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ABSTRACT We present extensive ab initio simulations of the molecular arrange-
ments at the vapor/water interface, which provide valuable insights into the
interface structure. In particular, the simulations address the controversy of
whether there is a significant amount of nondonor configurations at this proto-
typical interface, using a novel Car—Parrinello-like ab initio molecular dynamics
approach. The interface is modeled by a system of 384 water molecules for 125 ps
in a two-dimensional periodic slab, the most extensive ab initio molecular
dynamics simulation to date. In contrast to previous theoretical simulations and
X-ray absorption spectroscopy, but consistent with sum-frequency generation
experiments, we observe no evidence for a significant occurrence of acceptor-
only species at the vapor/water interface. Besides a distinct surface relaxation
effect, we find that only the topmost layers of the interface obey structural order.
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any interesting chemical processes and phenom-
M ena in biology and chemistry often occur at aque-

ous hydrophobic interfaces.' Solvation, a central
theme in protein folding,” electrochemical processes of aque-
ous batteries,” and the remarkable organic catalysis “on
water”*® are examples where studying the structure and
dynamics of the corresponding aqueous interfaces is essential
for the understanding of the relevant interfacial chemistry.
The simplest and extreme case of an aqueous hydrophobic
interface is the vapor/water interface, where there is no
attractive or repulsive van der Waals force between the water
and the hydrophobic phase. Because of its prototypical char-
acter, this particular interface has been studied extensively,
both experimentally®”” and theoretically.'°~'> Understand-
ing the air/water interface is very important for its relevance in
atmospheric chemistry that occurs on the ice surface of dust
particles or the ocean surface.'®'” Recently, it was suggested
that the organic “on water” green catalysis is due to the free
OH bonds of water molecules at the hydrophobic aqueous
interface,” a focus of the present paper.

The surface-specific vibrational sum-frequency generation
(SFG) technique provided the first molecular picture of water
at the air/water interface.'® About 25% of the surface water
molecules have one dangling (or free) OH bond, which
protrudes out of the water phase, consistent with earlier
theoretical predictions.'® Similarly, dangling OH bonds have
been consistently observed in other SFG experiments,”*%°
but also in computer simulations.'°”'® However, different
interpretations were provided by others concerning structural
and physical details of the air/water interface, in particular
with respect to dangling OH groups.®'**
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Depending on the number of OH groups per water mole-
cule that forms a hydrogen (H) bond with another water
molecule, we refer to them as double-donor (DD), single-
donor (SD), and non-donor (ND)?' or “acceptor-only” config-
uration (Scheme 1a). In this notation, perfect crystalline bulk
ice would have 100% DD configurations, in analogy to the
tetrahedral textbook structure of liquid water and ice, while
the (0001) basal plane of the defect-free hexagonal ice surface
bilayer would have 25% SD and 75% DD configurations. In
the latter ideal ice Ih surface, the probability of free OH bonds
is identical to that of free oxygen lone pairs, both sticking out
of the water phase. On the other hand, bulk liquid water and
its surface are expected to have a mixture of ND, SD, and DD
species with, on average, varying ratios caused by dynamic
distortions of the liquid water H-bond network due to finite
temperature. For instance, in bulk water, the probability of an
OH bond being free (Fp) was estimated at 0.15, based on the
experimental heat of melting of ice, which is 15% of the
sublimation energy of ice.>> For the air/water interface, the
surface composition of the water configurations was given by
Du et al.'® through “titrating” the dangling OH groups with
methanol, followed by the observation of complete suppres-
sion of the free OH peak at 3700 cm™ ' in the SFG measure-
ments. From this, the authors estimated that the air/water
interface consists of 25 % SD and 75 % DD water configurations
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Scheme 1. (a) Depiction of Double Donor (DD), Single Donor
(SD), and Non-donor (ND) Water Orientations at Air—Water Inter-
face®;, (b) Schematic of Structure of Water Molecules near the
Air—Water Interface from Our Ab Initio MD Simulations®.
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“Hydrogen bonding is indicated as dashed-dotted lines.” See also
Figure 5.

yielding Fs = 0.25, similar to the (0001) ice Ih surface,
except for the disordered nature of the liquid.

