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Abstract: Water confined at the nanoscale has been the focus of numerous experimental and theoretical
investigations in recent years, yet there is no consensus on such basic properties as diffusion and the
nature of hydrogen bonding (HB) under confinement. Unraveling these properties is important to understand
fluid flow and transport at the nanoscale, and to shed light on the solvation of biomolecules. Here we
report on a first principle, computational study focusing on water confined between prototypical nonpolar
substrates, i.e., single-wall carbon nanotubes and graphene sheets, 1—2.5 nm apart. The results of our
molecular dynamics simulations show the presence of a thin, interfacial liquid layer (~5 A) whose microscopic
structure and thickness are independent of the distance between confining layers. The properties of the
HB network are very similar to those of the bulk outside the interfacial region, even in the case of strong
confinement. Our findings indicate that the perturbation induced by the presence of confining media is
extremely local in liquid water, and we propose that many of the effects attributed to novel phases under
confinement are determined by subtle electronic structure rearrangements occurring at the interface with
the confining medium.

1. Introduction of water at both hydrophilic and hydrophobic interfaces is local,
' . . ._however, it is yet unclear whether such locality of the perturba-
Water confined in nanometer-3|zed.channels OF POres IS 45 persists at the nanoscale. In addition, results on the diffusion
expected to have structural and dynamical properties dn‘ferentproperties of the confined liquid are rather controversial.

e .
from those of the bu_lk liquid-® In recent years a W|despre_ad Several years ago fast transport of water in carbon nanotubes
effort has been dedicated to understand how the properties Of(CNT) was reported by Hummer et &lwho, using classical

water change_ upon nano_scale confinement and hOW th_esemolecular dynamics (MD) simulations, found that for small
changes may |.nfluence. aW'd? range.of syst.ems, €g, b'OI,Og'Caldiameter tubes (8.1 A) diffusion occurs through a burst-like
systems, flow in organic and inorganic media, the properges Of, mechanism, stemming from the presence of single-file water
malte_nals AS U(.:h as zeolites a_nd cements, z;nd_ r]llan0part|(]iler? Mhains capable of moving with little resistance. These results
SO uft_lo_n. n |(;r_1port§1nt qut_estllon cor?cirns the "}‘_ uznccra] oft ? were later rationalized with a simple coarse-grained model of a
con '”'“9 me |ur_n,_|n particular, whet _e_r a connned phase or o n6tube immersed in wateand similar findings were reported
water exists that is independent of confining surfaces or whetherfor model biological pore&:? Exceptionally fast mass transport
interface properties represent the dominant influence on thein CNT was also found by Holt et dland by Majumder et &
nanoscale liquid. In the absence of confinement, many experi-j, yory recent experiments, which, however, were conducted
mental results (see, e.g., refs Bl) indicate that the perturbation for tubes of larger diameter than those studied in ref8 {~2

nm and~7 nm in refs 4 and 5, respectively). The TEM
measurements of Naguib et'8lon water embedded in ultrathin

T Politecnico of Torino.
* University of California, Berkeley.

§ Lawrence Livermore National Laboratory. CNT indicated instead that the fluid mobility is greatly

" University of California, Davis. _ decreased. Similar conclusions, but for different confining
(1) Hummer, G.; Rasaiah, J. C.; Noworyta, J.Jeience2001, 414, 188. £ hed by Mai t13wh b d

(2) Maibaum, L.; Chandler, DJ. Phys. Chem. R003 107, 1189. sur acgs, were rgac e Yy a_Jor ettalw .o observed a

®) ?gg'ftemv O.; Sansom, M. S. Proc. Natl. Acad. Sci. U.S.£003 100, dramatic change in the mechanical properties of water at the

(4) Holt, J. K.; Park, H. P.; Waang, Y.; Stadermann, M.; Artyukhin, A-B.; Nanometer scale. For confining hydrophilic surfaces with
Grigopoupulos, C. P.; Noy, A.; Bakajin, Gcience2006 312, 1034.

) Kog.a, K.; Gao, G-T.; Tanaka, H.; Zeng, X. Science2001, 412, 802. Yoshimura, M.Nano Lett.2004 4, 2237.
(8) Chandler, DNature2005 437, 640 and references therein. (13) Major, R. C.; Houston, J. E.; McGrath, M. J.; Siepmann, J. |.; Zhu, X. Y.
(9) Bellissent M.-C.J. Mol. Lig. 2002 96—97, 287. Phys. Re. Lett. 2006 96, 177803.

