmetric configuraif the system itself. Considering
Table 3.5, the calculated barrier energy showsstrmae trend with the energy barrier
found in the configuration shown in Figure 3.16. Rsis increasing, the energy barrier
increases for every varied H. The energy barrieraetses when H is increasing between
8-14.5 A and it begins to increase at H = 20 A. ldwer, barrier energies shown in
Table 3.5 are much higher than those shown in Tal8eat the same H and;.Rhis
result suggests that the arrangement shown in &i@ut6 enhances proton transfer

compared to the arrangement shown in Figure 3.24.
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z E ¢ \v3 — \y
Figure 3.24. Another possible structure o&8"-(H,0) confined within the graphite

surfaces.

Although the HO'-(H,O) complexes at H = 20 A are located closer to the
surfaces than the configuration shown in Figure63.the confinement does not
encourage the proton transfer as the energy baregins to increase. At H =20 A, the
complexes are approximately 8 A from the surfagégufe 3.24 configuration) and 9.5
A (Figure 3.16 configuration). The complexes in Bigure 3.16 configuration with H =
14.5 A are located approximately 6.5 A from thefawes and the energy barriers
decrease. Therefore, when the complexes are segdrain the surfaces by more than 8

A, the confinement ceases to benefit the protamsfe.
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Table 3.5. Energy barriers for proton transfer of the sys&mwn in Figure 3.24 in
kcal/mol.

Ri(d) |[H=8A) |H=10A) | H=145A) | H=20(A)

2.6 2.226 1.686 1.409 2.842
2.7 4.808 4.085 3.710 5.537
2.8 8.204 7.333 6.842 8.998
2.9 12.240 11.227 10.630 13.031

3.1 21.705 20.459 19.625 22.318
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CHAPTER IV
CONCLUSIONS

MD simulations of water encapsulated in slit gré@lpiores reveal a well-ordered
layered water structure in the horizontal directamallel to the graphite surfaces. When
the surfaces are separated by distances of less&h&, keeping the water density
constant, a compact frozen structure composed @fdyers is obtained. The mobility is
much lower than that of low-temperature water, aadh water layer interacts strongly
with its closest hydrophobic surface. Those watetecules in contact with the surface
tend to orient their dipoles parallel to the suefacFor larger separations, additional
water layers are formed in the pore center, and aherage diffusion coefficient
increases, becoming larger than that of low-tentpegawater for separations greater
than 8 A. At H = 8 A, confined water has similaohility as bulk low-temperature
water (213K): however it has a very different stane. At H =7 A the water mobility is
much lower than that of low-temperature water. Bf\®ng hydrophobic interaction
between water molecules and graphite can be redugedlarge temperature increase,
and the simulations indicate that the mobility odter molecules becomes similar to
low-temperature water at 373 K in a pore of H =.7$ructural and dynamical analyses
suggest that the tetrahedral structure of low-teatpee water is no longer present in the
confined systems. Notable changes are observettheinintermolecular vibrational
modes, mainly a blue shift of the[[IID intermolecular bending motion which
becomes more pronounced as the separation betweks lbecomes smaller, again
signaling suppression of the tetrahedral orderiaogtased system rigidity.

Nevertheless, the preliminary study using classM® simulations did not
include H...C interactions in the force field. Alsthe obtained orientation of water
molecules confined within the two graphite surfaceguired a better understanding of
the involved geometric and electronic effects. €fae, an additional analysis of the
geometry of water clusters using ab initio caldolad has been performed in an attempt
to get new insights regarding the structure andadyos of confined water. The graphite
model is represented by a benzene ring. The opgtngeometries of (D), (n=1-4)
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interacting with the graphite model are obtainedhsyab initio MP2 and 6-31g(d) basis
set. The results are in qualitative agreement thidise results predicted by higher levels
of theory and larger basis sets. The optimized gtoes of the expanded graphite
model using two benzene rings interacting te@)d (n = 2-4) exhibit slightly different
arrangements from the case of using one benzegeasira graphite model. They show
that water molecules locate nearly parallel togshdace and form a cyclic network of
hydrogen bonds. Two O-H bonds from two water mdEsypoint down to the surface
and at least one O-H bond points away from theaserfor n = 2-4. Also, the water-
water interaction is slightly stronger on the griéggtsurface than the isolated water
molecules as the O...0 separation and the hydroged leogth are shorter.

Furthermore, the optimized geometries of@h# (n = 2-4) within model graphite
surfaces (modeled as two benzene rings per surtumey fairly similar arrangements
with the case of water clusters interacting withe osurface. A cyclic network of
hydrogen bonds are formed because the system astampnaximize the number of
hydrogen bonds. At least one O-H bond from one mwatelecule is parallel to the
surfaces. The oxygen atoms locate approximatetflggmmiddle between the surfaces and
are parallel to the surfaces. The optimized strestshow that the confined system tends
to form a symmetric structure. The MP2 calculaigiresent the two most likely
orientations of water molecules which are; 1) onkl @ond point to the surface and the
other is parallel; 2) both O-H bonds are paraltetite surface. These orientations agree
with those found in the MD simulation results. Alseater-water interaction between
two surfaces is stronger than in the case of omeawi as the O...O distance and the
hydrogen bond length are shorter. The water-grapiniteraction is stronger because
O...surface and H...surface distances are shorter.

Additionally, the energy barriers for proton trégrsfrom a hydronium ion in a
confined environment were calculated as the prqgtompagates along the OHED
hydrogen bond direction of the;&8"-(H,O) complexes. The energy barriers were
determined from the optimized configuration (Fig®.d6) of a hydronium ion and a

water molecule confined within the graphite modefaces using MP2/6-31G(d). As R
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(the distance between two oxygen atoms) incredlesenergy barrier increases very
sharply for every varied H. At H = 6 A, which isosk to the optimal H (5.89 A), the
energy barriers are very close to those of the ohs® confinement. The results show
that as H is increased up to 14.5 A, the energyidsardecrease but they begin to
increase at H = 20 A. Therefore, it can be conduttat a specific range of H which
enhances the proton transfer is H = 6-14.5 A. Abgoen the system is highly confined
at H = 4 A, the energy barriers are extremely hdgk to very high interaction between
the HO"-(H,O) complexes and the surfaces. Moreover, the enleagyers for proton
transfer were determined from another possibleigordtion (Figure 3.24) of the3@'-
(H20) complexes confined within the graphite modefaes. The energy barriers show
the same trend as the other configuration but witltch higher values. In addition, the
confinement in this configuration does not enhaiheeproton transfer when the;®f -
(H-0) complexes are located more than 8 A from thé&asas which is manifested by an

increase in the energy barriers at H = 20 A.
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