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In this Letter, we evaluate the relationship between aqueous hydrogen bonding and interfacial
molecular structure at the liquid water-vapor interface. We present a mean-field model of interfa-
cial structure that can be used to compute the depth dependent orientational distribution of water
molecules. Using this model we demonstrate that the primary features of water’s interfacial molecu-
lar structure reflect the hydrogen bonding preferences of individual water molecules immersed within
the anisotropic mean interfacial density field. We find that the polarization and polarizability of
the interfacial environment are sensitive to distortions in the hydrogen bonding network that arise
due to correlated molecular interactions. We identify a specific type of three-body hydrogen bond
defect that is preferentially stabilized at the interface and contributes significantly to these inter-
facial properties. Our results reveal that the dielectric properties of the liquid water interfaces are
influenced by collective molecular interactions that are unique to the interfacial environment.

The dielectric properties of liquid water are determined
in large part by the orientational fluctuations of dipolar
water molecules [1–4]. Near a liquid water-vapor inter-
face these orientational fluctuations are anisotropic, lead-
ing to dielectric properties that differ significantly from
their bulk values [5–7]. These differences are fundamen-
tal to interface-selective chemical and physical processes
[8–11], but they are generally difficult to predict with-
out the use of atomistic simulation [12, 13]. In this
Letter, we attempt to understand these differences in
terms of the statistical mechanics of hydrogen bonding
at the liquid water-vapor interface. Using a mean-field
model, we demonstrate that the primary features of wa-
ter’s interfacial molecular structure are determined by
the molecular orientations that best facilitate tetrahedral
hydrogen bonding within the constraints imposed by the
anisotropic interfacial density field. Using this model,
we show that interface-specific variations in the orienta-
tional polarization and polarizability are the results of
distorted non-tetrahedral hydrogen bonding structures
that arise due to correlated molecular interactions. By
analyzing the results of atomistic simulation we identify
a specific type of non-tetrahedral hydrogen bond defect
that is preferentially stabilized at the interface by three-
body interactions. We then show that defects of this type
contribute significantly to the unique dielectric properties
of the interfacial environment.

Our microscopic understanding of interfacial molec-
ular structure derives primarily from a combination of
surface-sensitive experiments, such as vibrational sum
frequency generation [14–17], and atomistic simulation
[18–21]. This combination has revealed that the inter-
facial environment contains depth dependent molecular
populations that vary in their orientational alignments.
The details of this depth-dependent orientational molec-
ular structure cannot be completely determined from ex-
isting experimental data alone, so we currently rely on
molecular simulation to make up for our lack of experi-

mental resolution. The structural predictions of molecu-
lar dynamics simulations carried out using classical force-
fields are consistent with the available experimental data
[22, 23]. Based on this consistency we treat the result-
ing interfacial structure as a reference to parameterize
our model and evaluate its performance, noting that we
would expect similar results if we based our model on
more computationally expensive first-principles simula-
tions [24].

Atomistic simulations of the liquid-vapor interface ex-
hibit capillary wave-like undulations in the position of the
liquid surface [25, 26]. These undulations are problematic
for studies of interfacial molecular structure because they
tend to blur out may of the molecular details. To avoid
this, we utilize the dynamic frame of reference of the in-
trinsic interface [21]. In this frame of reference, molecular
coordinates are defined relative to the time varying po-
sition of the instantaneous liquid phase boundary. This
method effectively projects out the inherent spatial de-
formations of the liquid interface, leaving behind only the
intrinsic molecular details. Since the deformations that
are projected out in this reference frame are well char-
acterized by capillary wave theory [27–30], their omitted
effects are trivial to reincorporate. To transform into the
reference frame of the intrinsic interface we follow the
procedure described in Ref. 21.

Atomistic simulations have revealed that molecu-
lar structure of the intrinsic water-vapor interface is
anisotropic extending about 1 nm into the bulk liquid
[21, 31]. This anisotropic molecular structure can be de-
composed into two separate components: (1) an inter-
facial density field, ρ(r), where r denotes the position
measured relative to the instantaneous interface, and (2)
a position-dependent probability distribution for molec-
ular orientations, P (~κ|r), where ~κ uniquely specifies the
rotational configuration of a water molecule. The in-
terplay between these two components is mediated by
a combination of molecular packing effects and collec-
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tive hydrogen bonding interactions. Here we consider
only one side of this interplay by focusing specifically on
P (~κ|r) and how it is influenced by the characteristics of
ρ(r). We show that the general structure of P (~κ|r) can
be determined simply by considering the influence of ρ(r)
on the hydrogen bond preferences of a individual water
molecules.