(5) Majumder, M.; Chopra, N.; Andrews, R.; Hinds, B.Nature 2005 438, (10) Cheng, L.; Fenter, P.; Nagy, K. L.; Schlegel, M. L.; Sturchio, NP8ys.
44, Rev. Lett. 2001, 87, 156103.
(6) Mashl, R-J.; Joseph, S.; Aluru, N-R.; JakobssonNEno Lett.2003 3, (11) Bagchi, B.Chem. Re. 2005 105 3197.
589 (12) Naguib, N.; Ye, H.; Gogotsi, Y.; Yazicioglu, A. G.; Megaridis, C. M.;
)
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separation less than 1 nm, the viscosity of the fluid measured that both the translational and reorientational mobilities of water
in ref 13 was 7 orders of magnitude greater than that of the confined between graphene sheets are greatly decreased for
bulk at room temperature. In contrast, studies of the viscosity separations below 1.3 nm. We note that in refs-329 a rigid
of water confined between mica surfated® (at distances equal SPC model was used, at variance from refs-28 where
to or smaller than 3.5 1 nm) do not point at fast transport, flexible models were adopted.
with measured viscosity valu¥s!® within a factor of 3 of that The brief (and incomplete) summary presented above clearly
of the bulk. highlights inherent difficulties still present experimentally in
Several studi€s'® 1" have shown that confined water freezes probing the properties of confined water, and a dependence of
at a lower temperatutgthan the bulk liquid, and that new ice  results on the parametrization of force-fields, in classical MD
phases appear to be stabilized by confinement. In particular, simulations. A discussion of the sensitivity of confined-water
Koga et al’'® used classical MD simulations to show that in properties on force fields has been given, for example, in ref
CNTs (with diameters ranging from 1.1 to 1.4 nm) water can 33 where quantum chemistry calculations were used to bench-
exhibit structural and phase transitions under an axial pressuremark some classical potential results. It is therefore of interest
of 50-500 MPa. Following this work, Kolesnikov et #. to study confined water with simulations that do not rely on
performed neutron scattering experiments on water containedany fitted parameters, in order to investigate microscopic
in CNT and identified an ice-shell plus a water-chain structure properties not yet accessible to experiment (e.g., interfacial
that shows soft, “fluid-like” behavior even at temperatures as microscopic structure), including electronic structure effects.
low as 50 K. Monolayer and bilayer ice structures were also |n this contribution we restrict our attention to hydrophobic
reported for water confined between graphene sheets by Zangiconfinement, and we report on a theoretical study basditsin
et al!*"2 when pressure was applied to the system. However, principle MD aimed at understanding structural and diffusion
results of other classical simulations showed water freezing properties of water confined in single-wall carbon nanotubes

between graphene layers at ambient temperaturet pressure

and between graphene sheetgstems that have received much

values were not determined in this case, and thus a consistenexperimental attention lately. We investigated the properties of

comparison with other, similar works is not straightforward.
Building on the pioneering work of Rahman and Stillingér,

the liquid as the separation between confining surfaces (CNT
radius and distance between graphene sheets) is varied, with

classical MD simulations have been extensively used to study the goal of establishing the influence of the interface on
the properties of bulk water and recently also of confined water; structural and diffusion properties. The presence of a surface
various force fields have been employed, including simple point induces density oscillations in the liquid, with a thin region from
charge models (either rigid or flexible SPC) or other param- which water molecules are excluded, followed by a layer with
etrizations such as TIP3P and TIP#F-or example, using a  increased particle density. The structure of the liquid within this
flexible SPC model, Maitet al?*~?8 studied confinement in  interfacial layer is substantially different from that of the bulk,
CNT and within graphene sheets, and they observed the presencput it does not depend on surface separation, indicating that
of layered structures that exhibit a substantial number of broken the nature of the perturbation induced by the surface is well
hydrogen bonds (HBs), and a self-diffusion along the tube axis localized, down to very small confinement separations. The
that is faster than in the bulk. On the contrary, lower mobility electronic and mass densities averaged over the interfacial layer
was reported by Mashl et &iwho, using a rigid SPC model,  are smaller than those of the bulk. However, even for very small
found that at ambient conditions water in (@ 9) CNT separations, the HB network of the confined liquid is found to
undergoes a transition to a state with ice-like mobility. Similarly, be similar to that of the bulk, outside the thin interfacial layer
Liu et al?*3% reported axial and radial diffusivities in CNTs  (~5 A). We find that lateral diffusion and reorientational motion
much lower than those of the bulk, with diffusivity decreasing of water molecules become faster under confinement, possibly
with the diameter of the tube. Hanasaky et'ahlso observed  due to a decrease of the dipole moment of interfacial molecules
slower diffusion under confinement and found that the depen- and thus weaker HBs at the interface.

dence of water mobility (namely, HB lifetime) on the tube

diameter is not monotonic. Finally, Choudhury et4leported 2. Methods

In this work, water was confined between graphene sheets (planar
confinement) and within single-wall CNT (cylindrical confinement) (see
Table 1). The starting configurations for tfiest principle simulations
were obtained by performing MD simulations (NVT) with SPC/E
classical potential¥® We chose the SPC/E model because tested
parameters to describe the interaction between water and graphite
surfaces and nanotubes were available in the literdtreparticular
the carbon atoms were modeled as neutral particles interacting with
the oxygen atoms through a Lennard-Jones potential determined by
the parametersco = 0.3135 kJ/mol and., = 0.319 kJ/moF® In the
graphene/water system the cell dimensions in the wall pkagewere
fixed and determined by the size of a relaxed graphene sheet containing
60 carbon atoms (12.4 A/12.1 A). Carboecarbon distances were fully

(14) Raviv, U.; Laurat, P.; Klein, Nature2001, 413 51.

(15) Raviv, U.; Klein, J.Science2002 297, 1540.

(16) Koga, K.; Gao, G. T.; Tanaka, H.; Zeng, X. Physica A2002 314, 462.

(17) Kolesnikov, A. I.; Zanotti, J. M.; Loong, C. K.; Thiyagarajan, P.; Moravsky,
A. P.; Loutfy, R. O.; Burham, C. Phys. Re. Lett. 2004 93, 035503.

(18) Ghosh, S.; Ramanathan, K. V.; Sood, AB{rophys. Lett2004 65, 678.

(19) Zangi, R.; Mark, A. EPhys Re. Lett.2003 91, 025502.

