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Effects of Confinement on Small Water Clusters Structure and Proton Transport
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Analyses of the structure of two to four water molecule clusters confined between two benzene and between
two naphthalene molecules have been performed using ab initio methods. The water clusters tend to maximize
the number of hydrogen bonds via formation of a cyclic network. The oxygen atoms locate approximately in
the middle of the confined geometry, and the dipole vectors arrange either parallel or pointing to the surfaces.
Energy barriers for proton transfer calculated faOH—(H,0) complexes in the same confined geometries
suggest that there is a specific range of confinement that helps to lower the energy barriers of the proton
transfer. When the walls are too close to each other, at a separation of 4 A, the energy barriers are extremely
high. Confinement does not lower the barrier energies of proton transfer when@he-tH,O) complexes

are located further from each of the surfaces by more th@r.

1. Introduction Thus, a reliable model potential for the watgraphite system
still needs to be developed as there are few high-quality ab initio

Water confined between hydrophobic structures reveals many yata and surprisingly little experimental dataThe ab initio

interesting structural and thermodynamic properties. A proof

of this is the many computatioaf and experiment&t°studies. study by Feller and Jordéhapplied second-order Moller
Among those studies concerning water in model slit pores and Plesset perturbation theory (MP2) to calculate the interaction

carbon nanotubes, the X-ray diffraction experiments carried out €"€rgy between a water molecule and a sequence of increasing
by liyama and co-worker1°suggest that water molecules have SIZ€ carbgn clusters from an |solgted benzeng molecule to a
an ordered, icelike structure, which is plausible along the Systém with 37 fused benzene rings. The estimated water
horizontal direction of the slit pore. Similarly, Striolo et’al. ~ graphite binding energy is slightly larger than that for the
performed simulations of water in single-walled carbon nano- interaction between two water molecules, suggesting that the
tubes and observed layered icelike structure. In addition, the water—graphite interactions will play an important role in
molecular dynamics (MD) simulations performed by Koga et determining the structure of water on graphteCalculations

al2 showed the existence of a new ice phase, unlike any of the of a water molecule sitting above a benzene ring using the MP2
known bulk ice structures, which displayed a first-order transi- with very large basis set method predicted a geometry in which
tion to hexagonal and heptagonal ice nanotubes and a continuoughe water sits above the benzene ring with the oxygen pointed
phase transformation into solidlike square or pentagonal ice away from the benzene center of mass and one of the water

nanotubes. hydrogen atoms oriented toward the ritigt®> The MP2 method
The results of the MD simulations in these systems are in also showed a calculated zero-point energy-af9+ 0.2 kcal/
general significantly dependent on the watearbon interac- mol which is in good agreement with the experiment that yields

tions. The interaction site of the carbon molecules are centered—2.4 4+ 0.1 kcal/molt5 Additionally, a higher level theory
on the carbon atoms, whereas the water molecule is treated inmethod, coupled cluster theory with a perturbative estimate of
either a single-site or a three-site representation, depending orconnected triples, CCSD(T), yielded an estimated binding energy

whether the hydrogen atoms are assumed to take part in thefor the water-benzene system within 0.1 kcal/mol of the value
interaction! The parametrization of the available watearbon predicted by the MP2 methd@:18

potentials has been recently reviewed by Werder & Rértsin
and Grunzé concluded that a change from a single-site to a
three-site potential type may strongly affect the water density
in the first hydration layer and showed the preference of the
linear O—H---C conformer. Also, Marti et al.have performed

To get more insights into the structure of confined water,
this work focuses on the analyses of the geometry of water
clusters located on one benzene and one naphthalene molecule,
respectively, and the same water clusters placed in between two
MD simulations of liquid water embedded into two parallel Penzene and two naphthalene molecules using ab initio MP2
graphite plates at different temperature and densities, modeleocalculatlons. Furthern"!or_e, since itis yvell-estabhshed that wa_ter
with a Lennard-Jones potential including:KC interactions. The ~ Structures formed within the confinement of hydrophobic
results show two preferential orientations of the water layers Structures are a plausible effective proton-conductor meffn,
close to the surfaces: the first one has one OH bond nearly @ problem that is fundamental to many biological and techno-
parallel to the surface, and the second one has one OH bondogical processed, this work also investigates the barriers for

that points to the surface. Our previous wosgkowed similar proton transfer between two water molecules confined between
results, although the ++C interactions were not included in  the model surfaces using the same calculation method. It should

the force field. be noted that this is an absolutely simplified model that can
help in the knowledge of water confined in graphite but that is
* Corresponding author. E-mail: balbuena@tamu.edu. only the first step to the full system.
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2. Simulation Procedures I

2.1. Water Clusters Confined within Model Graphite | | C|)
Sheets. The structure of a sequence of water clusters of H+_JO“*~H_____ it H:}OHH_____ UUEHT R H
increasing size (bD), n = 1—4 confined between two parallel “"? e ‘f
molecules (either benzene or naphthalene) has been investigated H
using ab initio calculations. Dangling bonds were terminated I
with hydrogen atoms to eliminate the border artif&ét©ne H H H
important property of graphite is its aromaticity, and a finite 1% 1% b
model can describe the aromatic character of graphite3ell. H/\%"'-H A" 9
However, some properties of the presence of surface bulk il
structure and bulk water may be lost when a small surface model E
and very few water molecules are applied. Although the ab initio
method provides very accurate and insightful results, it requires
high computational cost that increases with the size of a system.