Recently, Cappa et al.>* performed total ion yield (TIY) and
total electron yield (TEY) X-ray absorption (XAS) measure-
ments for the air/water interface and showed that the TIY-XAS
(a surface probe) is nearly identical to the TEY-XAS (a bulk
probe). The authors also indicated that in earlier measure-
ments of the same group,®’ where “the TIY-XAS of the air/
water interface was similar to that of the gas-phase water
(instead of bulk water)”, the gas phase contribution was not
properly subtracted. The latter experimental artifact and
corresponding DFT calculations of the XAS spectra on a rather
small water cluster®' led those authors to suggest that they
may have observed a new population of ND species of the air/
water interface. For the related CCly/water liquid/liquid inter-
face, Scatena et al.®” also suggested an interfacial water
structure that involves a significant ND population based on
the SFG measurements and their spectral decomposition of
the free OH peak at 3700 cm ' into the symmetric and
antisymmetric OH vibrations, since the ND species, if popu-
lated, would exhibit two split peaks at around 3650 and
3750 cm™'. However, such a splitting or a measurable
population of ND species has not been observed in other SEG
measurements and analyses of the air/water or organic/
water interfaces.® Even though these experiments are very
powerful, it would be still desirable to directly observe the
liquid/vapor interface and gain an atomistic understanding
using molecular dynamics (MD) simulations. In this way; it is for
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instance possible to extract the average population of ND,
SD, and DD species and hence determine F as the weighted
average of ND and SD configurations.

From a computational point of view, simulations of water
are particularly challenging due to nonadditive cooperative
effects of the H-bonded network, as well as large polarizability,
dipole moment, and nuclear quantum effects, which make
water unique.*® The predictive power of such simulations
critically depends on the involved time and length scales, to
reduce statistical uncertainties and to eliminate finite-size
effects, but also on the accuracy of the interaction potentials
used. Since empirical potentials are typically parametrized to
reproduce bulk rather than interfacial properties of liquid
water, such as experimental energies, densities, pair-correla-
tion functions and in some cases diffusion and dielectric
constants, the transferability of empirical force fields can
not be assured. Therefore, a first-principles approach such
as density functional theory (DFT)}based ab initio MD (AIMD),
where the interatomic forces are calculated “on-the-fly” by
accurate electronic structure methods, is particularly appro-
priate for the study of interfaces involving water.

Even AIMD has its own restrictions, namely, that the
increase in predictive power comes at the price of substan-
tially higher computational cost. This becomes more problem-
atic for the liquid/vapor interface where a system larger than
those representing bulk features must be considered in order
to stabilize a two-dimensional (2D) periodic water slab with a
sufficiently large vacuum portion to prevent spurious long-
range interactions at the surface. For this reason, it is not
surprising that only recently a landmark effort using first-
principles approaches has been reported by Kuo and
Mundy.** Although their observation of “acceptor-only” or
ND moieties were in good agreement with the earlier
experimental data of Wilson et al.,*' they are in contrast
with the revised results of the Saykally group.** In addition, a
recent study, although on a small water cluster rather than
the more relevant vapor/water interface, suggested that the
population of ND species at the “air/water interface” is very
small.?” Thus the question of whether a non-negligible
fraction of ND water configurations exists at the vapor/water
interface is at present controversial, with experimental and
theoretical studies suggesting both possibilities.

Here, we use a novel AIMD simulation method, which is
very accurate but at the same time at least 1 order of
magnitude more efficient than previous approaches, to ad-
dress this controversial issue. We elucidate the orientational
structure of water at the vapor/water interface, as well as the
structure of the corresponding H-bond network. These struc-
tural effects are shown to be directly related to the dielectric
properties at the interface. To the best of our knowledge,
our work represents the most extensive AIMD simulation
to date.

The liquid water density of the vapor/liquid interface as a
function of the z-coordinate is given in Figure 1. This density
profile is fitted to the usual hyperbolic tangent function given

as
p(z) = a(l +tanh(—z_éz‘3>>
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Figure 1. Density profile of the calculated water slab.