(20) Zangi, R.; Mark, A. EJ. Chem. Phys2003 119, 1694.

(21) Hirunsit, P.; Balbuena, P. B. Phys. Chem. Q007 111, 1709.

(22) Rahman, A.; Stillinger, F. HIl. Chem. Phys1971, 55, 3336.

(23) Jorgensen, W. L.; Chandrasekhar, J.; Madurd, Ghem. Phys1983 79,
926.

(24) Marty, J.; Gordillo, M. C.Chem. Phys. Let200Q 329, 341.

(25) Marty, J.; Gordillo, M. C.Phys. Re. E: Stat. Phys., Plasmas, Fluids, Relat.
Interdiscip. Top.200Q 64, 021504.

(26) Marfy, J.; Gordillo, M. C.Phys. Re. B: Condens. Mater. Phy&001, 63,
165430.

(27) Gordillo, M. C.; Nagy, G.; Matf1J. J. Chem. Phys2005 123 054707.

(28) Marty, J.; Nagy, G.; Gordillo, M. C.; Guardia, E. Chem. Phys2006
124, 094703.

(29) Liu, Y.; Wang, Q.; Wu, T.; Zhang, L1. Chem. Phys2005 123 234701.

(30) Liu, Y.; Wang, QPhys. Re. B: Condens. Mater. Phy2005 72, 085420.

(31) Hanasaki, I.; Nakatani, Al. Chem. Phys2006 124, 174714.

(32) Choudhury, N.; Pettitt, B. MJ. Phys. Chem. B005 109, 6422.

(33) Pertsin, A.; Grunze, MJ. Phys. Chem R004 108 1357.

(34) Berendsen, J. C.; Grigera, J. R.; Straatsma, J. Phys. Cheml987, 91,
6269.

(35) Werder, T.; Walther, J. H.; Jaffe, R. L.; Halicioglu, T.; Noca, F.;
Koumoutsakos, PNano Lett.200], 1, 697.
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Table 1. For Each Simulation Performed in This Work, the
Confining Length (d), the Number of D,O Molecules (N), and the
Total Simulation Time ¢ (ps) Are Given; in the Case of Graphene,
d Represents the Distance between the Confining Sheets, and in
the Case of Nanotubes, It Represents the Diameter?@

system d(A) N (D,0) t(ps)
graphene 10.09 32 25
graphene 14.41 54 20
graphene 25.02 108 10
NT (14 x 0) 11.10 34 20
NT (19 x 0) 15.00 54 20

a All simulations are Borr-Oppenheimer molecular dynamics simula-
tions carried out using density functional theory, with the PBE functional.

optimized. In thez direction, the interlayer separation was varied, while

keeping the number of water molecules constant, until the stress along
this direction yielded a pressure equal to atmospheric pressure. Thre
confined water systems were considered with graphene layers at 10.09

14.41, and 25.02 A distances. From these calculations we estimated,
the thickness of the exclusion volume present at the graphene/water

interface to be~2 A. This thickness was employed in the case of NT
confinement to determine the number of molecules needed to fill up
the tubes in order to obtain a density ofL g/cn®. We used two
semiconducting tubes to confine water, namely a x18) NT and a

(14 x 0) NT, which have diameters of 15.0 A and 11.1 A, respectively.
The length of the tube (i.e., the number of minimal unit cells in the
axial direction needed to accommodate more than 30 water molecules)
was 17.065 A for the (1% 0) NT and 25.251 A for the (14 0) NT.

All samples were classically equilibrated for 100 ps, and the final
structure was then used as input for firet principle simulations.

We used density functional theory (DF¥)’ in the generalized
gradient corrected approximation (PBE)and Borr-Oppenheimer
(BO) molecular dynamics (MD). We employed nonlocal pseudopo-
tentials3 the electronic wavefunctions (charge density) were expanded
in plane waves, with energy cutoff up to 85 (340) Ry, and the integration
over the Brillouin zone was performed with thgpoint of the supercell.
The numerical integration of the ion equations of motion was carried
out with a time step of 20 au (eight electronic steps using preconditioned
steepest descent with Anderson extrapolation were performed to obtain
the electronic ground state at each atomic step). Infiostrprinciple
calculations, the atomic configuration obtained with a classical simula-
tion run was first equilibrated with a velocity-rescaling technique for

about 3 ps at 400 K. Then the thermostat was removed, and statistics

were collected for the simulation time reported in Table 1. All the
calculations were done considering@instead of HO; this allows
one to employ a larger MD time step and thus to simulate for longer
times with the same amount of computer resources.

Since the purpose of the present investigation was to compare the
properties of confined water with those of bulk water, we considered
the temperature (400 K) at which, for bulk water, DFT using PBE and

approximately 1 order of magnitude smaller than that of hydrogen
bonding. As pointed out in refs 41 and 42, in addition to possible
inaccuracies in the GGA functionals, it is possible that a large fraction
of the disagreement is due to the neglect of the quantum motion of
hydrogen atoms in the simulations. All DFT-based molecular dynamics
simulations of water (except for off have been carried out using a
classical description (Newtonian dynamics) of the proton dynamics.
There is growing evidence based on empirical potentials fit to quantum
chemical data that proton quantum effects in water may be more
pronounced than previously thought (e.g., see ref 41); hence, it is
possible that commonly used GGA functionals such as PBE and BLYP
yield a quite accurate description of hydrogen bonding in water, once
proton quantum effects are taken into account. We also note that
approximately accounting for quantum effects via temperature rescaling
is a technique that has been used in a variety of materials other than
water#445

At 400 K, the computed diffusion coefficient of bulk waterid x

€105 cm? s1. A statistical error bar on this number can be estimated

from a convergence of the diffusion coefficient as a function of

simulations time, carried out for a potential that yields very similar

diffusion and structural properties for the liquid. We carried out such

a convergence study in refs 40 and 41, where the error of the self-
diffusion constant obtained over 20 ps simulations is found to be 20 to
30%.