Therefore, a balance between these factors is required. This 2

study using the current simplified model can be the first step 1

for a better understanding of water structures confined within
graphite surfaces. Since many stuéié423have confirmed that

the geometry of the complex is less sensitive to the theoretical

level applied, and reasonable results are obtained already at the ‘
ab initio MP2 level, this method has been applied. The MP2

calculations were carried out along with the basis set 6-31G(d) Figure 1. (a) Grotthuss mechanism of proton transport illustrating
to evaluate geometry structures of the water clusters and protonnopping (1) and turning (Il) stages (ref 29). (b) Coordinates used for a
transport in the system. All the ab initio calculations were done potential energy surface scan (ref 28).
with the GAUSSIAN 03“ program.

Initially, the optimized geometry of water clusters;®), n g_.
= 1—4 on a model graphite sheet were compared with those
reported by othet81425who applied a higher level of theory o

and with the available experimental d&tahese water clusters ,
(H20), n = 1—4 in the confined system were optimized under ] - iy
9

(a)

the restriction that the in-plane-y coordinates of the benzene
rings were frozen, but trecoordinate that reflects the separation
between benzene planes and water clusters was allowed tc
change. The studied system was built initially with two benzene (a) (b)
rings, and subsequently with four benzene rings, to model Figure 2. Optimized structures of a water molecule interacting with
graphite surfaces encapsulating water molecules. (a) one benzene ring and (b) two benzene rings. Note that in (a) one

2.2. Proton Transfer within the Confined System.The OH bond points to the surface and the other is parallel to it, whereas
rydronium ion (HO) is optimized using densty functional 1) (/00 OFtbonds pin o he sufece n (4 i angle
theory (DFT) calcula}tlons with the BSPWQl functional and the OnH1eCs angle is 174.67, OaiHieCs is 174.85, the distance between
6-311++g(d,p) basis set. Its optimized structure shows a H,.and G is 3.11 A, and that between,kand G is 3.03 A.
flattened trigonal pyramid structure (M bond length 0.98 A,
H—O—H angle 113.33. The HO" was located in the vicinity  The results of the calculated potential energy surfaces for the
of water clusters (bD), n = 1—4 confined between the model  confined systems provided an estimate of the barrier for proton
graphite sheets. Then, the complete system was optimized toyransfer for confined water. Moreover, the separation distances
determine where the hydrated proton locates in the confined petween surfaces were varied to study if there is any influence
geometry according to the MP2/6-31G(d) method/basis set.  of the proximity of the walls on the barrier.

According to the Grotthuss mechanism of proton trangport
shown in Figure 1a, the proton propagates along th¢i9-O 3. Results and Discussion
hydrogen bond direction of the 8"—(H,0), complexes. Li
et al?8 have studied the potential energy surface barrier (Figure ~3.1. Water Clusters on Model Molecular SurfacesOpti-
3in ref 28) for proton transfer between two water molecules as Mized geometries of the benzen@l;0), (n = 1—4) clusters
a function of the OH distancd§) and parametric in the ©0 are obtained from the MP2 calculations using the 6-31g(d) basis
distance R,) as defined in Figure 1b. Li et 8%.observed that ~ Set.
with decreasingR; distance between the two oxygen atoms, the ~ 3.1.1. (Benzene)(H20). The optimized geometries of one
activation barrier for proton transfer decreases sharply, and atwater molecule interacting with one benzene ring, and with two
a certain smalR; value, the transfer is barrier-free. Following benzene rings, are shown in Figure 2.
this model, we analyze how the energy barrier for proton transfer  In Figure 2a, one of the ©H bonds of the water molecule
from a hydronium ion changes in a confined environment, as points to a carbon atom of the benzene ring (thgHC, angle
the proton propagates along the—8---O hydrogen bond is 175.87) and the other ©H bond is nearly parallel to the
direction of the HOt—(H,0), complexes according to the benzene ring. Qualitatively, these results agree with both
Grotthuss mechanism. At a fixeR} distance, theR, distances  theoretical®1430 and experimental works by othei®s?6 The
were scanned using the optimized geometry obtained from distance between the oxygen atom and the benzene center of
HsO"—(H,0) confined between the two graphite sheets. Then, mass is 3.3 A, whereas higher level theoretical calculations at
the analysis was repeated for different values oRhdistance. both CCSD(T)/aug-cc-pVDZ and MP2/aug-cc-pVDZ levels of
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Figure 3. Optimized structures of two water molecules interacting
with (a) one benzene ring and (b) two benzene rings. In (a), one OH
bond (Q7H14) points to the surface and the two water molecules form
a H-bond. The @H14C; angle is 162.42 and the distance between
His and G is 2.63 A. In (b), each water molecule has an OH bond
pointing to the surface and the two water molecules form a H-bond
(O23H21024) that is parallel to the surface. The angle ofl.Cs is
166.1F, O,3H14Cio is 164.62, the distance betweeniand Go is
2.50 A, and that betweenjtland G is 2.68 A.

