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ABSTRACT

Being ubiquitous in nature, liquid water interfaces host many important physical
and chemical processes. Most of these processes are affected by the properties of water
interfaces which depend on molecular details of the interfacial environments. It is thus
fundamental to understand microscopic features of a water interface for studying the
interfacial phenomena. In this work, we explore structural characteristics of various
water interfaces using the methods of molecular simulations and statistical mechanics.
Specifically, we describe the intrinsic molecular structure of a water interface in terms
of the anisotropic, depth-dependent distribution of water’s molecular orientation. We
also analyze the collective hydrogen bond network at the interface which determines
the orientational fluctuations of interfacial water molecules.

This dissertation consists of three separate studies on related but distinct subtopics.
First, we focus on the molecular structure and dielectric properties of the liquid water–
vapor interface. We present a statistical mechanical model of interfacial hydrogen
bonding which is capable of predicting the orientational distribution at the interface.
Using this model along with the atomistic simulations, we reveal that the hydrogen
bonding interactions of non-ideal geometries are responsible for the characteristics of
the interfacial dielectric properties.

Then, we introduce a general computational framework that can characterize the
interfacial properties of a hydrated solute from its atomistic simulation. This method
utilizes the orientational structure of interfacial water molecules which reflects the
microscopic informations about the solute’s surface. We demonstrate that our method
is applicable with both temporal and spatial resolutions to a chemically heterogenous
surface as well as an irregular surface. Therefore, it is useful especially for probing
the local hydration dynamics of a protein which is correlated with the conformational
fluctuations.

Finally, we study the effects of surface–water interactions on water’s interfacial
hydrogen bonding structure using a disordered model hydrophilic surface with tunable
polarity. We investigate the relationship between the surface polarity and interfacial
molecular structure using the characterization method previously introduced. Based
on a mean-field model of interfacial hydrogen bonding, we also quantify the energetic
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component of surface–water interactions that specifically contribute to modifying the
interfacial hydrogen bond network. We identify this specific energetic component as
a new measure for hydrophilicity.

Thesis Supervisor: Adam P. Willard
Title: Assistant Professor of Chemistry
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3.8 ũα(φ) compared with uα(φ) in the same scale. Solid lines are the
simulation data of uα(φ)/EHB, as originally shown in Fig. 3.5(c), and
circles indicate the rescaled energy functions that are optimized for the
accurate trend of 〈µn̂(a)〉. Gray and blue color correspond to α = D
and α = A, respectively. The blue dashed line corresponds to uA(φ|a =
1Å), i.e., the average direct interaction energy for a hydrogen bond
pair at a = 1Å. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.9 (a) Interfacial profiles of average number and energy of hydrogen bonds
through donor sites, rendered in orange and blue lines respectively. (b)
Illustration of a three-body interaction term implemented in our model.
Solid lines show the different energetic preferences for highly distorted
configurations depending on the interfacial depth of hydrogen bond
partner. Dashed line corresponds to ṽAA without the attenuation by
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Chapter 1

Introduction

Water is the most ubiquitous liquid in nature. Not only does it fill the oceans and
sky, but it also constitutes and sustains every living organism. Due to its ubiquity
and significance to life, water has been a popular topic to scientists and philosophers
for ages [1]. Especially over the recent decades, tremendous effort has been made
to understand the role of water in many important phenomena that involve chem-
ical species or biomolecules [2–13]. The development of molecular simulations and
high-performance computing resources enabled the investigation of water molecules
in a variety of conditions. In this work, we investigate the fluctuations in molecu-
lar orientations at water interfaces based on the methods of atomistic simulations
and statistical mechanics. This chapter provides basic informations about the hydro-
gen bonds in liquid water, which are fundamental to the correlations in molecular
orientations at a water interface and the interfacial molecular structure.

1.1 Hydrogen Bonds in Liquid Water

The water molecule (H2O) consists of two hydrogen and one oxygen atoms.1 It
has a bent structure with the oxygen at its center as illustrated in Fig. 1.1(a). For
an isolated water molecule, the angle formed between two OH bonds and the bond
length are 104.5◦ and 1.0 Å at equilibrium, respectively [14]. Although the oxygen and
hydrogen atoms are covalently bonded, the OH bond is electronically polarized toward
the oxygen because of its large electronegativity relative to that of a hydrogen. The
valence electrons are thus delocalized mostly around the oxygen atom, which makes
the molecular shape of an isolated water roughly spherical. The virtual boundary
of those electrons in molecular orbitals determines the molecular diameter,2 which is
about 2.8 Å [15].

The electronic polarization in the OH bond gives rise to the partial charges, which
are negative on the oxygen and positive on the hydrogens. As a result, a water

1Henry Cavendish discovered water’s composition for the first time in 1780s and Antoine Lavoisier
confirmed it in a separate way [1].

2It is also called the van der Waals diameter within which distinct molecules cannot share the
same space by Pauli’s principle.
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<latexit sha1_base64="JBY2BzA6BK2TV2YvYoKRs8SDyfQ=">AAAB7nicdVDJSgNBEO1xjXGLevTSGAQvDj2J2W4BLx4jmAWSIfT09CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfW8RAoNhHxYa+sbm1vbuZ387t7+wWHh6Lij41Qx3maxjFXPo5pLEfE2CJC8lyhOQ0/yrje5nvvde660iKM7mCbcDekoEoFgFIzUHfhcAr0cForEJtVKo0wwsSvEqTUahhBSrZdL2DFkjiJaoTUsvA/8mKUhj4BJqnXfIQm4GVUgmOSz/CDVPKFsQke8b2hEQ67dbHHuDJ8bxcdBrExFgBfq94mMhlpPQ890hhTG+rc3F//y+ikEdTcTUZICj9hyUZBKDDGe/459oTgDOTWEMiXMrZiNqaIMTEJ5E8LXp/h/0inZDrGd26ti017FkUOn6AxdIAfVUBPdoBZqI4Ym6AE9oWcrsR6tF+t12bpmrWZO0A9Yb59gx4+I</latexit><latexit sha1_base64="JBY2BzA6BK2TV2YvYoKRs8SDyfQ=">AAAB7nicdVDJSgNBEO1xjXGLevTSGAQvDj2J2W4BLx4jmAWSIfT09CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfW8RAoNhHxYa+sbm1vbuZ387t7+wWHh6Lij41Qx3maxjFXPo5pLEfE2CJC8lyhOQ0/yrje5nvvde660iKM7mCbcDekoEoFgFIzUHfhcAr0cForEJtVKo0wwsSvEqTUahhBSrZdL2DFkjiJaoTUsvA/8mKUhj4BJqnXfIQm4GVUgmOSz/CDVPKFsQke8b2hEQ67dbHHuDJ8bxcdBrExFgBfq94mMhlpPQ890hhTG+rc3F//y+ikEdTcTUZICj9hyUZBKDDGe/459oTgDOTWEMiXMrZiNqaIMTEJ5E8LXp/h/0inZDrGd26ti017FkUOn6AxdIAfVUBPdoBZqI4Ym6AE9oWcrsR6tF+t12bpmrWZO0A9Yb59gx4+I</latexit><latexit sha1_base64="JBY2BzA6BK2TV2YvYoKRs8SDyfQ=">AAAB7nicdVDJSgNBEO1xjXGLevTSGAQvDj2J2W4BLx4jmAWSIfT09CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfW8RAoNhHxYa+sbm1vbuZ387t7+wWHh6Lij41Qx3maxjFXPo5pLEfE2CJC8lyhOQ0/yrje5nvvde660iKM7mCbcDekoEoFgFIzUHfhcAr0cForEJtVKo0wwsSvEqTUahhBSrZdL2DFkjiJaoTUsvA/8mKUhj4BJqnXfIQm4GVUgmOSz/CDVPKFsQke8b2hEQ67dbHHuDJ8bxcdBrExFgBfq94mMhlpPQ890hhTG+rc3F//y+ikEdTcTUZICj9hyUZBKDDGe/459oTgDOTWEMiXMrZiNqaIMTEJ5E8LXp/h/0inZDrGd26ti017FkUOn6AxdIAfVUBPdoBZqI4Ym6AE9oWcrsR6tF+t12bpmrWZO0A9Yb59gx4+I</latexit><latexit sha1_base64="JBY2BzA6BK2TV2YvYoKRs8SDyfQ=">AAAB7nicdVDJSgNBEO1xjXGLevTSGAQvDj2J2W4BLx4jmAWSIfT09CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfW8RAoNhHxYa+sbm1vbuZ387t7+wWHh6Lij41Qx3maxjFXPo5pLEfE2CJC8lyhOQ0/yrje5nvvde660iKM7mCbcDekoEoFgFIzUHfhcAr0cForEJtVKo0wwsSvEqTUahhBSrZdL2DFkjiJaoTUsvA/8mKUhj4BJqnXfIQm4GVUgmOSz/CDVPKFsQke8b2hEQ67dbHHuDJ8bxcdBrExFgBfq94mMhlpPQ890hhTG+rc3F//y+ikEdTcTUZICj9hyUZBKDDGe/459oTgDOTWEMiXMrZiNqaIMTEJ5E8LXp/h/0inZDrGd26ti017FkUOn6AxdIAfVUBPdoBZqI4Ym6AE9oWcrsR6tF+t12bpmrWZO0A9Yb59gx4+I</latexit>