Table 1. Thickness Parameter (0) of the Interface and the Bulk
Density for Various Water Models

BOMD/BLYP-D CPMD/ Dang &

(thiswork) ~ BLYP?? Chang®® TIP4P-FQ”!
o (A) 1.71 0.78 1.45 1.58
Bulk density (g/cm?) 1.01¢ 0.86 0.98 1.01

“The density of water in the region 10 A < z < 35 A in Figure 1.

with the Gibbs dividing surface, i.e., the location where the
average density equals 50% of the bulk density, denoted by
zg, while 0 is a thickness parameter in the fitting. In this
expression, a = 0.505 g/mL, z; = 44.6 A,and 0 = 1.71 A
(a =0.506g/mL,z; = —1.838A,andd = 1.53 A for the other
side). If the interface is defined as usual to be the region where
the density drops from 90 % of the bulk density to 10%, here
denoted using the notation [90, 10], the interfacial thickness
A = 2.1978 = 3.8 A. In connection with the surface specific
SFG selection rule, where there will be signals whenever a net
orientational ordering is present, in this work we define the
approximate interfacial region to be [95, 5], or zg £ 1.50. The
bulk region is defined as 10 A < z < 35 A based on visual
inspection of the density profile shown in Figure 1. Although
we always considered both sides of the slab and confirm their
consistency in the remainder of the paper, we report here only
on interfacial properties for the upper side.

In Table 1, we compare the thickness parameter and the
bulk density of water for various water models. Since it is
well-known that the inclusion of van der Waals interactions
systematically improves the density of liquid water,?® we
have augmented our calculations by an empirical dispersion
correction term.>? In this way, we obtain a bulk water density
of 1.01 g/cm’, which is in excellent agreement with the
experimental value of 0.98 g/cm®. In particular, it is higher
than the 0.86 g/cm”’ reported by Kuo and Mundy,** which
was obtained using the standard BLYP functional. Those
authors also observe a much smaller interface thickness
(0.78 A) than found in the current calculation (1.71 A), which
is also closer to the results based on empirical but polarizable
water models (1.45—1.78 A).?'*? We wish to note that the
bulk water density we observe is sustained for the whole
length of the trajectory, which suggests the absence of a
glassy state in liquid water in agreement with earilier
calculations.”
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Figure 2. 2D-PMF-based H-bond definitions. Definitions of the
water configurations are also shown by the schematic picture on
the right. All distances are in A. The contours are in units of kg7, and
the black lines define the surfaces passing through the saddle
point, 1.21 kgT and 1.22 kT, respectively, for (R,a) and (r,3)
combinations.

Energetic or geometric criteria are often used to determine
whether a pair of water molecules are H-bonded or when a
H-bond is broken, in order to facilitate the discussion of
experimental and theoretical results. Since the distribution
of water—water H-bonds is continuous, the sharp division of
conventional H-bond definitions is arbitrary, and any analysis
based on this arbitrary division would be affected by the
H-bond parameter chosen. Therefore, contrary to the fixed
distance-only or fixed distance—angle pair definitions typi-
cally used in the literature, we use the radial-angle joint
distribution function and the potential of mean force (PMF)
calculated from it, as suggested by Kumar et al.>* This H-bond
definition is parameter-free. Specifically, an equipotential
region of the 2D PMF surface that passes through the saddle
point and encircles the minimum is considered to be the
H-bonded state, while all other combinations of (R,o) are
considered to be H-bond broken or free OH bonds. In Figure 2,
for example, two water molecules are regarded as H-bonded if
their relative distance and orientation (R,0) are within the
solid line encircling the minimum of this 2D-PMF plot. Using
this construction scheme, we have created custom H-bond
definitions for the bulk and the interface region. Alternatively,
it is also possible to construct H-bond definitions with respect
to different pairs, such as (r,5), as shown in Figure 2.

For theoretical estimates of F and the average number of
H-bonds per water molecule (nyg), we decompose the H-bond
configurations for the bulk as well as for the interface into
the ND, SD, and DD species using various H-bond definitions.
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Table 2. Populations of the DD, SD, and ND Configurations of Water Molecules in the Bulk and at the Interface®