theory give distances of 3.23 and 3.21%£3lso, the results

Hirunsit and Balbuena

(a) (b)

Figure 4. Optimized structures of (a) one surface of one benzene ring
interacting with three water molecules and (b) one surface of two
benzene rings interacting with three water molecules. In (a) there is
one OH bond interacting with the surface, whereas the thrg@ H
molecules form a cyclic network of H-bonds. The/B:5C; angle is
161.97, and the distance betweenshnd G is 2.55 A. In (b) there

are two OH bonds interacting with the surface, and the cyclic H-bond

are in good agreement with the experimentally determined value network is nearly parallel to the surface. Thgld},Cs angle is 177.99

of 3.32 A2526 The distance from the center of the benzene ring

O,7H,3Cs is 170.88, the distance between,pland G is 2.55 A, and

to the hydrogen atom bonded to the ring is 2.5 A, whereas higherthat between b and G is 2.56 A.

level theoretical calculations at both CCSD(T)/aug-cc-pVDZ and
MP2/aug-cc-pVDZ levels of theory yield distances of 2.417 and
2.414 A13

In the case of two benzene rings shown in Figure 2b, both
O—H bonds point to neighboring carbon atoms (thgaH2sCs
angle is 174.67 and QiH16Cg is 174.85) in qualitative
agreement with MP2/aug-cc-pVDZ resutfsThe oxygen atom

is above the surface at a distance of 3.0 A, measured as the
shortest vertical distance from the oxygen atom to the surface,

slightly different from the value of 3.06 A determined from
MP2/aug-cc-pVDZ20 using seven benzene rings interacting with
one water molecule. It is found that the optimized geometries
obtained by the MP2 calculations using the 6+81d) basis

?,i . ﬁﬂ?e’w

(a)

Figure 5. Optimized structures of four water molecules interacting

(b)

set are in good agreement with those predicted by larger basiswith (a) one benzene ring and (b) two benzene rings. In case a, there

sets.

3.1.2. (Benzene)(H;0),. The optimized structures of a water
dimer on one and two benzene rings are shown in Figure 3.
As shown in Figure 3a, one-€H points to the surface (the

O17H14C1 angle is 162.42) similarly to the case of one water
molecule. Yet, the second water molecule is rather free from
the benzene molecular surface and both of itHbonds point
upward, forming one hydrogen bond with the other water
molecule. The hydrogen bond length is 1.92 A, slightly shorter
than the results from MP2/6-31G(d,2p), 1.93 A4 The O+-O
separation is 2.89 A which is close to the value of 2.94 A
calculated from QCISD/6-3#G(d,2p)** The hydrogen bond
length of the complex is 0.034 A shorter than that of an isolated
water dimert* Therefore, the waterwater interaction is slightly
stronger on the benzene surface. The-HD bond length

are two OH bonds interacting with the benzene surface, while the water
molecules form a cyclic network of H-bonds. The,:Cs angle is
164.25, O1H13C; is 162.72, the distance betweenifand G is

2.58 A, and that betweenkland G is 2.54 A. In case b, it shows
only one OH bond interacting with the surface. ThglQCys angle is
167.1%F, and the distance between Hnd Gs is 2.53 A.

both water molecules interact with the surface and with each
other. The hydrogen bond length is 1.93 A which is 0.02 A
shorter than that of the isolated water dimer and 0.015 A longer
than the case of the surface of one benzene ring. TheDO
separation distance is 2.90 A, only 0.005 longer than for the
interaction with one benzene ring. The distance betwegn O
and the surface is 3.15 A, and that betweendhd the surface

is 3.26 A, showing that the linear dimer is nearly parallel to
the model surface. However, this feature is not found in the

associated with the hydrogen atom bonded with the surface iscase of the surface modeled by one benzene ring (Figure 3a).