rOO
<latexit sha1_base64="YlN7S2/Pp5dR+aFZXv+mscesnJA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF2+tYD8gDWWznbZLN9mwOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUc2hxJZXuhsyAFDG0UKCEbqKBRaGETji5nfudR9BGqPgBpwkEERvFYig4Qyv5ut9DeMKs0Zj1yxW36i5A14mXkwrJ0eyXv3oDxdMIYuSSGeN7boJBxjQKLmFW6qUGEsYnbAS+pTGLwATZ4uQZvbDKgA6VthUjXai/JzIWGTONQtsZMRybVW8u/uf5KQ5vgkzESYoQ8+WiYSopKjr/nw6EBo5yagnjWthbKR8zzTjalEo2BG/15XXSrlU9t+rdX1XqtTyOIjkj5+SSeOSa1MkdaZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nD5IekWA=</latexit><latexit sha1_base64="YlN7S2/Pp5dR+aFZXv+mscesnJA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF2+tYD8gDWWznbZLN9mwOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUc2hxJZXuhsyAFDG0UKCEbqKBRaGETji5nfudR9BGqPgBpwkEERvFYig4Qyv5ut9DeMKs0Zj1yxW36i5A14mXkwrJ0eyXv3oDxdMIYuSSGeN7boJBxjQKLmFW6qUGEsYnbAS+pTGLwATZ4uQZvbDKgA6VthUjXai/JzIWGTONQtsZMRybVW8u/uf5KQ5vgkzESYoQ8+WiYSopKjr/nw6EBo5yagnjWthbKR8zzTjalEo2BG/15XXSrlU9t+rdX1XqtTyOIjkj5+SSeOSa1MkdaZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nD5IekWA=</latexit><latexit sha1_base64="YlN7S2/Pp5dR+aFZXv+mscesnJA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF2+tYD8gDWWznbZLN9mwOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUc2hxJZXuhsyAFDG0UKCEbqKBRaGETji5nfudR9BGqPgBpwkEERvFYig4Qyv5ut9DeMKs0Zj1yxW36i5A14mXkwrJ0eyXv3oDxdMIYuSSGeN7boJBxjQKLmFW6qUGEsYnbAS+pTGLwATZ4uQZvbDKgA6VthUjXai/JzIWGTONQtsZMRybVW8u/uf5KQ5vgkzESYoQ8+WiYSopKjr/nw6EBo5yagnjWthbKR8zzTjalEo2BG/15XXSrlU9t+rdX1XqtTyOIjkj5+SSeOSa1MkdaZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nD5IekWA=</latexit><latexit sha1_base64="YlN7S2/Pp5dR+aFZXv+mscesnJA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoMeCF2+tYD8gDWWznbZLN9mwOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUc2hxJZXuhsyAFDG0UKCEbqKBRaGETji5nfudR9BGqPgBpwkEERvFYig4Qyv5ut9DeMKs0Zj1yxW36i5A14mXkwrJ0eyXv3oDxdMIYuSSGeN7boJBxjQKLmFW6qUGEsYnbAS+pTGLwATZ4uQZvbDKgA6VthUjXai/JzIWGTONQtsZMRybVW8u/uf5KQ5vgkzESYoQ8+WiYSopKjr/nw6EBo5yagnjWthbKR8zzTjalEo2BG/15XXSrlU9t+rdX1XqtTyOIjkj5+SSeOSa1MkdaZIW4USRZ/JK3hx0Xpx352PZWnDymVPyB87nD5IekWA=</latexit>

�+
<latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit>

�+
<latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit>

��
<latexit sha1_base64="JBY2BzA6BK2TV2YvYoKRs8SDyfQ=">AAAB7nicdVDJSgNBEO1xjXGLevTSGAQvDj2J2W4BLx4jmAWSIfT09CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfW8RAoNhHxYa+sbm1vbuZ387t7+wWHh6Lij41Qx3maxjFXPo5pLEfE2CJC8lyhOQ0/yrje5nvvde660iKM7mCbcDekoEoFgFIzUHfhcAr0cForEJtVKo0wwsSvEqTUahhBSrZdL2DFkjiJaoTUsvA/8mKUhj4BJqnXfIQm4GVUgmOSz/CDVPKFsQke8b2hEQ67dbHHuDJ8bxcdBrExFgBfq94mMhlpPQ890hhTG+rc3F//y+ikEdTcTUZICj9hyUZBKDDGe/459oTgDOTWEMiXMrZiNqaIMTEJ5E8LXp/h/0inZDrGd26ti017FkUOn6AxdIAfVUBPdoBZqI4Ym6AE9oWcrsR6tF+t12bpmrWZO0A9Yb59gx4+I</latexit><latexit sha1_base64="JBY2BzA6BK2TV2YvYoKRs8SDyfQ=">AAAB7nicdVDJSgNBEO1xjXGLevTSGAQvDj2J2W4BLx4jmAWSIfT09CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfW8RAoNhHxYa+sbm1vbuZ387t7+wWHh6Lij41Qx3maxjFXPo5pLEfE2CJC8lyhOQ0/yrje5nvvde660iKM7mCbcDekoEoFgFIzUHfhcAr0cForEJtVKo0wwsSvEqTUahhBSrZdL2DFkjiJaoTUsvA/8mKUhj4BJqnXfIQm4GVUgmOSz/CDVPKFsQke8b2hEQ67dbHHuDJ8bxcdBrExFgBfq94mMhlpPQ890hhTG+rc3F//y+ikEdTcTUZICj9hyUZBKDDGe/459oTgDOTWEMiXMrZiNqaIMTEJ5E8LXp/h/0inZDrGd26ti017FkUOn6AxdIAfVUBPdoBZqI4Ym6AE9oWcrsR6tF+t12bpmrWZO0A9Yb59gx4+I</latexit><latexit sha1_base64="JBY2BzA6BK2TV2YvYoKRs8SDyfQ=">AAAB7nicdVDJSgNBEO1xjXGLevTSGAQvDj2J2W4BLx4jmAWSIfT09CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfW8RAoNhHxYa+sbm1vbuZ387t7+wWHh6Lij41Qx3maxjFXPo5pLEfE2CJC8lyhOQ0/yrje5nvvde660iKM7mCbcDekoEoFgFIzUHfhcAr0cForEJtVKo0wwsSvEqTUahhBSrZdL2DFkjiJaoTUsvA/8mKUhj4BJqnXfIQm4GVUgmOSz/CDVPKFsQke8b2hEQ67dbHHuDJ8bxcdBrExFgBfq94mMhlpPQ890hhTG+rc3F//y+ikEdTcTUZICj9hyUZBKDDGe/459oTgDOTWEMiXMrZiNqaIMTEJ5E8LXp/h/0inZDrGd26ti017FkUOn6AxdIAfVUBPdoBZqI4Ym6AE9oWcrsR6tF+t12bpmrWZO0A9Yb59gx4+I</latexit><latexit sha1_base64="JBY2BzA6BK2TV2YvYoKRs8SDyfQ=">AAAB7nicdVDJSgNBEO1xjXGLevTSGAQvDj2J2W4BLx4jmAWSIfT09CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfW8RAoNhHxYa+sbm1vbuZ387t7+wWHh6Lij41Qx3maxjFXPo5pLEfE2CJC8lyhOQ0/yrje5nvvde660iKM7mCbcDekoEoFgFIzUHfhcAr0cForEJtVKo0wwsSvEqTUahhBSrZdL2DFkjiJaoTUsvA/8mKUhj4BJqnXfIQm4GVUgmOSz/CDVPKFsQke8b2hEQ67dbHHuDJ8bxcdBrExFgBfq94mMhlpPQ890hhTG+rc3F//y+ikEdTcTUZICj9hyUZBKDDGe/459oTgDOTWEMiXMrZiNqaIMTEJ5E8LXp/h/0inZDrGd26ti017FkUOn6AxdIAfVUBPdoBZqI4Ym6AE9oWcrsR6tF+t12bpmrWZO0A9Yb59gx4+I</latexit>