To formalize the relationship between P (~κ|r) and ρ(r)
we have developed a mean-field model of interfacial hy-
drogen bonding. In our model, P (~κ|r) is computed based
on the orientational preferences of a single probe molecule
immersed in the anisotropic mean density field of the in-
trinsic interface, ρ(r). As illustrated in Fig. 1(a), the
probe molecule is modeled as a point particle with four
tetrahedrally coordinated hydrogen bond vectors, de-
noted b1, b2, b3, and b4. The length of these vectors
are chosen to correspond to that of a hydrogen bond,
so that each vector indicates the preferred position of
a hydrogen bond partner. The absolute orientations of
these tetrahedral hydrogen bond vectors are specified by
~κ. Furthermore, to mimic the hydrogen bonding proper-
ties of water, each bond vector is assigned a directionality,
with b1 and b2 acting as hydrogen bond donors and b3

and b4 acting as hydrogen bond acceptors.
The probe molecule interacts with the interfacial den-

sity field via an empirical hydrogen bonding potential.
This potential specifies the energy of a probe molecule
with position r and orientation ~κ as,

E(~κ, r) =
4∑

i=1

εwni(r,bi) , (1)

where εw is the energy associated with forming a hydro-
gen bond and ni is a binary variable that indicates the
hydrogen bonding state of the ith bond vector. Specifi-
cally, ni = 1 if the probe molecule has formed a hydrogen
bond along bi, and ni = 0 if it has not. We treat the
ni’s as independent random variables that are distributed
according to,

ni(r,bi) =

{
1, with probability PHB(ri),
0, with probability 1− PHB(ri),

(2)

where ri = r + bi denotes the terminal position of the
ith bond vector and PHB(ri) specifies the probability for
successful hydrogen bonding at position ri.

In the context of this model, the probability for a
molecule at position r to adopt a given orientation, ~κ,
can thus be expressed as,

P (~κ|r) =
〈
e−βE(~κ,r)

〉
b
/Z(r), (3)

where 〈· · · 〉b denotes an average over all possible hydro-
gen bonding states (i.e., variations in the ni’s), 1/β is
the Boltzmann constant, kB , times temperature T , and
Z(r) =

∫
d~κ
〈
e−βE(~κ,r)

〉
b

is the orientational partition

function for the probe molecule at position r. By evalu-
ating the average explicitly, the numerator of Eq. (3) can
be written as,

〈
e−βE(~κ,r)

〉
b

=
4∏

i=1

[
1 + PHB

(
ri)(e

−βεw − 1
)]
. (4)

Together, Eqs. (3) and (4) provide a general analyti-
cal framework for computing the orientational molecular
structure of an interface with a given density profile.
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FIG. 1. (a) Schematic depiction of the mean-field model show-
ing a probe molecule with tetrahedrally coordinated bond
vectors (white for donor, blue for acceptor) within the liq-
uid (blue shaded region) at a distance aprobe from the posi-
tion of the instantaneous interface (solid blue line). A plot
of the interfacial density profile, ρ(a), obtained from the MD
simulation with TIP5P water [32], is shown with dotted lines
indicating the termination points of bond vectors b1 and b3.
Panels (b) and (c) contain plots of the orientational distri-
bution function, P (cos θOH|a) (see Eq. (5)), as indicated by
shading, computed from atomistic simulation and from the
rigid tetrahedral model respectively.

In this model, molecular orientations are determined
only through direct hydrogen bonding interactions. The
properties of these interactions are specified by the geom-
etry of the bond vectors, the hydrogen bond probabilities,
PHB(r), and the form of energy function in Eq. (1). Vari-
ations in hydrogen bonding geometry can be described by
allowing the bi’s to vary in length and relative angle, and
non-geometric variations in hydrogen bonding, such as
orientational correlations, can be described by modifying
the characteristics of E(~κ, r) and PHB(ri). The ability
to vary the functional description of hydrogen bonding
in this model enables a systematic approach to inves-
tigating the microscopic origins of interfacial molecular
structure.