0.976 A, i.e., only 0.002 A longer than for one water molecule.
In addition, the distance of 2.43 A between the center of the

Although the structure of (benzene)H,O), obtained by
DFTB-D%shows a similar result to ours (where the linear dimer

ring and the hydrogen atom bonded to the ring is 0.007 A shorter is nearly parallel to the surface), such structure differs in that
than that in the case of one water molecule. These results suggeghere is only one ©H pointing to the surface. Our results are
a slightly stronger attachment to the molecular surface in the in good agreement with those found in QM/MD simulations

case of two water molecules than for one water molecule, in
agreement with a repdftusing MP2/6-3%+G(d,2p).

using ONIOM(B3LYP/6-33-G(d):DFTB-D)31
3.1.3. (Benzene)(H;0)s. Figure 4a shows the optimized

Figure 3b shows the optimized structure when increasing the geometry of three water molecules interacting with one benzene

surface to two benzene rings. Twe-®l bonds from both water
molecules, @—Hig and Q4—Hy,, point down to the surface
(the OQ4H2:Cs angle is 166.1%, Oy3H19C1o is 16462) One
O—H, Ox3—Hag, points away from the surface, ang#-Hz;
forms a hydrogen bond with the other water molecule. Thus,

ring. The interaction of the trimer with the model surface is
similar to that of the dimer and one benzene ring. There is only
one O-H pointing to the surface which is@-Hi3 where the
angle Q7H13Cs is 161.97. The other two water molecules are
free from the surface, but all of three water molecules form a
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Figure 6. Optimized structures of water molecules confined within two model surfaces: {@)£Hb) (HO)s, and (c) (HO).. During the optimization
process, water molecules and theoordinates of benzene are allowed to move freely bukthedy coordinates of benzene are fixed. In (a) one
water molecule interacts with the two surfaces; the second water molecule forms a H-bond with the first and is parallel to both surfaces. In (b) the

interactions with the surface are maximized via three OH bonds pointing to them; the three waters also form a cyclic H-bond network. In (c) there
are two OH bonds pointing to each of the surfaces, and the four water molecules form a square-type cycle of H-bonds.

TABLE 1: Distances in Angstroms of Water Clusters on Model Molecular Surfaces and Water Clusters Confined within Those
Surfaces

(H20)2 (H20)3 (H:0)4
distance, A one surfage  two surfaces one surfate two surfaces one surfate two surfaces
O---0 2.897 2.866 @+++Og, 2.862 Qz+-0y4, 2.827 Q7+*Oy9, 2.744 Qs +-027, 2.697

Oz6+*Oy7, 2.811 Qg ++Oys, 2.813 Qqg++Osg, 2.772 Q7++O, 2.668
O5++Oy7, 2.797 Qs +*Oq3, 2.797 Qg ++Oy0, 2.792 Qe +*Ogg, 2.702
Oy0++ 017, 2.807 Qg ++Oys, 2.731

O-+-H (hydrogen bonds) 1.931 1.891 2+Hy, 1.872 Qs**Hap, 1.872 Q7 ++Hs, 1.762 Qs *Hs, 1.717
Oz5+*H21, 1.977 Qs+*Hsy, 1.913 Qge++Hs, 1.797 Q7++Hs, 1.679

Oza"‘H24, 1.920 Q4"'H34, 1.898 Qg"‘H7, 1.816 Qe"’H7, 1.722

Oz +*Hy, 1.841 Qg+*Hy, 1.764

O---surface @, 3.147 Q,, 3.0491 Qs, 3.080 Q3 3.167 Qs 3.431 Qs, 3.489
Oy4, 3.259 Q, 3.228 Qs, 3.169 Qy, 3.056 Qg, 2.985 Qs, 3.355
av, 3.203 av, 3.139 £ 3.169 Qs, 3.111 Qo, 3.498 Q, 3.534
av, 3.139 av, 3.111 £ 3.610 Qs, 3.400
av, 3.513 av, 3.445
H---surface Ho, 2.500 Ho, 2.279 Ho, 2.545 Ho, 2.389 H, 2.697 H, 2.563
Hyy, 2.656 Ho, 2.255 Hs, 2.589 H», 2.389 H, 3.000 H, 2.563
av, 2.578 av, 2.266 av, 2.567 3412.472 av, 2.843 H2.921
av, 2.417 H, 2.721
av, 2.742

aWater clusters on a graphite surface represented by two benzene rings.

cyclic network of hydrogen bonds. The hydrogen bonds are tag| g 2: Average Distances between the Two Surfaces,
017"'H15, 017'“H21, and Q’"Hle with distances of 2.21, 1.95, Unit Angstroms

and 2.13 A, respectively. The distance between &d the
surface is 2.70 A, and that betweerg@nd the surface is 2.17
A, indicating that the ®-0O line is not parallel to the graphite method A 6.0 6.7 6.9

surface. This may be because the water molecu®HH;s is method B 6.4 6.9 .0

not able to interact with the benzene ring. For this reason, the down to the surface (the &H,.Cs angle is 177.99 O,7H23Cs
simulations of confined water clusters discussed later have beens 170.88), and one G-H, Ox—Hjg, points away from the
done using two benzene rings modeling graphite surfaces. Thesurface. A cyclic network of hydrogen bonds forms witbsO
distance between the center of the benzene ring and the--Hz4, O.7:-Hz, and Qs:--Hz1. The same configuration also
hydrogen atom associated to the surface is 2.44 A, which is has been found in (benzene)H.0)s using DFTB-D3° The

0.01 A longer than for the case of two water molecules but distance between @and the surface is 2.81 A, that between
0.06 A shorter than for the case of one water molecule. This O, and the surface is 3.08 A, and that between &nd the
suggests that the interaction between the water cluster and onesurface is 3.17 A. Unlike the case of one benzene ring, these
benzene ring is strongest for two water molecules, of intermedi- results indicate that the linear trimer is nearly parallel to this
ate strength for three water molecules, and less strong for onemodel surface and similar to the case of the water dimer. These
water molecule. This trend agrees with the MP2/6-&(d,2p) results are in agreement with our MD simulation results shown
calculations by Fredericks et Hi. in Figure 3 of ref 8.