�+
<latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit><latexit sha1_base64="1qpg710jT7fJPUDGU1sBwpez0WM=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARBGHoSs90CXjxGMAskQ+jp6Uma9Cx01whhyEd48aCIV7/Hm39jZxFU9EHB470qqup5iRQaCPmw1tY3Nre2czv53b39g8PC0XFHx6livM1iGaueRzWXIuJtECB5L1Gchp7kXW9yPfe791xpEUd3ME24G9JRJALBKBipO/C5BHo5LBSJTaqVRplgYleIU2s0DCGkWi+XsGPIHEW0QmtYeB/4MUtDHgGTVOu+QxJwM6pAMMln+UGqeULZhI5439CIhly72eLcGT43io+DWJmKAC/U7xMZDbWehp7pDCmM9W9vLv7l9VMI6m4moiQFHrHloiCVGGI8/x37QnEGcmoIZUqYWzEbU0UZmITyJoSvT/H/pFOyHWI7t1fFpr2KI4dO0Rm6QA6qoSa6QS3URgxN0AN6Qs9WYj1aL9brsnXNWs2coB+w3j4BXb+Phg==</latexit>
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Figure 1.1 (a) Geometry of an isolated water molecule, where the oxygen and hydrogen
atoms are colored in red and white, respectively, and the virtual boundary of its delocalized
valance electrons is shown with the gray circle. (b) A pair of water molecules with a hydrogen
bond between them, where the partial charges on atoms and the resulting dipole moments
are shown in green. A possible fluctuation in the hydrogen bonding configuration is indicated
by the transparent shade.

molecule has a large dipole moment3 and thus interacts with another water molecule
electrostatically. As illustrated in Fig. 1.1(b), a pair of water molecules favors a con-
figuration in the particular geometry in which a hydrogen of one molecule is oriented
toward the oxygen of the other. By doing so, the water molecule virtually forms a
dimer with a strong electrostatic attraction between the partial charges of different
parities. This type of favorable dipole-dipole interaction, which involves a largely po-
larized hydrogen, frequently arises in other chemical systems and is called a hydrogen
bond, or H-bond (although it is much weaker than a covalent bond). A hydrogen
bonded system involves some chemical moiety donating its polarized hydrogen to an-
other moiety, so the water molecules on the left and right in Fig 1.1(b) are referred
to as the hydrogen donor and acceptor, respectively.

Water molecules exist in a condensed phase in naturally accessible conditions ow-
ing to their strong intermolecular attractive forces. The hydrogen bond energy of a
water dimer is about 20 kJ/mol (∼ 8kBT at room temperature) [17], which is much
larger than the intermolecular interaction of a small nonpolar molecule (e.g., ∼ 6
kJ/mol for nitrogen [18]). Here the range of hydrogen bond energy is derived from
the fluctuation in the hydrogen bonding configuration. As indicated in Fig. 1.1(b),
the distance between the oxygen atoms, rOO, and the deviation angle of the OH vec-
tor from the linear bonding direction, φHOO, affect the hydrogen bond energy.4 For
a solid phase of water, every molecule is hydrogen bonded with rOO = 2.75Å and
φHOO ' 0◦ in its crystalline lattice to maximize the overall hydrogen bond energy.
Because of the sp3 hybridzation on oxygen atoms, the water molecules are aligned

3The dipole moment of an isolated water molecule is measured as about 1.85 D from the microwave
spectroscopy on a dilute vapor [16]. In liquid phase, a water molecule is further polarized by the
surrounding such that its average dipole moment is 2.95 D[14].

4The relative orientation between the pair also matters but a hydrogen bonded pair is usually
optimized in its relative orientation to have lower energy like the one in Fig. 1.1(b). Note that it is
not yet the minimum energy configuration which requires the HOH planes to be in different planes.
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Figure 1.2 (left) Water molecules that have a hydrogen bonding structure of tetrahedral
geometry. (right) Radial distribution functions of liquid water at 298 K and amorphous ice
at 77 K, which are shown in solid and dashed lines respectively. The data are adapted from
the X-ray diffraction experiments reported in Refs. 19 and 20.

within a tetrahedral geometry such that a homogeneous ice crystal features the tetra-
hedral hydrogen bond network repeating throughout the phase. Above the melting
temperature, thermal fluctuations are large enough to relax the crystalline structure
and rearrange the water molecules into the disordered liquid phase. Nevertheless,
liquid water shares structural characteristics with ice. As illustrated in Fig. 1.2, the
radial distribution function of liquid water exhibits qualitatively the same oscilla-
tion as that of amorphous ice except its amplitude and width.5 The area under the
curve up to the first minimum also indicates four neighbors around a molecule, which
implies the coordination of tetrahedral geometry on average.6

The intermolecular structure of liquid water is much more complicated than that
of simple liquids, because of the directional nature of hydrogen bonding as well as
the subtle balance between energy and entropy [21]. While the water molecules tend
to have a tetrahedral bonding structure like ice, each molecule keeps changing its
hydrogen bond partners by reorienting itself. The bulk structure of liquid water is
thus characterized by a disordered hydrogen bond network percolating throughout the
phase. Further microscopic details on the anisotropic hydrogen bonding structure
can be revealed by molecular simulations. For instance, we can assess the local
tetrahedrality based on the order parameter that was first introduced by Errington

5The radial distribution function, or pair correlation function, is defined as

g(r) =
V

ρ

〈∑

i>1

δ(r1)δ(ri − r)

〉

where V is the volume of the system, ρ is the number density, ri is the position of the ith particle,
δ(x) is the Dirac delta function, and 〈· · · 〉 denotes an equilibrium average. Both liquid water and
amorphous ice are isotropic such that the above function depends only on the pair distance, |r| = r
(here we consider the oxygen-oxygen pairs).

6The average number of particles within distance r is computed as n(r) = 4πρ
∫ r
0
g(r′)r′2dr′.
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Figure 1.3 (a) Probability distribution of the tetrahedral order parameter. (b) Probability
distribution of the angle between the lines joining the central molecule of a water triplet
and its neighbors. A schematic depiction of the angle is given at the corner. (c) Conditional
probability distribution that a specific value of qtet is obtained from a water trimer within a
given range of ψ. These plots are based on a molecular dynamics simulation of the TIP4P
water at 298 K [24].

and Debenedetti [22]. For each individual molecule, it is computed as

qtet = 1− 3

8

3∑

j=1

4∑

k=j+1

(
cosψjk +

1

3

)2

(1.1)

where ψjk is the angle between the lines joining the oxygen of the probe molecule and
those of its nearest neighbors j and k (see the schematic illustration in Fig. 1.3(b)).
By definition, qtet = 1 for perfectly tetrahedral bonding7 as in an ice crystal whereas
〈qtet〉 = 0 for an ideal isotropic fluid8, where the angle brackets represent an equilib-
rium average. As illustrated in Fig. 1.3(a), it is broadly distributed between 0 and 1
for liquid water, with the prominent peak around qtet = 0.75 and the shoulder around
qtet = 0.5. For a complemental view on P (qtet), we can also look into the statistics of
ψ, the angle from Eq. (1.1). As illustrated in Fig. 1.3(b), the probability distribution
indicates that while the majority of water trimers are tetrahedral as defined by ψ,
there is a significant portion of those which are beyond the ideal range. The analysis
with the conditional probability, P (qtet|ψ), as shown in Fig. 1.3(c), suggests that the
former and latter groups of trimers mostly contribute to the peak and shoulder of
P (qtet), respectively. Note that there is another important subpopulation of trimers
with ψ . 60◦ in Fig. 1.3(b), most of which is in an intermediate state of water’s
reorientation [23].

7The tetrahedral angle is defined as θT ≡ cos−1(1/3) ≈ 109.47◦ from the geometry of a tetrahe-
dron.

8If the mutual arrangements among the molecules are random such that P (cosψ) is uniform,
then 〈qtet〉 = 1− (3/8)× 6

∫ π
0
d(cosψ) (cosψ + 1/3)

2
= 0.
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Liquid

Figure 1.4 Illustration of a molecular-level view into the top surface of a cup of water, based
on a snapshot from a simulation of the liquid water-vapor interface. Here the hydrogen bonds
and liquid-vapor interface are shown in the blue dashed and solid lines, respectively.

1.2 Liquid Water Interface
Water interfaces are ubiquitous in nature as much as liquid water. While being
in different forms and conditions, they host a variety of physicochemical processes.
In the atmosphere, for example, the chemical reactions that affect air quality and
climate occur at the aqueous liquid–vapor interfaces of cloud droplets and aerosols
[13, 25, 26]. In a biological system, water plays a significant role in mediating the
interactions between biomolecules at their interfaces and thus facilitating their folding
and aggregation [7, 8]. Therefore, understanding the microscopic nature of water
molecules at interfaces is fundamental to studying these phenomena.