In this Letter, we simplify PHB(ri) by assuming that
the probability to form a hydrogen bond at position ri
is simply proportional to the mean water density at that
position, i.e., PHB(ri) ∝ ρ(ri), where the value of the pro-
portionality constant is based on bulk hydrogen bonding
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statistics. Furthermore, we assume that the intrinsic in-
terface is laterally isotropic and planar on length scales
∼ dHB. This assumption enables the interfacial density
field to be described in terms of an one-dimensional func-
tion, ρ(a), where a denotes the distance from the instan-
taneous interface measured perpendicular to the interfa-
cial plane, i.e., the depth into the liquid. The function
PHB is similarly simplified by this assumption, taking the
form PHB(ai) ∝ ρ(ai), where ai is given by ai = a−bi ·n̂,
and n̂ is the unit vector normal to the plane of the inter-
face (see Fig. 1(a)).

For the results presented below, we present compar-
isons of our model specifically to the results of classical
simulations with the TIP5P force field [33], although we
have compared to other standard force fields and found
them to yield similar results and identical conclusions
[32]. For statistical and graphical convenience we express
this comparison in terms of the reduced orientational dis-
tribution function,

P (cos θOH|a) =

∫
d~κP (~κ|a)

[
1

2

2∑

i=1

δ(cos θi − cos θOH)

]
,

(5)
where the summation is taken over the two donor bond
vectors, cos θi = bi · n̂/|bi|, and δ(x) is the Dirac delta
function. We determine the one free parameter in our
model, εw, by minimizing the Kullback-Leibler diver-
gence between P (cos θOH|a) computed from our model
and that from atomistic simulation [32]. This param-
eterization yields εw = −1.4 kBT . Notably, this value
is significantly lower than typical hydrogen bond ener-
gies [34, 35]. We reconcile this apparent discrepancy by
noting that the model parameter εw represents an effec-
tive hydrogen bond energy, and therefore includes the
stabilizing effects of the liquid environment on broken or
highly distorted hydrogen bonds that have been observed
through X-ray absorption [36, 37].

The orientational polarization and polarizability of
the liquid water-vapor interface can be computed from
P (~κ|a). We specify orientational polarization in terms of
the average dipole field,

〈µn̂(a)〉 = µw

∫
d~κP (~κ|a) [µ̂(~κ) · n̂] , (6)

where µ̂(~κ) is the unit dipole vector of tagged molecule in
particular orientation (i.e., µ̂ = (b1 +b2)/|b1 +b2|) and
µw is the dipole moment of an individual water molecule.
Similarly, the orientational polarizability can be related
to the fluctuations in the dipole field [2],

〈(δµn̂(a))2〉 = µ2
w

∫
d~κP (~κ|a) [µ̂(~κ) · n̂]

2−〈µn̂(a)〉2. (7)

We evaluate the accuracy of our model by comparing the
functions in Eqs. (5)-(7) to the same quantities computed
from atomistic simulations.

We begin by considering an idealized implementation
of our model in which the hydrogen bond vectors are of
fixed length, dHB = 2.8 Å (i.e., the equilibrium hydro-
gen bond distance [35]), and rigidly arranged with per-
fectly tetrahedral order. As illustrated in Fig. 1(b)-(c),
this rigid tetrahedral model exhibits the same depth de-
pendent patterns that have been observed in simulation
results. The close qualitative agreement in P (cos θOH|a)
between the rigid tetrahedral model and atomistic simu-
lation implies that the orientational molecular structure
of the liquid water-vapor interface is dominated by simple
density-driven constraints on local hydrogen bonding.