Figure 4b shows the optimized structure of two benzene rings  3.1.4. (Benzene)(H;0)4. Figure 5a shows two ©H bonds
interacting with three water molecules. The interaction of the pointing toward the surface (the,#115Cs angle is 164.25
trimer with the model graphite surface is slightly different from O,1H13C; is 162.72) and the other two ©H bonds pointing
the case of one benzene ring but similar to the case of two away from the surface. All four water molecules form a cyclic
benzene rings interacting with two water molecules. TwetD network of hydrogen bonds. The hydrogen bond distancgs, O
bonds from two water molecules£-Hz, and Q7—Has, point **H17, Oo3**H1g, Oo2°**Hyo, and Qus+-H14, are 1.79, 1.82, 1.79,

(H20) (H20)3 (H20)s
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Figure 7. Optimal structures without constraints (a)® (b) (HO), (c) (H:0)s, and (d) (HO)a.

and 1.84 A, respectively. The distance betwees &hd the a o _ Y
surface is 4.38 A, and that between,@nd the surface is ﬂ“ﬁl&y
2.55 A. This indicates that the top water molecule does not lie N

parallel to the graphite surface, which is similar to the cases of

R
dimer and trimer. The distance between the center of the benzene é

ring and the hydrogen atom associated to the surface is 3.08 A, 3 S
which is 0.58 A longer than the case of one water molecule in <« |9

which the water cluster has the weakest interaction (smallest Ry
contact) with the benzene molecule. Furthermore, all the O o
O distances are approximately of 2.8 A. The tetramer has a e - -
square shape linked by four hydrogen bonds, but the four water . ' Ren A
STJ?‘:‘zzglﬁo%rgl 2 3 tb(;nt\t/l\:g S:nmzigga?ii ga SS found in the case of theFigure 8. Optimal structure of ED*—(H,0) confined within the model
. . . molecular surfaces.

Figure 5b shows that the interaction of the water tetramer
with the naphthalene surface is similar to the cases of dimer However, there are two ©H bonds pointing to the surface in
and trimer. The configuration exhibits one—®, O;;—H; the case of one surface (Figure 3b). There is little symmetry of
pointing down to the surface (@:Cys is 167.1F) and three the water clusters related to the surfaces. The water molecule,
O—H, Oz0—Hs, O15—Ha4, and Qg—Hs, pointing away from the O42H31H3,, forms one hydrogen bond with 4@H31:+-O43, but
surface. Also, it shows a cyclic network of hydrogen bonds of Hs, does not interact with the surroundings, while the other
O17**Hs, O19°**H3, O1g°**H7, and Qg **H». The linear tetramer water molecule, @HogHzo, forms the Q;Hz1:--O4; hydrogen
is nearly parallel to the model surface as shown by the distancesbond, and both k& and Hg interact with the surfaces. This may
of 2.43, 2.98, 3.50, and 3.31 A betweem; g, Or9, and Qo be a consequence that water clusters first tend to form the
and surface atoms, respectively. The water molecule, i©® maximum hydrogen bonds and then the rest of the atoms attempt
nearest to the surface and shows antDbond pointing to the to interact with the surfaces. The distance between the oxygen
surface. The water molecule§is almost disconnected from  atoms (Table 1) is 0.031 A shorter and the hydrogen bond is
the surface, resulting in the,@-Hg bond pointing away from 0.04 shorter than in the case of one surface. Therefore, the
the surface rather than pointing toward as was found for water-water interaction is slightly stronger in the confined
(benzene)-(H20),4 using DFTB-D calculation in ref 30. Thus, environment. The average distances of-8urface and H-
a larger surface model size would be needed for studying largersurface are approximately 0.06 and 0.31 A shorter than the case
water clusters. Moreover, the configuration of the tetramer is a of only one surface. Thus, the interaction between water
square and all the @O distances are approximately 2.8 A. molecules and the graphite surface is also stronger due to the

3.2. Water Clusters Confined within Model Molecular confinement. The distance from the oxygen atoms to the upper
Surfaces.The initial configuration was constructed by adding and the lower surfaces is approximately equal at 3 A, whereas
another model molecular surface parallel to the initial surface the distance between the surfaces-5.99 A. Thus, the @,
in the converged configurations of water clusters interacting with Oz, Hz1, and H, atoms locate at the middle between the model
a single surface. In the optimization process, the water moleculesurfaces. The structure in Figure 6a shows twoHDbonds
and thez coordinates of benzene which reflect the distance belonging to @, that are parallel to the surface. This satisfies
between the two surfaces were allowed to move freely (method one of the preferential orientations of water molecules found
A). Yet, the x andy coordinates of benzene are fixed. The from MD simulations®
surface represented by two benzene rings was chosen to model A water trimer between two surfaces shows the same
the confinement surfaces. The optimized geometries obtainedarrangements as does the case with one surface (Figure 6b and
using MP2/6-31G(d) calculations are shown in Figure 6. Figure 4b, respectively). One-€H bond of each water molecule