A water interface has different physical properties than that of the bulk liquid [13,
27, 28]. By definition, there are less water molecules in the vicinity of the liquid phase
boundary. This implies that the water density at the interface is anisotropic whereas
the density in the bulk liquid is uniform on average. Hence, the hydrogen bonding
environment at the interface differs significantly from that in the bulk. At the liquid
water–vapor interface, for instance, the three-dimensional hydrogen bond network
is subject to the termination along the phase boundary as illustrated in Fig. 1.4.
Since many anomalous behaviors of liquid water9 are rooted in the characteristics of
hydrogen bonds [29], the disruption of the hydrogen bond network at the interface
gives rise to the unique properties that are important in mediating a given interfacial
phenomenon.

Given the interfacial perturbation, a water molecule at the interface prefers a
particular orientation that is capable of more favorable hydrogen bonding interactions.
As illustrated in Fig. 1.4, the water molecules at the very top of liquid surface tend

9A representative example of water’s anomaly is that the density of liquid water is larger than
that of ice whereas solid phase is more dense than liquid for most substance.
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to orient one of their OH bonds to the vapor phase. With a free OH bond, they
can form up to three hydrogen bonds into the liquid phase, which is the maximum
number available in the given geometric constraint. Since the orientation of a water
molecule is correlated through hydrogen bonds with those of nearby molecules [30–
32], the orientational preference at the top layer influences the molecular orientations
in the subsequent layers. Therefore, the distribution of the molecular orientation at
a water interface is anisotropic and depth-dependent.

The orientational distribution well characterizes the molecular structure of a wa-
ter interface, as it represents the spatially heterogeneous hydrogen bonding structure.
However, the structural quantities introduced in the previous section are not effective
in characterizing the interface; the radial distribution function does not change sig-
nificantly from that in the bulk [33] and the tetrahedral order parameter is ill-defined
because there are no four neighbors adjacent to a given molecule at the interface.
Thus, the orientational distribution is a quantity of main concern throughout this
work. We describe it in more detail along with other interfacial quantities in the
following chapter.



Chapter 2

Molecular Structure of Water
Interfaces

In this chapter, we describe the molecular structure of water interfaces as a prelim-
inary to the focused studies in Chapters 3–5. We first introduce the intrinsic water
interface that is adopted throughout this work as a standard frame of reference for an-
alyzing the molecular details of a water interface. Then we characterize the molecular
structure of the liquid water–vapor interface in terms of the density profile, orienta-
tional distribution, and dielectric properties. We speculate about how the interfacial
molecular structure and dielectric properties are related with the interfacial hydrogen
bonding. Finally, we compare hydrophilic and hydrophobic interfaces based on the
surface–water interactions and interfacial molecular structure.

2.1 The Intrinsic Water Interface
A liquid water interface is dynamic at molecular level. Due to the thermal motions
of interfacial molecules, the liquid phase boundary evolves over time and features a
rough, irregular surface as illustrated in Fig. 2.1. The spatial fluctuations in the liquid
phase boundary contribute to the interfacial properties, but they also serve to blur
out the molecular details of the interface. These details contain the useful information
about the structural response of interfacial molecules to the anisotropic environment
imposed by the phase boundary. In this work, we will focus on the intrinsic structure
of a water interface which is independent of its complex undulation. Specifically,
we first identify the time-varying position of the liquid phase boundary, so-called
the intrinsic interface, and then describe the interfacial structure in terms of the
coordinates of individual water molecules relative to the interface (see Fig. 2.1). The
construction of the intrinsic water interface is based on the procedure described in
Ref. 34, and here we provide its detail as below.

To locate the instantaneous liquid phase boundary, we compute the coarse-grained
density field at given position r and time t,

ρ̄(r, t) =
∑

i

φ(|r− ri(t)|; ξ) (2.1)

27
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Figure 2.1 (left) Snapshot from a simulation of the water liquid–vapor interface, where
the instantaneous interface is shown in blue surface. (right) Schematic illustration of the
molecular coordinates specified relative to the instantaneous interface.

where ri(t) is the position of the ith water molecule at time t and the sum is over
all water molecules in the liquid phase. Here φ(x; ξ) is the truncated and shifted
Gaussian function with the coarse-graining length ξ, given by

φ(x; ξ) =

{
Nc
(
e−x

2/2ξ2 − e−9/2
)
, if x ≤ 3ξ,

0 , if x > 3ξ,
(2.2)

where Nc is the normalization constant. Given the coarse-graining length, the inter-
face is defined as the two-dimensional manifold r = s that satisfies

ρ̄(s, t) = ρb/2 (2.3)

where ρb ≈ 0.033Å−3 is the bulk density of water. In other words, we define the
instantaneous interface to be points in space where the coarse-grained density field is
equal to the half of the bulk density. Note that s is a dynamic quantity depending
on the molecular configuration at given time, i.e., s = s(t) = s({ri(t)}). To solve
Eq. (2.3) for s(t), we interpolate the coarse-grained densities, ρ̄(r, t), computed on a
spatial grid for a given molecular configuration, {ri(t)}. Specifically we used a cubic
lattice with a lattice spacing of 1 Å throughout this work. For the coarse-graining
length, we used ξ = 2.4Å that is large enough to avoid the occurrence of voids within
the liquid phase [34]. For the normalization constant, we used Nc ≈ 0.0051Å−3 that
gives 〈ρ̄〉 ≈ ρb in the bulk.

Once the instantaneous interface is located, we quantify the molecular coordinates
with respect to the dynamic frame of reference. Specifically, we describe the position
of each molecule in terms of its proximity from the interface, which is given by

ai(t) = {[s(t)− ri(t)] · n̂(t)}
∣∣
s(t)=s∗i (t)

(2.4)

where s∗i (t) is the interfacial point nearest to ri(t) and n̂(t) is the unit vector normal
to the interface at s(t), i.e., the unit vector in the direction of ∇ρ̄(r, t)|r=s(t). By



2.2. LIQUID WATER–VAPOR INTERFACE 29

definition, ai(t) is positive if the ith molecule is on the liquid side of the interface and
it is negative otherwise. We also describe the molecular orientation in terms of the
angles of OH bonds from the instantaneous surface normal, i.e.,

θ
(k)
i (t) = cos−1


 v

(k)
i∣∣∣v(k)
i

∣∣∣
· n̂(t)

∣∣
s(t)=s∗i (t)


 (2.5)

where v
(k)
i is the kth OH bond vector of the i molecule starting from its oxygen and

ending at its kth hydrogen (k = 1, 2). In the following sections, we demonstrate
that the intrinsic coordinates of Eqs. (2.4) and (2.5) are useful for characterizing the
interfacial molecular structure.

2.2 Liquid Water–Vapor Interface

The liquid water–vapor interface is the simplest form of a water interface. Here
we analyze the atomistic simulation of an extended liquid water–vapor interface for
its molecular structure. Specifically we consider three different classical force fields
for simulating water molecules, SPC/E [35], TIP4P/2005 [24], and TIP5P [36]. In
these force fields, a water molecule is modeled as a set of point charges within a
rigid geometry which has the Coulomb interactions with the point charges of other
molecules. As illustrated in Fig. 2.2, these force fields are widely dissimilar in the
geometry and magnitudes of the point charges.1 In this section, we examine how much
the interfacial structures and properties depend on the details of the force fields. Also,
we briefly discuss their relation to the hydrogen bonds at the interface.
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Figure 2.2 Geometries and magnitudes of the point charges in the (a) SPC/E, (b) TIP4P,
and (c) TIP5P water models. Although not being indicated above, other geometric param-
eters such as rOH and θHOH are also distinct among these force fields.

1In addition to the electrostatic interactions, water molecules are subject to the dispersive and
repulsive forces based on the Lennard-Jones potential but the difference in the parameters for these
interactions is not significant.
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The details of our simulation methods are as follows. We simulated the liquid-
vapor interfaces of SPC/E, TIP4P/2005, and TIP5P waters in NVT ensembles. Each
system has 1944 water molecules in a slab geometry with dimensions of 5.0 nm × 5.0
nm × 3.0 nm, i.e., the interface is extended along x and y directions. The system
was equilibrated at T = 298K and Particle Mesh Ewald was used to handle the long-
range part of electrostatic interactions with the periodic boundary conditions in all
directions. The SHAKE and SETTLE algorithms were used to constrain the geometry
of water. The molecular dynamics simulations were performed using the LAMMPS
package [37] for the SPC/E and TIP4P force fields and the GROMACS package
[38] for the TIP5P force field. Molecular configurations were sampled every 0.1 ps
from six independently equilibrated simulations of 1 ns for the statistics. For each
sampled configuration, the molecular coordinates relative to the intrinsic interface,
(ai, cos θ

(1)
i , cos θ

(2)
i ), were identified according to the procedure in Sec. 2.1.