In addition to studying liquid water in contact with graphene and
carbon nanotubes, we also investigated the interaction of a single water
molecule with a graphene plane, by considering both the equilibrium
structure afl = 0 and snapshots taken from our 400 K MD trajectory.
While at T = 0 a water molecule is found to be barely bound to
graphene (with a binding energy ©0.25 kcal/mol), for configurations
corresponding to finite T, we find a binding energy (defined as the
difference between the energies of the interacting and non-interacting
graphene/water system) of-2 kcal/mol. In the highrl configurations,
thermal energy induces bond distortions in the graphene sheet and in
the water molecule, resulting in local dipoles (charge transfer) that
strengthen water/graphene interaction. In addition, at fifjtee find
overlap between the carbon and water charge densities and electron-
dynamical effects that are responsible for characteristic features detected
in IR spectra (these are discussed in detail elsevifjere variety of
values have been reported experimentally and theoretically for the
interaction of gas-phase water with graphite, and these are summarized
in ref 47.

Our first principle MD simulations were carried out using@box*
while maximally localized Wannier functions, used to compute water
molecular dipoles for selected MD configurations, were obtained by
using theGP code® following the scheme proposed by Gygi et?al.
Finally, classical simulations were performed WBROMACS*

3. Results and Discussion

In this section we first describe the results of our simulations,

BO dynamics yields results in good agreement with experiment for and then we present an interpretation of our findings. Table 1
structural and diffusion properties at ambient conditit}$ There are summarizes the simulations carried out in the present study.
several possible reasons why elevated simulation temperatures are Structural Properties. The analysis of the water density in

required in théfirst principle simulations. For instance, van der Waals . . . .
X o . the direction perpendicular to the surface reported in the top
(vdW) dispersion interactions are not expected to be accurately

reproduced by semi-local GGA functionals such as PBE or BLYP. ] -
I—_|owev_er, we note tha_t, of t_he three c_ontribL_Jtions_ tg the vdW for(_:es Eﬁg élfi?nfhé.’?ﬂi\'/ asncor]\)ljl?.g;’leKTei%,' '\</3|.allll.,; %érfi%ﬁb ‘C'ic/eprg]ys?%o; I%ét]f %88:15
(induction, thermal orientation, and dispersion), it is the dispersion 44) 91, 215503.

forces that are not well described, and in liquid water, their strength is 199Q 42, 11276.
)
)

4

Wang, C. Z.; Chan, C. T.; Ho, K. MPhys Re. B: Condens. Mater. Phys
(45) Porter, L. J.; Li, J.; Yip, SNucl. Mater.1997, 246, 53.
(46) Sharma, M. Private communication
(47) Birkett, G. R.; Do, D. DJ. Phys. Chem. @007, 111, 5735.
(48) A general purposfrst principle Molecular Dynamics code, F. Gygi 1998

2007 (UCD).
(49) Afirst principle Molecular Dynamics code, F. Gygi 1992003 (LLNL).

(36) Hohenberg, P.; Kohn, WPhys. Re. 1964 136, B864.

(37) Kohn, W.; Sham, L. JPhys. Re. 1965 140, A1133.

(38) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865.
(39) Hamann, DPhys. Re. B: Condens. Mater. Phy4989 40, 2980.

(40) Grossman, J. C.; Schwegler, E.; Gygi, F.; Galli,JGChem. Phys2004

120, 300. (50) Gygi, F.; Fattebert, J. L.; Schwegler, Eomput. Phys. Commu2003
(41) Schwegler, E.; Grossman, J. C.; Gygi, F.; Galli,JGChem. Phys2004 155 1.
121, 5400. (51) See: http://www.gromacs.org.
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Figure 1. Top panels of (ac) show the density of water molecules computed along the direction perpendicular to graphene confining surfaces (the continuous
and dashed curves represent oxygen and deuterium atoms, respectively) for three confining lengths [(a), 10.09 A; (b), 14.41 A, and (c) 25.02 A; see tex
Middle and bottom panels show the valence electronic charge density and the average number-ofatetdrydrogen bonds, respectively, corresponding

to the three confining lengths. Curves in the bottom panels display the number of H-bond donor (dotted line) and acceptor (dashed line) for each water
molecule; the total number of hydrogen bonds per molecule is also reported as a continuous black line. We chose the following geometric cfiitegion to de

a hydrogen bond: ©-O distance shorter than 3.5 A and-@1—0 angle larger than 140Top and bottom panels of (d) and (e) show the water density and
number of hydrogen bonds in the case of carbon nanotubes with diameter of 11.10 and 15.00 A, respectively.