The configuration of a water dimer, ¢B),, confined within points to the surface where the angle of thekDbond with
the model graphite surfaces is different from the case of water the surface is nearly 18QO4sH33Cs is 166.00, Os4H3.Csg is
clusters interacting with one surface. Figure 6a shows that only 178.67, and QsH2¢Ci2 is 172.50), and hydrogen bonds are
one O-H bond points to the lower surface {{Pl3oCis is maximized by forming a cyclic network of them. As shown in
171.787) and one G-H points to the upper surface {P12oCs Table 2, the ®@-O distance and hydrogen bond lengths are
is 171.640) while the other two G-H bonds are parallel to the  slightly shorter than the case of one surface, showing a littler
surfaces as well as the oxygen atoms. The, G31, and H stronger interaction between water molecules under a confine-
are approximately at the same distance of 2.96 A to the surfacesment environment. Also, the results of approximately 0.028 and
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TABLE 3: Energy Barriers for Proton Transfer of the System Shown in Figure 8 in kcal/mol

confined within the model molecular surfaces

no
R: (R) confinement S=4A S=6A S=8A S=10A S=145A S=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 6.915 6.710 6.634 6.635
2.9 11.111 15.768 11.516 10.732 10.460 10.375 11.111
3.1 20.211 27.229 20.866 19.699 19.316 19.222 19.188

0.15 A shorter ®-surface and H-surface distances, compared locate approximately in the middle between the surfaces. At
to the case of one surface, suggest a stronger interaction betweeleast one G-H bond of each water molecule is parallel to the
water molecules and the model graphite surface under confine-surface. A cyclic network of hydrogen bonds is formed. Water
ment. The average distance between the two surfaces is 6.66vater interaction between two surfaces is stronger than in the
A, and the oxygen atoms are approximately located in the middle case of one surface, and the watgraphite interaction is
between the graphite surfaces (approximately 3.1 A betweenstronger as well. The distance between the surfaces increases
oxygen atoms and the lower and upper surfaces). Like the casewith the number of water molecules. The MP2 calculations
of the confined water dimer, the water trimer does not show present both of the preferential orientations of water molecules
symmetry related to the molecular surfaces as there are twoas reported in the MD simulation, which involves condensed
OH bonds interacting with the lower surface and one OH bond water, resultsthat one G-H points to the surface and the is
interacting with the upper surface. However, it is clear that the other parallel and that both €H bonds are parallel to the
system makes an attempt to form a symmetric structure while surface. Moreover, Lin et &.have shown that both orientations
maximizing the number of hydrogen bonds. of water molecules are present in the system of one surface of
Figure 6¢ shows that a water tetramer between two graphite (benzene)interacting with (HO)e.
surfaces locates in the same arrangements as is the case with In the case of one water molecule confined between the two
one surface, and two-©H pointing down to the lower surface  surfaces, as the structure is optimized, it evolves in such a way
(O25H1C34is 167.08, OxgHsCrois 162.64), two O—H pointing that the water molecule tries to escape from the confined space.
up to the upper surfaces £6P14Css is 158.82, Oy7HgCys is Furthermore, the initial configurations of water clusters confined
162.17), and a square cyclic network of hydrogen bonds is between the model surfaces were optimized by allowing
formed. These square cycles of hydrogen bonds were also foundccoordinates of every atom to move but restricting xhendy
in the MD simulations as shown in Figure 7 (left) in ref 8 coordinates of every atom (method B). This means that the
maximizing hydrogen bonds. However, the configuration of two optimized structures of water clusters interacting with a model
O—H bonds pointing down and two-€H bonds pointing away  surface are fixed but the distances between them and the two
from one of the surfaces was not found in the MD results. This surfaces are optimized. When the distances between the two
might be because the models of graphite surfaces in the MD surfaces of the two different optimization constraints are
are larger and the simulated water represents a higher densit)compared, the values are slightly different as shown in Table
state. Also there are temperature effects that introduce variations2. The distances increase with the number of water molecules
to the optimal structure. The complex shows a symmetric for both cases, but case B gives higher distance values. Also,
geometry. All G--O distances and hydrogen bond lengths are the oxygen atoms locate approximately at the middle between
shorter than in the case of one surface (Table 1), indicating thatthe surfaces similarly to the case of water molecules moving
water—water interaction in confinement is stronger, similarly freely. However, the energy values of method B are higher;
to the case of one, two, and three water molecules. The distancehus, the structures are less stable.
between the two surfaces is 6.87 A, and the oxygen atoms are Additional geometry optimizations were performed without
approximately 3.4 A from the lower and upper surfaces. The any constraints. Although these cases do not represent a
average 0.068 and 0.101 A shorter Gurface and H-surface “graphite-type” confinement, they are of interest because it could
distances, compared to the case of one surface, indicates aorrespond to cases found in amorphous carbon structures. The
stronger interaction between water molecules and the modeloptimal geometries are shown in Figure 7. The arrangements
surface under a confined environment. Two from eightHD of water clusters are similar to the case of only one surface,
bonds of four water molecules point to the lower surface, while and the surfaces tend to arrange forming a T-shaped structure,
four are parallel to the surface, and two of them point to the which is one of the preferred configurations of the benzene
upper surface, indicating that they tend to be parallel to the dimer?3:32-34 Therefore, the surface tends to interact with the
model surface and maximize the hydrogen bonds rather thanother surface as well as with water clusters.
pointing toward the surface. This agrees with the structure found 3.3. Proton Transfer between Two Water Molecules
in the MD simulations with bulk water (Figure 3 in ref 8) and Confined within Model Molecular Surfaces. The initial
in particular with the fact that some hydrogen atoms locate closer configuration of a hydronium ion and a water molecule confined
to the model surface than the corresponding oxygen atomswithin model molecular surfaces was optimized using MP2/6-
(Figure 4 in ref 8). The structures shown in Figure 6, parts b 31G(d) under the constraints that all the coordinates of the
and c, present one of the preferential orientations of water hydronium ion and the water molecule, and theoordinates
molecules, with one ©H pointing to the surface and the other of the surfaces, were allowed to be varied, whereas #edy
parallel. However, it should be noted that the MD simulation coordinates of the surfaces were restricted. The optimal
system deals with high-density water, whereas here we havegeometry is shown in Figure 8. At the beginningyghas the
gas-phase water clusters. hydrogen atom from the hydronium ion and belonged ig. O
Thus, water tetramers confined within model surfaces are The optimum distances between the oxygen atoRiy &nd
likely to form symmetric configurations and the oxygen atoms between oxygen and central hydrogeR,)( are 2.42 and
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TABLE 4: Interaction Energy of the H ;0% Confined within
the Two Model Molecular Surfaces (kcal/mol)