2.2.1 Density Profile and Orientational Distribution

Once we have the statistics of the intrinsic coordinates, (ai, cos θ
(1)
i , cos θ

(2)
i ), we can

characterize the interfacial structure using their distribution functions. First, the
distribution of the molecular proximity to the interface is connected to the quantity
known as the density profile, ρ(a), such that

ρ(a) =
1

L2

〈∑

i

δ(ai − a)

〉
(2.6)

where δ(x) is the Dirac delta function and L is the length of the simulation cell parallel
to the interface. Thus, ρ(a) has the units of number density, Å−3, and ρ(∞) = ρb.
Figure 2.3(a) show the plots of the density profiles for the liquid–vapor interfaces
of the three different water force fields. They have the same oscillatory structures
with respect to their phases,2 although there exists the quantitative difference in their
amplitudes. In particular, TIP5P water exhibits the smaller amplitude in its density
profile than others.

Since the angular coordinates, (cos θ
(1)
i , cos θ

(2)
i ), specifies the molecular orienta-

tion, we can describe the orientational distribution at given interfacial proximity using
the probability distribution given by

P (~κ|a) =

〈∑

i

δ
(
cos θ

(1)
i − cos θ

(1)
OH

)
δ
(
cos θ

(2)
i − cos θ

(2)
OH

)
δ(ai − a)

〉

〈∑

i

δ(ai − a)

〉 . (2.7)

Here ~κ is a more general notation for the molecular orientation but is equivalent to
the angular coordinates in the laterally isotropic environment like the liquid–vapor

2As the period of the oscillation is about the molecular diameter of water, the structure is mostly
derived from the packing effect of the repulsive cores.
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Figure 2.3 (a) Density profiles computed from the atomistic simulations of SPC/E, TIP4P,
and TIP5P. They are normalized by the bulk density, ρb. (b) Orientational distributions,
P (cos θOH|a), for SPC/E (top), TIP4P (middle), and TIP5P (bottom). Color shading indi-
cates the probability density.
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interface, i.e., P (~κ|a) = P
(
cos θ

(1)
OH, cos θ

(2)
OH|a

)
. This high-dimensional distribution

can be reduced into the lower-dimensional quantity such that

P (cos θOH|a) =

∫
d~κP (~κ|a)

[
1

2

2∑

i=1

δ
(
cos θ

(i)
OH − cos θOH

)
]
, (2.8)

where
∫
d~κ(· · · ) denotes the integration over all possible molecular orientations, and

it is more convenient to visualize the depth-dependent feature of the orientational
distribution. As illustrated in Fig. 2.3(b), P (cos θOH|a) exhibits qualitatively the
same structural characteristics for the three different force fields of water. It shows
the oscillation in the preference of a specific orientation depending on the interfacial
proximity. While the water molecules in the topmost layer prefer to having a free or
dangling OH bond (cos θOH ∼ 1), those in the next layer are more likely to orient
one of its OH bonds toward the bulk (cos θOH ∼ −1). Like in the density profiles,
there also exists the quantitative difference that the TIP5P water shows the smaller
amplitude in the oscillatory structure of the orientational distribution than the SPC/E
and TIP4P. These differences are mainly due to the fact that the TIP5P water is based
on a tetrahedral scaffold with four charges while the SPC/E and TIP4P waters have
three charges on triangular scaffolds.

As illustrated in Fig. 2.3, both density profile and orientational distribution sug-
gest that the molecular structure of the liquid water–vapor interface is the most
anisotropic for about 5–7 Å from the intrinsic interface which corresponds to 2–
3 molecular diameters. It is remarkable that the characteristics of the interfacial
molecular structure are qualitatively the same for the three classical force fields of
water which have distinct geometries for the point charges. Since these structural
characteristics are also preserved in the first-principles simulations [39], we suppose
that the statistical nature of hydrogen bonds at the interface primarily accounts for
the anisotropic structure in the orientational distribution. We further elaborate the
relationship between the interfacial molecular structure and hydrogen bonding in the
next chapter.

2.2.2 Interfacial Polarization and Polarizability

The liquid water–vapor interface exhibits the dielectric properties different from that
of the bulk liquid. There exists net polarization or surface charge at an air–water
interface [40–42] and the dielectric constant becomes much smaller than in the bulk
[43–46]. These phenomena are mostly originated from the anisotropic orientational
fluctuations at the interface, so here we demonstrate their effects on interfacial polar-
ization and polarizability. Specifically, we quantify interfacial polarization in terms
of the average dipole moment along the surface normal direction, which is given by

〈µn̂(a)〉 = µw

〈∑

i

(µ̂i · n̂) δ(ai − a)

〉

〈∑

i

δ(ai − a)

〉 , (2.9)
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Figure 2.4 Interfacial (left) polarization, 〈µn̂(a)〉, and (right) polarizability, 〈(δµn̂(a))2〉,
computed from the atomistic simulations with the SPC/E, TIP4P, and TIP5P waters.

where µ̂i is the unit dipole vector of the ith molecule, i.e., µ̂i =
(
v
(1)
i + v

(2)
i

)
/
∣∣v(1)

i +

v
(2)
i

∣∣, and µw is the dipole moment of an individual water molecule.3. Similarly, we
compute the interfacial polarizability based on the mean square fluctuation of the
dipole moment, which is given by

〈(δµn̂(a))2〉 = µ2
w

〈∑

i

(µ̂i · n̂)2 δ(ai − a)

〉

〈∑

i

δ(ai − a)

〉 − 〈µn̂(a)〉2. (2.10)

Although Eqs. (2.9) and (2.10) are straightforward expressions for computing the
corresponding quantities from simulations, they depend on the orientational distri-
bution, P (~κ|a), explicitly as the orientation of each molecule determines its dipole
moment (see Eqs. (3.8) and (3.9) in Chapter 3).

From the atomistic simulations, the orientational polarization and polarizability
were computed according to the above expressions, and their interfacial profiles scaled
in units of µw are plotted in Fig. 2.4. The plots show that these interfacial properties
also share the qualitatively same feature among the three different force fields of
water. The polarizations exhibit the quantitative difference in their scales, which
should be related with the different amplitudes in the alternations of P (cos θOH|a).
On the other hand, the polarizabilities have the almost identical trend across the
force fields, where the decrease in the fluctuations by about a half at the interface is
consistent with the interfacial behavior of the dielectric constant.

As the anisotropic orientational fluctuations are derived from hydrogen bonding in
the anisotropic interfacial environment, the interfacial dielectric properties can be also
related to the fluctuations of interfacial hydrogen bonds. If we look into the statistics
of hydrogen bonds near the interface, the average number of donated hydrogens per

3µw, which is constant for the classical force fields, has slightly different value depending on the
water model: 2.35 D for SPC/E, 2.305 D for TIP4P/2005, and 2.29 D for TIP5P.
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Figure 2.5 (a) Average number of hydrogen bonds through donor (α = D) and acceptor
(α = A) sites per molecule, shown in dotted and solid lines, respectively. (b) Average excess
number of accepting hydrogen bonds over donating hydrogen bonds, compared with the
mean square fluctuation of the overall hydrogen bond number, NHB = ND +NA (inset).

molecule is not balanced by that of accepted hydrogens as illustrated in Fig. 2.5(a).4
Again, the statistics for the SPC/E and TIP4P waters are similar to each other while
the TIP5P water gives the quantitatively different one. If we plot the unbalance
between the hydrogen bond numbers as shown in the Fig. 2.5(b), it becomes clear
that the three classical force fields share the qualitatively same trend which is indeed
very similar to that of 〈µn̂(a)〉. This similarity implies that the net polarization or
surface charge at an air–water interface is derived from the asymmetric nature of
water’s hydrogen bonding within the anisotropic environment.5 On the other hand,
if we compute the mean square fluctuation of the overall hydrogen bond number,
the results from the three classical water models exhibit the same feature that the
fluctuations decrease by about a half at the interface compared to the bulk (see the
inset of Fig. 2.5(b)). This behavior is consistent with that of 〈(δµn̂(a))2〉. In Chapter
3, we investigate more rigorously these interfacial variations in dielectric properties
based on a statistical mechanical model of interfacial hydrogen bonds.