panels of Figure 1 reveals density oscillations typical of a liquid enhanced density oscillations. This may be understood in terms
in contact with a hard wal®52-53 In particular, in the case of  of the interfering effects of the two facing surfaces, and at
graphene we found that water molecules are excluded from aextreme confinement the perturbation induced on water at the
region with thickness of+2.5 A; the particle density rises  two interfaces is amplified. In panel ¢ of Figure 1, where the
sharply outsiqle_this excluded volume, with a first peak extending jistance between graphene sheets is the largest (25.02 A),
up to 5 A, similar to what found for water on hydrogenated density oscillations are nearly suppressed, indicating that the

diamond suﬁaqe@,that are muc.h less polan; able than graphene effect of the surface perturbation is highly localized. In this case,
sheets. The height of this peak increases with decreasing d|stanc%n| the water laver close to the surface has density higher than
between the surfaces (from 2.38 gkt 1.96 g/cm in going y Y y hig

from 10.09 A to 25.02 A), but its position is independent of the bulk; beyond~5 A from the surface the density curve
the confining length. From a comparison of the top panels of becomes flatter and reaches the bulk value (1.0 $/dMe note

Figure 1 (a-e) it is clear that increased confinement results in that in all of the deuterium density profiles reported in Figure
1, a small shoulder is present in the first density peak, which
(52) Lee, S. H.; Rossky, P. J. Chem. Phys1994 100, 3334.

(23) Loo. C. ¥.: Mocammon. J. A~ Rossky, P40.Chem. Phys1984 80, |nd|c§tes a_sllght preference fo_r s_ome interfacial water molecules
4448, to orient with an OD bond pointing toward the surface.
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100

 (deg) O (deg)

Figure 2. Tilt angle distribution for water molecules confined within graphene sheets, for the three confining lengths defined in Figure 1. The tilt angle is
defined with respect to the direction perpendicular to the surface. See inset for the definition of the tilt angle.

The middle panels of Figure 1 show the variation of the confinement distance, and it is rather determined by the water/
electronic density () in the direction perpendicular to the surface interaction.
surface. In the region from which water molecules are excluded,  Similar results for the structure of the interfacial layer and
we observe a sharp decreasepgf which vanishes at about 2 their dependence on water/surface interaction were obtained in
A. These findings are consistent with the results on the electronicthe case of the two CNTs. However layering effects are
density as obtained from X-ray measurements by Poyron®ét al. enhanced in the tubes, and cylindrical water shells appear,
In this region the contributions te, come almost entirely from  jnstead of flat layers (only one shell for the smaller tube and
the surface carbon atoms. Outside this layer of zero particle yyo for the larger one). For both tubes (see Table 1), we found
density, we observe oscillations @f;; their intensity is slightly a very pronounced peak in the density of water in proximity of
larger at the position of the first sharp peak in the particle density e walls [the height reaches 3.6 gftim the case of the (14
distribution than in the center of the slab. Very similar results 0) NT and 2.6 g/crfor the (19 x 0)]. Remarkably, for the
were obtained also fofirst principle simulations of water — gmglest tube the water density in the center is almost zero, and
confined by hydrogentated diamond surfates. molecules appear to be densely packed at the interface; therefore

Interesting structural information about confined water is also one might expect a decrease in diffusion of the fluid relative to
obtained from an analysis of the bottom panels of Figure 1, the bulk. As we will see, this is not the case.
where the average number of HBs per water molecule is reported

as a function of the distance from the surface. Interfacial jierface, we have studied the orientation of the OD bonds with
molecules, although surrounded by only half of a bulk coordina- egnect to the direction perpendicular to the interface (radial

tion shell, are still engaged in a relatively large number of HBS. ;-0 tion in the case of nanotubes). In Figure 2, we report the

In particular in tie 5 A integfacial layer, the number of HBS o 4ji¢ angle distribution for water confined between graphene
(2.5) amounts to about 70% of the corresponding bulk value layers. The color maps represent the probability of finding, at

(recqvered ir.' the middle- of the glap). This observation iS5 "canain distance from the surface, an OD bond forming a
F:on5|stgnt with the expgrlmental flndlqg on the structure of specific angle §) with the direction perpendicular to the
interfacial water as obtained through vibrational spectroscopy substrate (see inset of Figure 2 for the definition of tilt angle):

bY sum-frequency generation (§ee, €g. (ef 55); I ?ISO. agreesey, every molecule two tilt angles are calculated, one for each
with previous molecular dynamics simulations in vzhlch itwas  §h pond. The probability has been multiplied by the value of

; . : 5 . .
fou?d tha_i w?ter_dln bcolrl:tﬁft V\rl]'tz solid iurfzé%@ :ead:(ly_ ; the water density, to enhance the signal of the denser layers.
restores 1ts liquid, bulk-ike hydrogen-bonded NEWork Just - 5y e interface, molecules have strong preferential orientations.
outside the thin interfacial layer. The thickness of this layer is In particular at about 2.7 A from the surface two angles are
slightly larger than in the hydrophilic case where, e.g., for favored: 738 and 150. This geometric configuration corre-

hydroxilated St SiC surfaces? we found values of-3.5 A sponds to water molecules having one of the OD bonds nearly
The dashed and dotted curves in the bottom panels of Figure 1

. arallel to the surface and the other pointing toward it. At 3.3
represent, respectively, the number of HB acceptors and donor . . S ) .
. . A, the opposite orientation in found with an OD pointing away
of each water molecule in our samples. When approaching the

e . . from the surface (25 and the other nearly parallel (19Go it.
confining surface, a water molecule preferentially has a higher ’ S
) . .~ Atabout 3 A, there is a strong peak at9hdicating that most
number of HB donors; thus, most of the time, one of its
: . . . . of the molecules have both OD bonds roughly parallel to the
deuterium atoms is not engaged in HBs, consistent with featuressurface In the high-density laver the planar orientation is
observed in the analysis of the OD tilt angle distribution (see ’ 9 y layer, P

Fi 2) Thi . ¢ ' t of th preferred in order to maximize in-plane HBs: The most.
igure 2) Is property appears to be independent of the remarkable feature of the three maps reported in Figure 2 is

that the orientation of water bonds in the interfacial layer does

In order to further investigate water restructuring at the

(54) Poyron, A.; Hong, L.; Robinsin, I. K.; Granick, S.; Zhang, Z.; Fenter, P.