2D PMF 2D PMF Wick et al, ref 32 Kuo & Mundy, ref 22 heat of melting ~ SFG experiment
(R,a0) rp) (r < 227A, 6 > 150°) (r < 227A, [ > 140°) data (ref 23) (ref 35)
bulk surface bulk surface bulk surface bulk surface bulk surface
DD 0.84 0.49 0.84 0.48 0.42 0.30 0.40 0.14
SD 0.15 0.45 0.15 0.45 0.48 0.56 0.45 0.66
ND 0.01 0.06 0.01 0.07 0.08 0.14 0.12 0.19
F (free OH) 0.08 0.29 0.08 0.29 0.32 0.42 0.35 0.52 0.15 0.25
(Nug) 3.7 2.9 3.7 2.8 2.7 2.4 2.5 1.9 3.4 3.0

“When we use the H-bond definition inref 22 (r < 2.27 A,ﬁ > 140°) for the present ab initio trajectory, we obtain ND = 0.10,SD = 0.43,and DD =
0.47 for bulk water ((nyyg)s = 2.77), and ND = 0.21,SD = 0.52, and DD = 0.27 for surface ((nyg)s = 2.13). With the fixed definition (r < 2.27 A, 8 >
150°) inref 32, we obtain ND = 0.05,SD = 0.33,and DD = 0.62 for bulk water ((nyg)z = 3.12),and ND = 0.14, SD = 0.50, and DD = 0.36 for surface
((nus)s = 2.44).

The corresponding results are summarized in Table 2. Both of
our 2D-PMF-based H-bond definitions give very similar results
for bulk water, where the tetrahedral DD configuration is the
dominant species, with about 84 % , which results in Fg 2~ 0.08
and (nup)s ~ 3.7. These theoretical estimates yield a bulk
water structure that is somewhat more crowded as compared
to the experimental estimates, Fg(exp) ~ 0.15 and (nyg)s-
(exp) = 3.4.*> Using the corresponding PMF-based H-bond
definitions, the interface consists of approximately 50 % DD,
45% SD, and 5% ND species, which gives Fs ~ 0.29 and
(nug)s ~ 2.8, respectively. The values of Fs and (nyg)s are close
to the experimentally observed fraction of surface water
molecules that have one free OH bond, i.e., Fs(exp) = 0.25
and {np)s(exp) = 3.0, from SFG measurements.””
However, the computed fraction of interfacial ND species
using our PMF-based H-bond definitions of the present study
(6—7%) is, by a factor of 2—3, substantially smaller than the
previous theoretical estimates of Kuo and Mundy®*’?
(14—19%). In other words, our current AIMD results do not
support the conjecture of a significant population of ND
species at the vapor/water interface. By further inspection,
we find that the theoretical results in ref 22 yield Fs ~ 0.52,
which is more than twice as large as the SFG derived fraction
of 0.25 or the present AIMD result Fs ~ 0.29, which imme-
diately suggests that the liquid water surface is somewhat less

doo /A

don /A

36 38 40 42 44 46

reactive than proposed. Furthermore, since for bulk water zIA

<nHB>B.% 2.5=2.7 in ref 22, which is not only smaller than the Figure 3. Average OO and intramolecular OH_distances as a
experimental value {nyg)s & 3.4, but would also be incompa- function of the depth position z (all distances in A).

tible with the traditional tetrahedral picture of liquid water, we

find it suggestive to attribute the deviation to a too restrictive The average oxygen—oxygen distance is typically in-
H-bond definition, whose parameters were chosen to sample creased at the interface, compared to bulk water.”® In fact,
the experimentally determined hydrogen bond population an expansion by about 6% has been observed in recent
within arbitrarily chosen 4o of the distance distribution.** In extended XAS fine structure experiments.’® Instead, most
fact, the importance of the particular H-bond definition on the empirical water models, polarized or not, such as TIP4P,
population of the various species at the liquid/vapor interface TIP4P-POL2, and TIP4P-FQ, all predicted a shortening of
is well-known.?" Using the same H-bond definition as in ref 22 the average O—O distance except for the Dang—Chang
and a surface thickness of |zin| = zs — 2 A, we find that for the model, which predicts an expansion by 0.01 A (<0.5%).”’
liquid/vapor interface the fraction of ND configurations in- On the other hand, DFT-based CPMD calculations predict an
creases from 6—7 % to 21 % (Table 2) using AIMD trajectories expansion of 0.03 A (1 %).”">* In Figure 3, we plot the average
from the present simulations. Also, the higher bulk water O—0O distance distributions of the H-bonded water molecules
density of the present AIMD simulation (1.01 g/cm’ vs 0.86 as a function of the z-coordinate.