2.3 Hydrophobic Interface vs. Hydrophilic Interface

The interfacial behavior of liquid water is determined largely by the interaction be-
tween water and surface (or solute) in contact with. For instance, the macroscopic
wetting behavior of a surface represents how much the surface–water interaction is
favorable [28, 47]. A chemically nonpolar surface, which has negligible interactions
with water, is not likely to be wet such that a water droplet forms large contact angle

4Here we specify the hydrogen bond statistics based on the number of hydrogens donated and
accepted by a single molecule at given interfacial proximity, dented byND(a) andNA(a), respectively.
For the details about computing these quantities, refer to Eq. (3.25) and/or Ref. 41.

5More precisely, there occurs the charge transfer through a hydrogen-bonded pair such that the
excess hydrogen bonds represent the charge cumulation [41].
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Hydrophilic

Figure 2.6 (a) Schematic illustration of the contact angle of a water droplet on hydrophobic
(top) and hydrophilic (bottom) surfaces. (b) ∆µex for hard sphere solutes of different sizes,
plotted with respect to cos θc measured from a set of surfaces with different hydrophobicity,
where the inset schematically illustrates the meaning of ∆µex. Filled circles fit with the blue
dotted line are for methane-sized solutes (σ = 3.73Å) while the arrow indicates increasing
solute size. This plot is adapted from Ref. 48.

against the surface. On the contrary, a polar surface prefers to be wet due to the
favorable interactions with water such that it gives small contact angle. As illustrated
in Fig. 2.6(a), we can thus estimate the hydropathy scale for a given surface based on
the water contact angle, θc.6

The macroscopic wettability of a surface can be related with the microscopic
density fluctuation near the surface [48, 49]. If the solvent density fluctuation is large
near a given surface, the solvation of a small hydrophobe is favorable near the surface,
which indicates that the surface is hydrophobic. Specifically, this effect is quantified
by the solvation free energy or excess chemical potential at the interface relative to
the bulk, which is denoted by ∆µex (its computational detail is given in Sec. ??). As
illustrated in Fig. 2.6(b), ∆µex is remarkably correlated with the macroscopic measure
of hydrophobicity. Hence, ∆µex can be used to measure the microscopic hydropathy
scale especially for a chemical heterogeneous surface such as a protein surface [50].
This method, however, is not so effective for probing the largely hydrophilic regime
(i.e., cos θc > 0.4) due to the sampling issue.7

In this work, we consider the interfacial molecular structure as a new basis for
characterizing the microscopic hydropathy scale. Specifically, we focus on how the
interfacial molecular structure is perturbed by a given surface. For a hydrophobic sur-

6If the water contact angle for a given surface is larger than 90◦, it is typically considered to be
hydrophobic.

7The density fluctuation facilitating a finite-size cavity becomes exponentially rare as the polarity
of a given surface region increases. The precise measurement of ∆µex therefore needs exhaustive
sampling which makes it difficult to characterize a dynamic surface of a protein.
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face, the surface–water interaction is so weak that it cannot modulate the interfacial
hydrogen bond arrangement imposed by the geometric constraint. Hence, the liquid
water interface adjacent to a hydrophobic surface has essentially the same molecular
structure as the liquid water–vapor interface [51]. In this context, we refer to the liq-
uid water–vapor interface as an ideal hydrophobic interface since there is no external
entity interacting with the interfacial water molecules.

The interfacial circumstance is quite different for the hydrophilic case. A typ-
ical hydrophilic surface has polar chemical groups capable of dipolar interactions
with the adjacent water molecules. These interactions are directional and strong
enough to modulate the hydrogen bonding structure between the interfacial water
molecules as illustrated in Fig. 2.7(a). The molecular structure of a hydrophilic
interface thus exhibits different features than that of a hydrophobic one. For its
illustration, P (cos θOH|a) of the water interface at a disordered hydrophilic surface
(see Sec. 5.2.1 for its detailed description) is contrasted with that of an ideal hy-
drophobic interface in Figure 2.7(b). They are disparate largely within a molecular
diameter from the intrinsic interface as an effect of the hydrophilic interaction on
water’s interfacial hydrogen bonding structure.

As the interfacial molecular structure reflects the microscopic informations on the
solute’s surface, we can therefore utilize these informations to characterize the solute’s
hydration properties including the hydropathy scale. Based on this idea, we develop
a novel theoretical framework that can characterize the solute’s hydration property
in Chapter 4. In Chapter 5, we investigate the relationship between surface–water
interactions and water’s interfacial hydrogen bonding structure in further detail.
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Figure 2.7 (a) Simulation snapshot of the interface between a model hydrophilic surface
and liquid water. The magnified view on the right illustrates that the dipolar interactions
between the surface and water, shown in yellow dashed line, affect the hydrogen bonding
structure between the interfacial water molecules, shown in blue dashed lines. (b) Reduced
orientational distributions, P (cos θOH|a), for a hydrophobic and hydrophilic interface, shown
with color shading and contour lines.
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Chapter 3

Three-Body Hydrogen Bond Defects
Contribute Significantly to the
Dielectric Properties of the Liquid
Water-Vapor Interface

In this chapter,1 we present a simple model of aqueous interfacial molecular structure
and we use this model to isolate the effects of hydrogen bonding on the dielectric prop-
erties of the liquid water-vapor interface. We show that water’s interfacial molecular
structure can be understood by considering the orientational preferences of a single
molecule immersed in the environment of the average interfacial density field. We il-
lustrate that depth dependent orientational anisotropy is determined by the geometric
constraints of hydrogen bonding and we show that the primary features of atomistic
simulation data can be reproduced by assuming an idealized, perfectly tetrahedral hy-
drogen bonding geometry. We demonstrate that non-ideal hydrogen bond geometries
are required to account for variations in the orientational polarization and polariz-
ability of the interface. Finally, we highlight that these properties contain significant
contributions from a specific type of geometrically distorted three-body hydrogen
bond defect that is preferentially stabilized at the interface.

3.1 Introduction

The dielectric properties of liquid water are determined in large part by the orien-
tational fluctuations of dipolar water molecules [52–55]. Near a liquid water-vapor
interface these orientational fluctuations are anisotropic, leading to dielectric proper-
ties that differ significantly from their bulk values [41, 46, 56]. These differences are
fundamental to interface-selective chemical and physical processes [25, 40, 57, 58], but
they are generally difficult to access experimentally. In this chapter, we study these
differences with a statistical mechanical model of interfacial hydrogen bonding. This

1This chapter borrows largely from the previously published work, J. Phys. Chem. Lett. 9,
1649–1654 (2018).

39
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model provides the ability to relate the microscopic characteristics of hydrogen bond-
ing to the emergent properties of the liquid water interface. By comparing this model
to the results of atomistic simulation we isolate the specific role of hydrogen bonding in
determining interfacial molecular structure. We demonstrate that water’s interfacial
molecular structure is determined by the interplay between the anisotropic features
of the interfacial density field and the molecular geometry of hydrogen bonding in-
teractions. While many details of interfacial molecular structure reflect an idealized
tetrahedral hydrogen bonding geometry, we show that only distorted non-tetrahedral
hydrogen bond structures can contribute to changes in interfacial dielectric proper-
ties. We identify a specific type of non-tetrahedral hydrogen bond defect that is
preferentially stabilized at the interface and show that it contributes significantly to
the unique dielectric properties of the interfacial environment.

Our microscopic understanding of interfacial molecular structure derives primar-
ily from a combination of surface-sensitive experiments, such as vibrational sum fre-
quency generation [59–62], and atomistic simulation [34, 63–65]. This combination
has revealed that the interfacial environment contains depth dependent molecular
populations that vary in their orientational alignments. The details of this depth-
dependent orientational molecular structure cannot be determined from existing ex-
perimental data alone and thus we rely on molecular simulation to supplement our
molecular level understanding. The molecular structure predicted through the use of
standard classical force fields, such as SPC/E [35] and TIP5P [36], are widely used
in the study of water interfaces because they are both computationally efficient and
have been shown to be consistent with available experimental data [66, 67].

Even at microscopic length scales the position of a liquid-vapor interface exhibits
capillary wave-like spatial undulations [68, 69]. These undulations contribute to the
properties of the interface but they also serve to blur out molecular scale details.
The microscopic details of the actual phase boundary, i.e., the intrinsic interface is
difficult to isolate experimentally. In theoretical studies, however, the intrinsic inter-
face and its spatial deformations can be treated separately. This chapter focuses on
the intrinsic interface, defining all molecular coordinates relative to the time varying
position of the instantaneous liquid phase boundary [34]. We identify the position
of the phase boundary following the procedure described in Sec. 2.1. Our model is
thus most valid over microscopic length scales, where the effects of surface roughening
are negligible, however, since the deformations in the liquid-vapor phase boundary
are well characterized by capillary wave theory [70–73], their effects are trivial to
reincorporate to enable comparison to experiment.