A. Phys. Re. Lett. 2006 97, 266101. not depend on surface separation. At a graphene distance of
(55) Du, Q.; Freysz, Y.; Shen, Y. Rciencel994 264, 826. R
(56) Cicero, G.; Grossman, J. C.; Catellani, A.; Galli, 5.Am. Chem. Soc. 10.09 A’ the SySte_m consists of only .tWO Wa?er layers, yet these
2005 127, 6830. appear to be equivalent to the two interfacial layers observed
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Figure 3. Left panel shows the oxygen (red isosurface) and deuterium

(blue isosurface) spatial distribution function (SDF) of water molecules

confined within graphene sheets at a distance of 14.41 A (see also Figure %

140

1 (a.u)

1b). These SDFs represent the density distribution of oxygen and deuterium

atom positions in a layer withi5 A from the graphene surface. The right

120

T M T M T

Bulk water
Gra10.09 A
Gra14.41 A
Gra 25.02 A
NT (14x0)
NT (19x0)

1
500

000

1500
w(em™)

1 i
2000

1 i
2500

panel contains a ball and stick representation of the water molecules at theFigure 4. Comparison of the power spectra of the veloeitglocity

interface for a representative snapshot of our MD trajectories. Red, white, autocorrelation function for all the confined water samples considered in
and gray spheres represent oxygen, deuterium, and carbon atoms, respechis work. The power spectrum of bulk water is also reported for comparison.
tively. The restructuring of water close to the interface is responsible for

the appearance of novel ring structures under confinement. In particulal
the probability of finding four-fold and five-fold rings increases, and that

r

' simulations. In order to have similar peak heights as in the first

of finding six-fold ones decreases, with respect to the bulk. [For a discussion Principles simulations, we found that much largee (~0.78
kJ/mol) are needed in the classical simulations. Subtle but

important differences between the classical and first principle
simulations can also be found in the spatial arrangement of water
molecules in the interfacial layer. Specifically, in the classical

of ring statistics around hydrophobic groups see, e.g., ref 64.]

for the 25.02 A separation. A similar behavior was found in
the case of water confined in CNT when calculating the
orientation of the OD bonds with respect to the radial direction

case we did not find a strong preference to orient OH bond

Although the preferential angles are slightly different because toward the surface, as in the first principle simulations. More
the surface is curved, the qualitative features of the angular interestingly, we found that the SDFs of the interfacial layer

distribution are very similar, and the interfacial layer structuring gre uniform in classical simulations and do not exhibit the
appears to be independent of the confining distance (i.e., tUbepecuIiar structuring shown in Figure 3.

diameter). In the case of the smallest nanotube, water molecules
arrange in one cylindrical shell; thus, no water molecules show

bonds oriented toward the center of the cylinder, as hardly an
HBs can be formed in that direction (the peak-&5° in the

angular distribution is not observed in this case). These results

appear to be at variance from those of Hummer éttlaat find
a linear chain localized in the center of a smaller nanotube.

Figure 3a shows the calculated oxygen (red) and deuterium

(blue) spatial distribution functions (SDF) in a water layer within

5 A from the surface for the case of water confined between
graphene layers separated by 14.41 A. A representative HB ring

structure found in the first interfacial layer is shown in Figure
3b. The SDFs represent the density distribution of oxygen an

deuterium atomic positions; thus they reveal how water fills

point toward the surface, as indicated in Figure 1, panels a
However, at variance with the case of a benzene mol&cine

hexagons.

carbon-water interaction, the first interfacial layer of water in
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Dynamical Properties. We first analyze the Fourier trans-
form of the deuterium atoms velocity autocorrelation function
(Figure 4), which is related to the vibrational spectra of our
samples. Calculations of IR spectra will be reported elsewffere.
As shown in Figure 4, for both graphene sheets and CNTs, a

peak appears at frequencies higher than in the bulk spectrum

(2600 cn1?), in the region of the OD stretching mode. This
signal is related to OD groups not involved in HBs; these OD
bonds are likely to vibrate at a frequency higher than OD groups
in a bulk environment, and in early experimental work on the
characterization of interfacial water their presence has been

g interpreted as a signal of surface hydrophobig¥ty similar
feature in the power spectrum of confined water was observed

the space close to the surface. Deuterium and oxygen atomPY Martiet al.?® and it was ascribed exclusively to confinement
are not uniformly distributed on top of the surface. Oxygen €ffects. In particular, it was interpreted as arising from the
preferentially resides on top of the center of the hexagonal SPlitting of the symmetric and antisymmetric components of

carbon rings (red isosurface). Some deuterium atoms tend toth® OH stretching mode, accompanied by a shift of the stretching
frequency to gas-phase values (higher than in the bulk). With

the aim of discerning between confinement and surface effects,
solution, the computed SDFs do not show any preference for we artificially cut our water samples in layers of increasing
the “dangling” HB to point toward the center of the carbon distance from the interface, and we calculated the power spectra
of each layer. We found that the peak at 2600 &iis mainly