glcm?) is another possible cause for the different surface The current simulation predicts a similar elongation to
structures. previous DFT calculations, that is, an increase in the O—0O
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Figure 4. Orientational distribution of free OH bonds P(cos Oop)
as a function of the tilt angle 6oy using the 2D-PMF-based H-bond
definition and an interfacial thickness defined as zg & 1.50.

distance by about 0.02 A (<1%). Even though it may be
desirable to re-examine the extent of the surface relaxation
effect using hybrid functionals that include at least partially
Hartree—Fock exchange®” or nuclear quantum effects,”® at
this point we can not confirm an O—O expansion that is as
large as 6 % . Incidentally, the same authors of ref 36 have
lately revisited the TIY-XAS spectra of liquid water and
suggested a potential reconsideration of earlier EXAFS mea-
surements whose quantitative analysis yielded an OO dis-
tance increase of 6% at the liquid water interface.®*
Therefore, not just theoretically, but also experimentally
revisiting this question may be helpful.

A partial orientational ordering of water molecules occurs
at the vapor/water interface, with free OH bonds preferen-
tially protruding out of the water toward the vapor phase.
Experimentally, the orientation of free OH bonds at the vapor/
water interface has been deduced from SFG measurements
by assuming a particular form for the orientational distribu-
tion function.” Typically, either Gaussian or Heaviside step
functions are used, which yield (Oop;) & 30—35°, where Ogy, is
the angle between the free OH bond and the surface normal.
In contrast to these experimental interpretations, most pre-
vious MD simulations with various water models predicted an
average tilt angle that is considerably closer to the plane of the
surface, ranging between (fop) = 60 and 80°. The determi-
nation of the experimental (fo) from SFG depends on some
assumptions and approximations involved in the analysis.
Likewise, the computational estimates depends on the defini-
tion of the interfacial thickness, the H-bond definition used in
the analysis, as well as the particular empirical or first-
principles water potential.

In Figure 4, we plot the orientational distribution of free
OH bonds P(cos Ooy) as a function of the tile angle O using
the 2D-PMF-based H-bond definition and an interfacial
thickness defined as zg & 1.59. We smooth the data with a
cubic spline function (solid line) for presentation purposes.
We use equal weights for all surface layers when calculating
the orientational distribution function and tilt angle average.
The maximum of the broad distribution occurs at 45 — 65°
with an average of 56°. The distribution shown in Figure 4 is
not well characterized by either a Heaviside or Gaussian
function.

v © 2010 American Chemical Society

109

pubs.acs.org/JPCL

Layer 1

CcOS Oon

40 41 42 43 44 45 46 47
z/IA
Layer 2 Layer 1
K3

Ccos Owp

40 41 42 43 44 45 46 47

zIA

Figure 5. Orientational distribution of (a) all OH bonds and (b)
lone pairs as a function of the depth position near the interface z
(all distances in A).

To understand the H-bonded structure of water at the
interfacial region, we separately analyzed the orientational
distribution of all OH bonds (both free and H-bonded). They
are plotted in Figure 5a. First of al,l we find that only the two
layers on top of the slab obey structural order. In the upper-
most layer, the highest probability occurs for cos 0oy~ 1 = 0°
and —0.4 = 110°, which corresponds to OH bonds that are
sticking out of the water into the vapor phase but also to OH
bonds that are pointing toward the second subjacent layer. In
this second layer, the maxima of the distribution function are
antipodal to the first layer, i.e., the OH bonds tend to point on
one hand into the bulk phase, but also toward the overlying
layer.