Despite the ability of the rigid tetrahedral model to
reproduce the structure of P (cos θOH|a) from atomistic
simulation, it fails to accurately describe interfacial vari-
ations in orientational polarization and polarizability.
We observe that atomistic simulation predicts significant
changes in both 〈µn̂(a)〉 and 〈(δµn̂(a))2〉 at the inter-
face, whereas these variations are not captured by the
rigid tetrahedral model, which actually predicts no depth
dependence in these quantities (Fig. 2). This depth-
independent behavior is a mathematical consequence of
the assumptions that hydrogen bonding is perfectly tetra-
hedral and energetically symmetric [38]. Interfacial varia-
tions in orientational polarization and polarizability must
therefore arise through a combination of (1) distortions
in tetrahedral coordination geometry and (2) asymmetry
in donor/acceptor hydrogen bond energies. These effects
can emerge spontaneously in the bulk liquid due to ther-
mal fluctuations, however, they are highly exaggerated
in the vicinity of the liquid-vapor interface as the result
of correlated molecular interactions.
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FIG. 2. Interfacial mean dipole orientation, 〈µn̂(a)〉, and
dipole fluctuations, 〈(δµn̂(a))2〉, computed from atomistic
simulation and our mean-field model with different implemen-
tations. Solid red lines (MD) correspond to atomistic simula-
tion data. Dashed (Rigid-Tet) and solid (3-Body-Fluct) blue
lines correspond to the rigid tetrahedral model and the three-
body fluctuation model (see Eq. (8)), respectively.

We quantify the hydrogen bond geometry of individual
molecules by specifying the inter-bond angle, ψ, between
pairs of hydrogen bonds. As Fig. 3(a) illustrates, there
are six such angles for a molecule with four unique hydro-
gen bond partners. The probability distribution for this
angle, P (ψ), computed from atomistic simulation is plot-
ted in Fig. 3(b). This plot highlights that the interfacial
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FIG. 3. (a) A schematic illustration of the angles used to
quantify hydrogen bond geometries. (b) Probability distribu-
tions for inter-bond angles, ψ, generated from atomistic simu-
lation, computed separately for donor-donor (D-D), acceptor-
acceptor (A-A), and donor-acceptor (D-A) pairs of bonds
[32]. Solid and dashed lines correspond to statistics generated
within the bulk liquid and at the interface (i.e., |a| < .1 Å)
respectively. (c) Average direct interaction energy, u(φ), ex-
pressed in units of the average bulk hydrogen bond energy,
EHB = 9.0 kBT , between a tagged molecule and individual
hydrogen bond partners, computed separately for donor and
acceptor bonds. (d) Average direct interaction energy, v(ψ),
between two hydrogen bond partners of a tagged molecule, as
indicated by the dotted arcs in panel (a), computed separately
for the case of two donor partners, two acceptor partners, and
one acceptor and one donor.

environment features highly distorted non-ideal hydro-
gen bond geometries that depend on the directionality
(i.e., donor or acceptor) of the two adjacent hydrogen
bonds. Specifically interfacial inter-bond angles are nar-
rowed relative to that of the bulk, and this narrowing is
especially significant between bonds with like direction-
ality. Furthermore, as illustrated in Fig. 4(a), we observe
a significant increase in the relative fraction of highly dis-
torted hydrogen bond configurations within the first 2 Å
of the interfacial region.

The energetic properties of these highly distorted hy-
drogen bonds differ from those that are typical of the bulk
liquid. For instance, as Fig. 3(c) illustrates, the aver-
age direct interaction energy between a tagged molecule
and one of its hydrogen bond partners is significantly
weakened when the bond is distorted away from its pre-
ferred tetrahedral geometry (i.e., φ is increased). De-
spite this weakening, however, we observe that highly
non-ideal hydrogen bond configurations can be stabi-
lized by favorable interactions between hydrogen bond
partners. As Fig. 3(d) illustrates, these interactions be-
come particularly favorable when ψ ≈ 60 deg, where
the hydrogen bond partners are separated by approx-
imately dHB, and thus well situated to form a hydro-

gen bond. The resulting structure, a triangular three-
body hydrogen bond defect, is ultimately unfavorable in
the bulk liquid where many alternate configurations exist
that satisfy the hydrogen bonding preferences of all three
molecules without requiring significant geometric distor-
tion. At the interface, however, this defect is stabilized
by an increased availability of broken hydrogen bonds
[39]. Due to the presence of the liquid phase boundary,
these broken bonds cannot all be satisfied without signif-
icant distortions in hydrogen bond geometries. We quan-
tify this stabilizing effect by computing the relative free
energy for squeezed triangular hydrogen bond defects,
β∆Fsqz(a) = − ln [Psqz(a)/(1− Psqz(a))], where Psqz(a)
denotes the probability to observe a molecule with po-
sition a that is part of such a defect [32]. As Fig. 4(b)
illustrates, these defects are more stable at the interface
than in the bulk liquid by about 2 kBT .
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the same colors of lines. (b) Interfacial profile of free energy
change associated with the distortion into a squeezed trian-
gular hydrogen bond defect. Plot shown above is for the case
including two donor bonds.