Atomistic simulations have revealed that the molecular structure of the intrinsic
water-vapor interface is anisotropic extending about 1 nm into the bulk liquid [34, 51].
This anisotropic molecular structure can be decomposed into two separate compo-
nents: (1) an interfacial density field, ρ(r), where r denotes the position measured
relative to the instantaneous interface, and (2) a position-dependent probability dis-
tribution for molecular orientations, P (~κ|r), where ~κ uniquely specifies the rotational
configuration of a water molecule. The interplay between these two components is
mediated by a combination of molecular packing effects and collective hydrogen bond-
ing interactions. Classical density functional theory can be used to compute ρ(r), but
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it does not provide explicit information about P (~κ|r) [72, 74]. Here we present a
theoretical model for computing P (~κ|r) from ρ(r), noting that the complete intrinsic
interfacial molecular structure can therefore be derived by combining this model with
an existing approach for computing ρ(r).

3.2 A Mean-Field Model of Interfacial Hydrogen
Bonding: The Rigid Tetrahedral Model

3.2.1 Formalism

Our model utilizes a mean field approach by computing P (~κ|r) based on the orienta-
tional preferences of a single probe molecule immersed in the anisotropic mean density
field of the intrinsic interface, ρ(r). As illustrated in Fig. 3.1, the probe molecule is
modeled as a point particle with four tetrahedrally coordinated hydrogen bond vec-
tors, denoted 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. To mimic the hydrogen bonding properties 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 absolute orientations
of these tetrahedral hydrogen bond vectors are specified by ~κ.

The probe molecule interacts with the interfacial density field via an empirical
hydrogen bonding potential, E(~κ, r, {nk}), which specifies the potential energy of a
probe molecule with position r, orientation ~κ, and hydrogen bonding configuration
{nk}. We define {nk} ≡ (n1, n2, n3, n4), where ni is a binary variable that indicates
the hydrogen bonding state of the ith bond vector. Specifically, ni = 1 if the probe
molecule has formed a hydrogen bond along bi, and ni = 0 if it has not. There are
many possible ways to define this empirical hydrogen bonding potential. We begin
by considering the simple form,

E(~κ, r, {nk}) =
4∑

i=1

εwni(r,bi) , (3.1)

where εw is the energy associated with forming a hydrogen bond. 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),

(3.2)

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
an orientation, ~κ, can thus be expressed as,

P (~κ|r) =
〈
e−βE(~κ,r,{nk})

〉
b
/Z(r), (3.3)
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where 〈· · · 〉b denotes an average over all possible hydrogen bonding states (i.e., vari-
ations in the ni’s), 1/β is the Boltzmann constant, kB, times temperature T , and
Z(r) =

∫
d~κ
〈
e−βE(~κ,r,{nk})

〉
b
is the orientational partition function for the probe

molecule at position r. By evaluating the average explicitly, the numerator of Eq. (3.3)
can be written as,

〈
e−βE(~κ,r,{nk})

〉
b

=
4∏

i=1

[
1 + PHB

(
ri)(e

−βεw − 1
)]
, (3.4)

and this equation, when combined with Eq. (3.3) provides a general analytical frame-
work for computing the orientational molecular structure of an interface with a given
density profile, ρ(r).

We simplify this general theoretical model by assuming that PHB(ri) ∝ ρ(ri),
where the value of the proportionality constant is chosen to match bulk hydrogen
bonding statistics. Furthermore, we assume that the intrinsic interface is later-
ally isotropic and planar over molecular length scales. According to this assump-
tions, functions that depend on r to be expressed in terms of a, which denotes the
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Figure 3.1 (a) Schematic depiction of the mean-field model showing a probe molecule with
tetrahedrally coordinated bond vectors (white for donor, blue for acceptor) within the liquid
(blue shaded region) at a distance aprobe from the position of the instantaneous interface
(solid blue line). A plot of the interfacial density profile, ρ(a), obtained from the atomistic
simulation with TIP5P water, is shown with dotted lines indicating the termination points
of bond vectors b1 and b3.
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scalar distance from the instantaneous interface measured perpendicular to the inter-
facial plane. For instance, with this assumption the function PHB(r) is simplified to
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 interface (see Fig. 3.1).

In this section, we consider an idealized variation of our model in which the hy-
drogen bond vectors are of fixed length, dHB = 2.8Å (i.e., the equilibrium hydrogen
bond distance [75]), and rigidly arranged with an ideal tetrahedral geometry (i.e.,
bi · bj = cos θT = −1/3 for i 6= j). We refer to this model as the rigid tetrahedral
model. Here we derive physical insight into the role of hydrogen bonding in water’s
interfacial molecular structure by comparing the interfacial quantities predicted by
our model to the those computed from the atomistic simulations.

3.2.2 Optimization for Hydrogen Bond Energy Parameter

We parameterize our model by comparing to the results of atomistic simulations
(refer to Sec. 2.2 for the details of simulations). We perform this comparison using
the reduced orientational distribution function,

P (cos θOH|a) =

∫
d~κP (~κ|a)

[
1

2

2∑

i=1

δ(cos θi − cos θOH)

]
, (3.5)

where the summation is taken over the two donor bond vectors, cos θi = bi · n̂/|bi|,
and δ(x) is the Dirac delta function. Specifically, we determine free parameter, εw,
by minimizing the Kullback-Leibler divergence [76] for P (cos θOH|a) computed from
our model with respect to that from atomistic simulation, which is given by

Γ(εw) =

∫
da

∫
d(cos θOH)Pref(cos θOH|a) ln

[
Pref(cos θOH|a)

PMF(cos θOH|a, εw)

]
, (3.6)

where Pref(cos θOH|a) and PMF(cos θOH|a, εw) are the reduced orientational distribu-
tions obtained from atomistic simulation and our mean-field model, respectively. This
quantity measures how far the probability distribution of our model deviates from the
reference distribution given εw, and thus we refer to Γ(εw) as a fitness function. We
choose the parameter that minimizes the fitness function,

ε∗w = arg min
εw

{Γ(εw)}, (3.7)

as the effective hydrogen bond energy. Figure 3.2 illustrates this optimization graph-
ically.

For the TIP5P force field [36], this parameterization yields ε∗w = −1.4kBT =
−3.47 kJ/mol at T = 298K.2 We find that different water models yield similar value
of ε∗w (see Sec. 3.4.2). We note that this value includes the effects of environmental sta-
bilization on broken hydrogen bonds and is therefore significantly lower in magnitude

2For the comparison to the simulation results, we mainly consider the TIP5P force field as a
reference because our model is built upon the tetrahedral scaffold with four bonding sites.
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Figure 3.2 Plot of the fitness function, Γ(εw), showing that the hydrogen bond energy
parameter of the rigid tetrahedral model is optimized near the green circle with respect to
the atomistic simulation of the TIP5P water.

than absolute hydrogen bond energies [75, 77]. This demonstrates that our param-
eterized hydrogen bond strength is similar to estimates based on X-ray absorption
measurements [78, 79], which highlights that this effective bonding energy determines
the relevant energy scale for fluctuations in the structure of aqueous hydrogen bond
networks.

In Fig. 3.3, PMF(cos θOH|a, ε∗w) is plotted along with Pref(cos θOH|a) that is com-
puted from simulations with the TIP5P water. The orientational distribution ob-
tained from the rigid tetrahedral model is remarkably similar to that from the atom-
istic simulation. This similarity illustrates that the seemingly complicated depth de-
pendent orientational patterns in P (cos θOH|a) have simple physical origins. Namely,
these patterns are determined by the constraints imposed on tetrahedral coordination
by the anisotropic interfacial density field.

3.2.3 Conservation of Polarization and Polarizability

The effect of molecular dipole orientations on interfacial polarization and polarizabil-
ity 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] , (3.8)

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
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0

0.5

1
0.5

−0.5

−1

1

0

0

0.5

1

co
s
✓ O

H
P

(cos
✓
O

H |a
)

�1

�0.5

0

0.5

1

0 2 4 6 8 10

co
s
✓

a / Å
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Figure 3.3 (a) contain plots of the orientational distribution function, P (cos θOH|a) (see
Eq. (5.11)), as indicated by shading, computed from atomistic simulation and from the rigid
tetrahedral model respectively.

in the dipole field [53],

〈(δµn̂(a))2〉 = µ2
w

∫
d~κP (~κ|a) [µ̂(~κ) · n̂]2 − 〈µn̂(a)〉2. (3.9)

In Fig. 3.4, we compare the functions in Eqs. (3.8) and (3.9) that are computed from
our model with those obtained from the atomistic simulations of the TIP5P force
fields. As the atomistic simulation data illustrates, both 〈µn̂(a)〉 and 〈(δµn̂(a))2〉
vary significantly from their bulk values at the liquid vapor interface. However, these
variations are not captured by the rigid tetrahedral model, despite the ability of this
model to capture the primary features of P (cos θOH|a). In fact, the rigid tetrahedral
model predicts that 〈µn̂(a)〉 and 〈(δµn̂(a))2〉 are independent of the interfacial depth
(dashed lines in Fig. 3.4).