S interaction energy
A) (kcal/mol)
4 137.182
6 1.438
8 21.604
10 33.582
145 43.177
20 45.520
25 46.233

1.21 A, respectively, and the separation distance between the
surfacess, is 5.89 A. The oxygen atoms and'Hocate at the
middle between the surfaces and parallel to them.

The energy barriers for proton transfer from a hydronium ion Figure 11. Another possible structure ofzB*—(H,0) confined within
in a confined environment as the proton propagates along thethe molecular surfaces, where the ®i---O direction is perpendicular
O—H:-+-O hydrogen bond direction of the;@*—(H,O) com- to the surfaces.
plexes were determined. The distand@swere scanned at
variousS separations of 4, 6, 8, 10, 14.5, and 20 A using the minimum points of the curve having two minima (Figure 9).
optimized geometry. The energy barrier (Table 3) is defined as The left minimum energy points denote the equilibrium of a
the energy difference between the maximum located betweenleft H3O™ with a right HO. The symmetric minimum energy
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TABLE 5: Energy Barriers for Proton Transfer of the (1.44 kcal/mol). Also, a$is increased from 6 A, the interaction
System Shown in Figure 11 in kcal/mdl energy is increasing, but it becomes almost constant \@isn
Ri(A) s=8A) sS=10(A) s=145A) sS=20(A) greater than 14.5 A. Although the interaction energy is increas-
26 223608 169GBl3 141029 2840269 ing betwgens = 6—25 A, the energy ba_rrler is reduced and
27 481085 4.09(13.9 3.716.0 5.54 66.7) starts to increase &= 20 A. Therefore, it suggests that at a
2.8 8.20(18.6 7.330.2 6.84 3.1) 9.00 35.9 specific range of surface separation between 6 and 14.5 A the
29 1224141 112374 10.63@5  13.03(7.3 confinement effect somehow plays an important role on
31 2171102 204669 1963eD 22.32(6.3 facilitating proton transport which does not only help to
aThe percentages of differences from the values shown in Table 3 overcome the increasing repulsive interaction energy of the
are shown in italics between parentheses. system but also creates even less energy barrier than that of the

system of the least repulsive interaction energy=(6 A). On

the other hand, the confinement does not facilitate proton transfer
whenSis greater than 14.5 A as the energy barrier begins to
increase. It should be noted that the energy barrier has been
calculated when the 0™ —(H,O) complexes are located in the
middle between the surfaces. Thus, it implies that the complex
does not feel the walls wheBis greater than 14.5 A. It was
shown in results from MD simulations involving higher density
water (Figure 3 in ref 8) that & = 14.5 A water molecules
located in the middle of the pore (layers 2 and 3 of four) are

points at the right denote the equilibrium of a righg®t with

a left HO. At a specificR;, the maximum energy points give
an estimate of the transition state of proton transfer. Figure 9
shows energy curves at differeRi at S= 8 A. The energy
curves for other values @& show a similar trend: only when