The interfacial polarization and polarizability are sig-
nificantly affected by the geometric distortions that arise
due to interfacial hydrogen bond defects. The effects
of these three-body interactions can be incorporated into
our theoretical framework by modifying the rigid tetrahe-
dral model to include an angle-dependent hydrogen bond
energy, to mimic Fig. 3(c), and by including an empirical
term to describe the energetic stabilization of triangular
hydrogen bond defects. To do this we allow the rela-
tive angles of the bond vectors to fluctuate subject to
the energetic variations observed in molecular simulation
data. Specifically, in the three-body fluctuation model, we
describe the energy of the probe molecule as,

E(~κ, a) =
4∑

i=1

ũα(φi)ni

+
∑

i<j

[ṽαγ(ψij)− λαγ(ai, aj , ψij)]ninj , (8)

where φi denotes the angle of deviation of bi from its
ideal tetrahedral orientation and ψij is the angle between
bi and bj (see Fig. 3(a)). In this expression the direct
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hydrogen bond energy, ũα(φ), is described separately for
donor and acceptor bonds, as denoted by the subscript
α, and has the functional form of the data plotted in
Fig. 3(c). Similarly, the effects of three-body interactions
are described by ṽαγ(ψ), which depends on the direction-
ality of the bonds involved in ψ, denoted by α and γ,
and has the functional form of the data in Fig. 3(d). The
three-body effects are attenuated by λαγ based on the
availability of broken hydrogen bond at ai or aj . The
implementation of this three-body fluctuation model is
described in complete detail in Supplemental Material
[32].

The three-body fluctuation model exhibits interface-
specific non-ideal hydrogen bond structure that is simi-
lar to that observed in atomistic simulation. As the inset
of Fig. 4(a) illustrates, this includes an interfacial en-
hancement of donor-donor and acceptor-acceptor angles
of ψ < 60 deg similar to that observed in atomistic sim-
ulation. We find that including the effects of three-body
hydrogen bond defects significantly improve the ability
of the model to accurately describe interfacial polariza-
tion and polarizability as illustrated in Fig. 2. These
effects do not, however, completely account for the in-
terfacial variations in 〈(δµn̂(a))2〉, which suggests that
interfacial polarizability likely contain additional contri-
butions from other microscopic effects, such as higher-
order many-body effects.

This mean-field model of interfacial hydrogen bonding
has revealed two fundamental details about the molec-
ular structure of the liquid water-vapor interface. First,
the rigid tetrahedral model has revealed that the primary
source of orientational constraints reflect the response of
individual molecules to the anisotropic environment. Sec-
ond, the three-body fluctuation model has revealed that
this source of orientational constraints does not affect the
polarization and polarizability. Rather, these dielectric
properties vary at the interface due to collective molec-
ular interactions, specifically in the form of three-body
squeezed triangular hydrogen bond defects. These de-
fects are especially common at the interface and struc-
turally different from those that have been found to play
an important role in orientational relaxation dynamics
within the bulk liquid [40]. Here we have identified the
origin of their enhanced interfacial stability and shown
that their presence is consistent with a simple model
of interfacial hydrogen bonding. This general theoreti-
cal framework for computing the orientational molecu-
lar structure of liquid water can be easily extended to
systems with different interfacial environments, such as
hydrated surfaces or non-aqueous molecular liquids.

We thank David Chandler, Liang Shi, and Rick C.
Remsing for the useful discussions. This work was sup-
ported by the National Science Foundation under CHE-
1654415 and also partially (SS) by the Kwanjeong Edu-
cational Foundation in Korea.
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