We note that the structural properties of interfacial water related to water molecules in close proximity with the surface,
found in ourfirst principle simulations are rather different from  With non-hydrogen-bonded OD bonds likely pointing toward
those obtained in the classical simulations we used to preparethe graphene layer. The water layer in the middle of the slab
the initial configurations for the first principle simulations. The ~shows instead a power spectrum similar to that of the bulk liquid.
water density oscillations are qualitatively similar in the two This suggests that the peak at 2600éris mainly due to a
cases, but they are more pronounced in the first principle surface effect and confirms the locality of the perturbation
calculations. In particular, when a Lennard-Jones parameter ofinduced by the surface on water, as observed in our structural
eco= 0.3135 kJ/mol (same as in ref 35) is used to describe the analysis. We note that confinement enhances the high-frequency
power spectrum signal, as it increases the surface to volume
the classical simulations is less intense than in the first principle ratio of the liquid. We believe this is the reason why the high-
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frequency peak is more pronounced in the power spectra of CNT
than in that of graphene sheets.

Another interesting region of the power spectrum of Figure
4 is the band at low frequencies (12800 cnt?) that is usually
assigned to librational modes, and thus related to intermolecular
hydrogen bonds. This band appears to undergo a red shift in
the most confined samples, indicating a weakening of the HB
strength in the interfacial region. However, the simulation times
available here do not permit quantitative conclusions on the
shifts observed in the low-frequency part of the spectrum. The
band at 1178 crrt, related to the water molecule bending mode,
is mostly unchanged in all of our samples.

In order to investigate molecular self-diffusion, we calculated
the mean square displacement (MSD) of the oxygen in the
direction parallel to the interface in the case of graphene and
along the CNT axes. The MSD is related to the self-diffusion
coefficient O) through the Einstein relation, using the appropri-
ate normalization factor for mono- and two-dimensional diffu-
sion processes. Our results show that the lateral diffusion
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Figure 5. Water dipole rotational autocorrelation function for all the water
samples considered here (see text), as obtained fisinprinciple MD
simulations. The relative dipole rotational autocorrelation functions of bulk
water are also reported for comparison. Given the statistical error bars of
our simulations (over-20 ps runs), we can only make the observation that
the autocorrelation functions for the 2.5 nm separation case is similar to
the bulk case, but cannot exactly establish whether it has already reached

constant of water increases at extreme confinement. In particular the bulk value. It is instead clear that the correlation functions for smaller

in the case of flat surfaces (graphene), diffusion increases with

separations are decaying faster than in the bulk case (see text).

decreasing interlayer separation, becoming almost 3 times larger

than that calculated for the bulk (10 107 cn¥? s71), for a
distance of 10.09 A. This increase is significant and well outside
the error bar on our diffusion constants, estimated to be 20
30% (see Methods section). In the case of CNTSs, this effect

see Methods section) and obtained the opposite result: water
molecule reorientation appears hindered at increasing confine-
ment. However, we note that Marti et@lusing a flexible SPC
model did find an increased lateral diffusion of water under

appears to be enhanced, although it is not possible to establistfFonfinement, consistent with our results.

a trend as a function of the tube radius from only two systems.

The faster dynamics obtained in dirst principle simulations

At a diameter of 15.00 A the diffusion constant reaches about May be related to the magnitudes of the dipoles associated with
3 x 1075 cn? s, which again is significantly different from the water molecules. These significantly decrease in the
that of bulk deuterated water. When decreasing the CNT radiusinterfacial regions. The dipole moments were calculated using
to 11.10 A, the diffusion constant slightly decreases, remaining Maximally localized Wannier function centétdy averaging
larger, however, than the bulk value. In the case of two- OVer configurations extracted from our MD trajectories, and
dimensional confinement, for a CNT diameter smaller than an €dually spaced in time. In the case of the bulk liquid the average
optimal value, the translational motion of water molecules may Molecular dipole moment calculated from MD trajectories is
become so constrained that the diffusion constant does not@bout 3.10 D. For graphene sheets and CNT, we found that the
increase as the radius decreases, unlike the case of grapher@verage dipole moment is always lower than that in the bulk

sheets.

Additional information on dynamical properties can be
extracted from the reorientational dynamics of the molecular
dipole vector ), obtained from the correlation functidn =
(& (0)u(t)d The dipole vector of each molecule:)( was
calculated by assigning a charge 62 to the oxygen atoms
and charges of-1 to the deuterium atoms (geometrical dipole).
This function, reported in Figure 5, is characterized by an
exponential decay (faster decay is associated with faster
reorientation). Interestingly, we found that the rotational motion
of confined water molecules is faster than in the bulk phase,
indicating that HBs are formed and broken at an increased rate.
Indeed, H-bond lifetimes calculated for the confined water
samples show decay faster than bulk water, at variance with
the results of ref 1 where HB lifetimes under confinement were
found to be substantially larger than in the bulk. Our results
are consistent with weaker intermolecular HBs found in the
interfacial regions. In particular, from Figure 5 it appears that
for both the CNTs and graphene layers separated by 14.41 A,
the relaxation times are almost identical, while that for graphene
at 25.02 A, it substantially decreases, becoming very close to