Ry is at the optimal distancéR{ = 2.42 A), the curves show a
single minimum for evenyS Also, all otherR; curves show
symmetric double-well shapes similar to those found in the
H3O"—(H,0) complexes in the unconfined environméht.
Figure 10 shows that, at specifity values, the system energy

X ; . not well ordered.

increases as H increases, but it shows a very small char®e at . .
= 14.5 and 20 A. However, it rapidly increases whris Furthermore, the energy barrier for proton transfer with
decreased t& = 4 A ' another possible configuration of the®i—(H,0) complexes

has been studied. The optimization of theCH—(H,O)
complexes confined between the two model graphite sheets is

atS= 4 A are the highest at evef, distance and increase performed at fixeds= 8 A. The complexes tend to arrange as

sharply compared to the othBwvalues and to the nonconfine- ~ Shown in Figure 11.

ment case. The energy barriersSt= 6 A for every R, are Unlike Figure 9, Figure 12 shows that the energy curves of
only slightly higher than those of no confinement. At a specific €veryRi of the system, which are shown in Figure 11Sat 8

R, whenS is increasing between 6 and 14.5 A, the energy A, do not show the Symmetl‘ic double-wells Shape due to the
barrier decreases. However, the energy barriers start increasingiSymmetric configuration of the system itself. Considering Table
when S increases from 14.5 to 20 A. The results suggest an 9, the calculated barrier energy shows the same trend with the
interesting possibility that the confinement environment can energy barrier found in the configuration shown in Figure 8.
either reduce or raise the barrier energy of proton transfer. At As Ruis increasing, the energy barrier increases for every varied
S=4 A, the HO*—(H,0) complexes strongly interact with S The energy barrier decreases wiis increasing between
the surfaces. This might result in a higher energy requirement 8 and 14.5 A, and it begins to increaseSat 20 A. However,

for a proton to overcome that strong interaction and to be energy barriers shown in Table 5 are higher than those shown
transported from one molecule to another. The interaction energyin Table 3 at the sam& and R, (see the difference percents
of the simple example system of;8" confined between the ~ shown in parenthesis in Table 5).This result suggests that the
two model surfaces has been calculated by subtracting the total2rrangement shown in Figure 8 lowers the barriers for proton
energy of the system from the energy of4t, H,O, and the transfer compared to the arrangement shown in Figure 11.
surfaces. The results as shown in Table 4 show extremely strong Although the HO*—(H,O) complexes atS = 20 A are
repulsive interaction energy &= 4 A compared to the other  located closer to the surfaces than the configuration shown in
H values. Additionally, it shows that & = 6 A, which is Figure 8, the confinement does not encourage the proton transfer
close to the optimun$, we find a very small repulsive value as the energy barrier begins to increase.SAt 20 A, the

Considering Table 3, a&; increases the energy barrier
increases very sharply for every valuefThe energy barriers
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complexes are approximayed A from the surfaces (Figure 11) At S=6 A, which is close to the optim&(5.89 A), the energy
and 9.5 A (Figure 8). The complexes in Figure 8 wih= barriers are very close to those of the case of no confinement.
14.5 A are located approximately 6.5 A from the surfaces, and The results show that &is increased up to 14.5 A, the energy
the energy barriers decrease. Therefore, when the complexedarriers decrease, but they begin to increas& at 20 A.

are separated from the surfaces by more than 8 A, the Therefore, it can be concluded that a specific rang8which

confinement ceases to benefit the proton transfer. the confinement helps to reduce the barrier energy of proton
transfer isS = 6—14.5 A. Also, when the system is highly
4. Conclusions confined atS = 4 A, the energy barriers are extremely high

) ) _ .. due to very high interaction between the®tf—(H.O) com-

An analysis of the geometry of water clusters using ab initio ,jexes and the surfaces. Moreover, the energy barriers for proton
calculations has been performed in an attempt to get new insightsyansfer were determined from another possible configuration
regarding the structure of confined water. The molecular model ¢ e HO*—(H,0) complexes where the-cH+++O direction
surfaces are representgd by benzene and ngphthalgne moleculelg. approximately perpendicular to the surfaces. The energy
The optimized geometries of (B), (n = 1—4) interacting with barriers show the same trend as with the other configuration
the molecular model surface are obtained by the ab initio MP2 p + with higher values. In addition, the confinement in this
and 6-319(d) basis set. The results for benzemater interaction  onfiguration does not assist to lower the barrier energy of the
structures obtained with MP2/6-31g(d) are in qualitative agree- proton transfer when thed®*—(H;0) complexes are separated

ment with those results predicted by higher levels of theory and by more tha 8 A from each of the surfaces, which is manifested
larger basis sets. The optimized geometries of the expandedby an increase in the energy barriersSat 20 A.

surface model using a naphthalene molecule interacting to
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