Although the free OH bonds can be probed and interpreted
in terms of their orientations using SFG, the free lone pairs
(lone pairs that are not H-bonded to other water molecules) of
oxygen are difficult to probe. For the latter lone pairs, com-
puter simulations can particularly be helpful to understand
whether the lone pairs may also have a preferential orienta-
tional ordering like free OH bonds. Therefore in Figure 5b, we
plot P(cos 0,p) for the lone pair electrons of oxygen at the
interface. The lone pairs are assumed to form an angle of
104.5° and are located perpendicular to the HOH plane along
the bisector of the HOH angle. A recent MD study with the
fixed charge water models’” indicated that the orientational
ordering of the lone pairs depends strongly on the water
model used, 3-, 4-, or 5-site models. Our ab initio calculations
are not biased with such empirical structural models, and
would suggest a more rigorous structural picture regarding the
lone-pair orientations. As can be seen in Figure 5b, the present

DOI: 10.1021/jz101391r | J. Phys. Chem. Lett. 2011, 2, 105-113



THE JOURNAL OF

PHYSICAL CHEMISTRY
[etters

1 - T
surface
free OH =
0.8 bulk
0.6 1
A
=2
= 04
s
\
0.2 1
0 o
02 . . . . N .
0 10 20 30 40 50 60 70
t(ps)

Figure 6. Molecular reorientation time of the bulk water, surface
water, and the free OH bonds.

DFT calculations suggest that there is only a small probability
of lone pair orbitals that protrude out of the first and second
layers into the gas and bulk phase, respectively. However, at
the same time there are probability maxima where lone pairs
of the topmost layer are pointing into the second layer and
vice versa. Among the empirical models tested in ref 39, the
3-site SPC/E model yields a lone pair orientation similar to that
of the current DFT results. Combining the orientational order-
ing of OH bonds and the lone pairs of oxygen, a layered
structure of water similar to the ice surface can be deduced, as
in Scheme 1b.

Calculation of the molecular reorientation time is of parti-
cular interest, as it gives further information about the local
environment and can be probed experimentally by dielectric
relaxation (DR) techmques.40 Indeed, critical understanding
about the nature of water molecules at the surface of biolo-
gical molecules, colloids, and hydrophobic solutes have arisen
from these DR experiments.*' Computationally, the charac-
teristic reorientation time 7 is calculated as the integral of the
dipole moment autocorrelation function ¢(t)

B () -m(0))
v = fold - (M(0)-1(0))

where M(?) is the total dipole moment and (...) represents the
statistical ensemble average (see Figure 6).** We use the fixed
charges of the SPC water model when calculating the dipole
moments. The method of Kuo et al.’" is employed to calculate
the interfacial residence time, while the method of Impley
et al.*’ is used to obtain the bulk residence time.** To that
extent, we have only considered water molecules that either
stayed in the particular region of interest for the entire 60 ps,
or may have left that region but returned within 0.1 ps. The
calculated residence times for the water molecules at the
interface is 7.5 ps in comparison to 4.8 ps in the bulk for water
molecules moving out of the first solvation shell.

Using eq 3, we find that the surface water molecules have a
3-fold smaller reorientation time than bulk water molecules,
namely, 3.9 ps versus 11.5 ps, which is consistent with a prior
ab initio MD simulation for which 1.5 ps of data were
provided®' (versus more than 60 ps in the present work), as

(3)
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well as simulations using classical forcefields.”'** The reori-
entation time obtained for the bulk is a collective correlation
time of the system®* and can be compared to the principal
relaxation time of 8.32 ps for bulk liquid water obtained from
DR measurements.*>*° Our value is about 40 % greater than
experiment. Note that a molecular-level interpretation of this
“collective relaxation” is still controversial and beyond the
scope of this work.*”*® Meanwhile, our value of 3.9 ps
obtained for the interface is more like a single-particle correla-
tion time and can be compared to the molecular reorientation
time of 2.1 ps at 300 K obtained from NMR measurements.*’
Perhaps due to a smaller average number of H-bonds at the
interface, the surface orientational relaxation time of the
water molecules is shorter than the one of bulk water. By
analyzing only the ND and SD water molecules at the surface,
we calculate a relaxation time of 2.6 ps, or 33 % less than the
total from all surface water molecules. Those surface water
molecules with at least one free OH bond have even shorter
reorientation times than the average surface water molecules,
most likely due to an even smaller number of H-bonds.

To summarize, in this work we used a novel Car—
Parrinello-like approach that is very accurate, but at the same
time at least 1 order of magnitude more efficient than
previous algorithms, to study the vapor/water interface. By a
now possible extensive sampling of the molecular configura-
tions, we address the controversy of whether there is a
significant amount of acceptor-only configurations at the
vapor/water interface. In agreement with SFG measurements,
but at variance to previous XAS experiments and AIMD
simulations, we find no signature for a significant amount of
acceptor-only configurations.