except for the 2.5 nm separation case where it has about the
same value. Interestingly, the dipole significantly decreases

within the interfacial layer, assuming values of about-267

D for water molecules closer to the surface, while it is close to

the bulk value in the liquid outside the interfacial regions. For
the two CNTs considered here the dipole moments remain lower
than in the bulk in the whole confined sample, and the average

dipole moments of the two confined systems are 2.87 and 2.93
D for the (14x 0) and (19x 0) CNT, respectively. In the case

of a previously studied hydrophilic substrate (hydroxylated
silicon carbidé&®) the lateral diffusion of water in the interfacial
layer was substantially unmodified (with respect to the bulk),
and correspondingly, the average dipole moment of interfacial

water molecules was very close to that of the bulk. On the other

hand, in our study of water confined between deuterated
diamond surface® we observed a lateral diffusion enhanced

with respect to that found for the graphene case and a smaller

dipole moment of interfacial water molecules.

The variation of dipole moment magnitudes within the
confined sample and with respect to the bulk may explain why
rigid, nonpolarizable classical models (e.g., SPC/E) do not

that in the bulk. We repeated a similar analysis on the trajectories
obtained with a classical potential (rigid SPC/E water model,

(57) Marzari, N.; Vanderbilt, DPhys. Re. B: Condens. Mater. Phy4997,
56, 12847.
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predict fast molecular reorientation. The parameters of theseauthors attribute their measured high-frequency infrared active

models (like many others) are fitted to reproduce bulk liquid

mode to inter-ring OH groups different from those present in

properties, and it is thus not surprising that they do not account bulk water, and they propose the existence of a novel, confined

for the subtle interfacial rearrangement observed in fast
principle simulations. Flexible and polarizable models may

water phase with unusual HBs. According to our simulations
the difference in HBs between confined and bulk water mainly

improve the description of the structural and dynamical proper- pertains to molecules within a thin interfacial layer, and it does
ties of confined water; however, the parameters entering the not stem from novel, liquid phases.

models may need fine-tuning to describe how the strengths of

HBs vary within a specific confined environment.

4. Summary and Conclusions

As mentioned in the Introduction, the mobility and, in general,
the dynamics of confined water have received controversial
interpretations in the literature. Recent flow experiments in
CNTs with diameters of 2 nm or less reported by Holt et al.

The structural and dynamical properties reported in the showed enhanced flow at the nanoscale; these results are
previous section all consistently show that the perturbation of consistent with the enhanced lateral diffusion suggested by

the confining surfaces on liquid water is localized witlai 5 A

our simulations. However, the enhancement by orders of

interfacial layer, whose thickness and microscopic structure do magnitude found in ref 4 is difficult to explain based on our
not depend on surface separation. The local nature of thefinding of a moderate increase in the liquid self-diffusion
perturbation found here is consistent with many results reported coefficient, and viscosity calculations would be necessary to

in the literature for bulk water in contact with both hydrophilic

reach firm conclusions on flow rates. Other experiments reported

and hydrophobic surfaces and for complex surfaces, such asinstead a slower dynamics in nanotubes. Naguib €t al.

proteinst?
This locality of the perturbation is also in agreement with

interpreted some of their TEM results on water confined in
multiwall CNTs as showing a decreased mobility of the liquid

the results of ultrafast optical Kerr spectroscopy reported by inside the tubes.

Scodinu et af8 for water confined in hydrophilic and hydro-
phobic nanopores. However, Kim et®8keported that for water

in contact with organic monolayers, they find an interfacial layer
extending up to 5 nm.

The interfacial layer found in our simulations is composed
of a region of about 2.5 A of zero particle density, followed by
a region with particle density higher than in the bulk. Overall,
the average density inét6 A interfacial layer is lower than in

In the field of classical MD simulations, recent results
obtained on mica by Leng et &.for water dynamics are
consistent with ours, while several other authors have reported
a decreased mobility (e.g., Mashl efpfor water in nanotubes.
Faster diffusion has been predicted in the case of very small
nanotubes in refs 43, where one chain of water molecules
was present, and for larger-diameter tubes by Mgtral 25> who
employed a flexible SPC model to describe confined water.

the bulk. In spite of an increased density of molecules outside When using classical potentials, watevater and watersurface

the excluded volume, in proximity of the surface, water mobility

interactions are not usually treated on the same footing. For

is increased with respect to that of the bulk. This appears to beexample, Pertsin et & have shown that different water
related to a decrease of the molecular dipole moment and agraphite potentials may yield rather different structures in the
weakening of HBs at the interface. These results are consistentnterfacial region, although thermodynamic properties may be
with those reported in the case of water in the cavities of a |ess affected by the presence of confining surfaces, as discussed

hydrophobic zeolité? although the simulation time reported in

in ref 63. In addition, classical potentials are usually fitted to

ref 60 was rather short (3 ps) and an analysis of interfacial pulk properties, and they are thus unlikely to account for subtle
properties was not provided. The model of confined water pyt important effects, such as the decrease of interfacial water

emerging from our simulatiorsa highly inhomogeneous,
mobile interfacial layer surrounding a liquid which recovers
bulk-like characteristic just outside a thir;0.5 nm surface
region—is rather different from that proposed by Kolesnikov et
all” However, this study was conducted at much lower

molecule dipole moments and electronic structure rearrange-
ments at the surface. Our results point at the need for at least
flexible, and possibly polarizable models, in order to describe
water confinement effects in a realistic manner.
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