We also determined the tilt angle average of the free OH
bonds normal to the interface to be {(fop) = 56°, somewhat
larger than the 30—35° deduced from SFG measurements
assuming a particular form of distribution such as delta,
Gaussian, or Heavyside step functions for the orientational
distribution function. Our computed distribution using first-
principles calculations, however, is not characterized by any of
the model functions, but is shown to be much broader.

Furthermore, we find that only the uppermost layers are
structurally ordered. In this band close to the surface, we
observed an expansion (< 1 %) of the average O—O distance
as shown experimentally, even though to a much less distinct
extent. The orientational relaxation time of the surface water
molecules is much smaller than that of the bulk water
molecules, most likely due to the smaller number of H-bonds
at the interface. Surface water molecules with only dangling
OH bonds reorient even faster than the rest of surface water
molecules due to its “free” nature.

METHODS AND COMPUTATIONAL DETAILS

Since the direct Born—Oppenheimer MD (BOMD) ap-
proach, where the energy functional is fully optimized in
every MD step, would have been prohibitive, we employ here
the recently devised “Car—Parrinello-like approach to Born—
Oppenheimer MD” of Kiihne et al.,>® which has already
demonstrated its superior efficiency.”' In the spirit of the
original Car—Parrinello MD (CPMD) scheme,®* during the
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dynamics, the electronic wave functions are not self-consistently
optimized. However, at variance to CPMD, in this approach
the fictitious Newtonian dynamics of the electrons and ions
is substituted by a similarly coupled electron-ion MD, which
does not require the definition of a fictitious mass parameter,
but at the same time keeps the electrons very close to their
instantaneous electronic ground state. As a consequence,
the time step can be chosen to be as large as the particular
ionic resonance limit, while simultaneously preserving the
efficiency of CPMD. By this means, the best aspects of the
BOMD and CPMD methods are unified, which not only extends
the scope of either method but allows for ab initio simulations
previously thought to be unfeasible. The dynamics thus
obtained is slightly dissipative of the type —ypR,, where R,
are the ionic coordinates. Reference 50 describes how to
compensate for this dissipation by devising a modified
Langevin equation and still obtain a correct canonical sam-
pling of the Boltzmann distribution.

Our model of the liquid/vapor interface consists of a bulk
water part with 384 light water molecules in an orthorhombic
box of dimension 15.64x 15.64x46.92 A® plus an additional
vacuum along the surface direction subject to periodic bound-
ary conditions (PBC). The simulations are performed in the
canonical (NVT) enemble at 300 K using an integration time
step of At = 0.5 fs.

Before starting the actual AIMD, the sample is prepared by
equilibrating the bulk water part under three-dimensional
(3D) PBC for 1.25 ns using the empirical SPC/Fw water
potential in conjunction with the FIST module of CP2K.*’
Thereafter the interface is created by interfacing the bulk with
10 nm vacuum, before re-equilibrating it again for 1.25 ns.

The DFT-based AIMD simulation is conducted using a
modified version of the mixed Gaussian and plane wave
code®* CP2K/Quickstep.”® In this method, the Kohn—Sham
orbitals are expanded in contracted Gaussians, whereas the
electronic charge density is represented using plane waves.
For the former, we use an accurate triple-basis set with two
additional sets of polarization functions (TZV2P)>° while for
the latter we employ a density cutoff of 320 Ry. The unknown
exchange and correlation potential is substituted by the BLYP-
D generalized gradient approximation plus a damped intera-
tomic potential to account for van der Waals interactions.*®
Because the system is disordered with a large band gap, the
Brillouin zone is sampled at the I'-point only. Interactions
between the valence electrons and the ionic cores are de-
scribed by norm-conserving pseudopotentials.””*® The Poisson
problem is tackled using an efficient Wavelet-based solver,>’
which allows for a rather small vacuum portion chosen to be
8 A on both sides along the nonperiodic direction. The
parameter for the modified Langevin equation is adjusted
tobe yp = 9.85 x 107° fs~!, while the elctronic degrees of
freedom are propagated as described in ref 60 (K = 7).
Before statistics are eventually accumulated for 125 ps, the
whole system is once again equilibrated for 25 ps.
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