The depth-independent behavior of the rigid tetrahedral model in its polariza-
tion and polarizability is a mathematical consequence of modeling hydrogen bonds
as perfectly tetrahedral and energetically symmetric for donor and acceptor bonds.
The perfectly tetrahedral coordination gives

∑4
i=1 bi = 0 for any ~κ. Because of

the symmetry, any pair of distinct i and j can represent the donor bonds such that
〈µ〉 = µw〈µ̂〉 ∝ 〈bi+bj〉 = 0 for any orientational distribution. The dipole vector also
can be decomposed such that µ =

∑3
k=1 µêk êk where êk’s are orthonormal vectors

in three dimensions. Choosing ê1 = n̂, we have 〈µn̂〉 = 〈µ · n̂〉 = 〈µ〉 · n̂ = 0. Here
n̂ could be other two unit vectors and there is no preference along specific direction.
That is, since |µ|2 =

∑3
k=1 µ

2
êk

= µ2
w, we expect 〈µ2

n̂〉 = µ2
w/3.
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Figure 3.4 Interfacial mean dipole orientation, 〈µn̂(a)〉, and dipole fluctuations,
〈(δµn̂(a))2〉, computed from the molecular dynamics simulation (MD, solid red lines) and
the rigid tetrahedral model (Rigid-Tet, blue dashed lines).

Therefore, interfacial variations in orientational polarization and polarizability
must arise through a combination of (1) distortions in tetrahedral coordination ge-
ometry and (2) asymmetry in donor/acceptor hydrogen bond energies. We can study
the specific influence of these effects on 〈µn̂(a)〉 and 〈(δµn̂(a))2〉 by explicitly including
their effects in the empirical hydrogen bonding interaction of our mean field model.
As demonstrated in the following section, three-body interactions are the significant
components that modulate the hydrogen bonding fluctuations at the interface.

3.3 Effects of Three-Body Interactions at the Inter-
face

3.3.1 Fluctuations in Hydrogen Bond Geometry and the Three-
Body Hydrogen Bond Defects

In this section, we analyze the microscopic hydrogen bonding properties from atom-
istic simulations for the insight into modifying our empirical hydrogen bonding de-
scription. We quantify the hydrogen bond geometry of individual molecules by spec-
ifying the inter-bond angle, ψ, between pairs of hydrogen bonds. As Fig. 3.5(a)
illustrates, there are six such angles for a molecule with four unique hydrogen bond
partners. The probability distribution for ψ, P (ψ), computed from atomistic simu-
lation is plotted in Fig. 3.5(b). This plot highlights that the interfacial environment
features highly distorted non-ideal hydrogen bond geometries that depend on the di-
rectionality (i.e., donor or acceptor) of the two adjacent hydrogen bonds. Specifically
interfacial inter-bond angles are narrowed relative to that of the bulk, and this nar-
rowing is especially significant between bonds with like directionality. Furthermore,
as illustrated in Fig. 3.6(a), we observe a significant increase in the relative fraction
of highly distorted hydrogen bond configurations within the first 2Å of the interfacial
region.
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Figure 3.5 (a) A schematic illustration of the angles used to quantify hydrogen bond
geometries. (b) Probability distributions for inter-bond angles, ψ, generated from atom-
istic simulation, computed separately for donor-donor (D-D), acceptor-acceptor (A-A), and
donor-acceptor (D-A) pairs of bonds. Solid and dashed lines correspond to statistics gener-
ated within the bulk liquid and at the interface (i.e., |a| < .1Å) respectively. (c) Average
direct interaction energy, u(φ), expressed in units of the average bulk hydrogen bond en-
ergy, EHB = 20.9 kJ/mol, 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.

We quantify the energetic properties of these highly distorted hydrogen bonds
by analyzing atomistic simulation data. As Fig. 3.5(c) illustrates, the average 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 preferred tetra-
hedral geometry. Despite this weakening, however, we observe that highly distorted
hydrogen bond configurations can be stabilized by favorable interactions between
hydrogen bond partners. As Fig. 3.5(d) illustrates, these interactions become partic-
ularly favorable when ψ ≈ 60 deg, where the hydrogen bond partners are separated
by approximately dHB, and thus well situated to form a hydrogen bond. The resulting
structure, a triangular three-body hydrogen bond defect, is unfavorable in the bulk
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given in the same colors of lines. (b) Interfacial profile of free energy change associated with
the distortion into a squeezed triangular hydrogen bond defect. Plot shown above is for the
case including two donor bonds.

liquid, however, at the interface this defect structure is stabilized by an increased
availability of broken hydrogen bonds [80], which due to the presence of the liquid
phase boundary, cannot all be satisfied without significant distortions in hydrogen
bond geometries.

Three-body interactions have been found to be an important element of water’s
molecular structure both in the bulk and at the interface [81–84]. The three-body de-
fects that we have identified here are structurally different from those that have been
found to facilitate the orientational relaxation dynamics within the bulk liquid [23]
and are uniquely stabilized at the interface. We quantify the stabilizing effect of the
interface 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 probabil-
ity to observe a molecule with position a that is part of such a defect (see Eq. (3.18)
and the following subsection for computational details). As Fig. 3.6(b) illustrates,
these defects are more stable at the interface than in the bulk liquid by about 2 kBT .

3.3.2 Computational Details

We quantify the distortions in hydrogen bond geometry and the associated energetics
by analyzing the atomistic simulation results as follows. Notably, here relatively
simple algorithms for quantifying various aspects of molecular geometry translate
into complicated mathematical expressions. Let v

(i)
k = r

(i)
k − r

(i)
O , where r

(i)
O is the

position of the oxygen of the ith water molecule and r
(i)
k is the position of the kth

bonding site on it (k = 1, 2 indicate the hydrogens and k = 3, 4 indicate the lone
pairs for the TIP5P water). Then v

(i)
k represents the direction of ideal hydrogen

bonding coordination through the kth site of the ith molecule. For the jth molecule
neighboring the ith, its deviation angle from the ideal coordination to the ith molecule
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is given by

φ
(i)
j = min

k



cos−1


 v

(i)
k · b

(i)
j∣∣∣v(i)

k

∣∣∣
∣∣∣b(i)

j

∣∣∣





 , (3.10)

where b(i)
j = r

(j)
O − r

(i)
O represents the hydrogen bond vector of the ith molecule to the

jth. The corresponding index,

y
(i)
j = arg min

k



cos−1


 v

(i)
k · b

(i)
j∣∣∣v(i)

k

∣∣∣
∣∣∣b(i)

j

∣∣∣





 , (3.11)

indicates which ideal boding direction b
(i)
j is distorted from and thus whether it

belongs to donor or acceptor hydrogen bond. The inter-bond angle between the jth
and kth molecules with respect to the ith is given by

ψ
(i)
jk = cos−1


 b

(i)
j · b(i)

k∣∣∣b(i)
j

∣∣∣
∣∣∣b(i)

k

∣∣∣


 . (3.12)

Then the probability distribution of inter-bond angle at given distance a is computed
as,

Pαγ(ψ|a) =

〈∑

i

∑

j 6=i

∑

k 6=i>j

δ(ψ
(i)
jk − ψ)δ(a(i) − a)Θhyd

(
b
(i)
j

)
Θhyd

(
b
(i)
k

)
Φα

(
y
(i)
j

)
Φγ

(
y
(i)
k

)〉

sinψ

〈∑

i

∑

j 6=i

∑

k 6=i>j

δ(a(i) − a)Θhyd

(
b
(i)
j

)
Θhyd

(
b
(i)
k

)
Φα

(
y
(i)
j

)
Φγ

(
y
(i)
k

)〉 ,

(3.13)
where a(i) is the interfacial depth of the ith molecule specified by Eq. (2.4),

Θhyd(r) = H(|r| − 2.4Å)H(3.2Å− |r|) (3.14)

selects the molecules only in the first hydration shell of the ith molecule using the
Heaviside step function, H(x), and

Φα(x) =

{
H(2.5− x), if α is Donor,

H(x− 2.5), if α is Acceptor,
(3.15)

selects the neighboring molecule of specific bond type, α. Here the geometric factor,
sinψ, corrects the bias coming from the variation of solid angle. Fig. 3.5(b) shows the
plots of Pαγ(ψ|a) with a = 10Å and a = 0Å for the bulk and interface respectively
(0.1Å was used for the binning width of histogram). For the plots in Fig. 3.6(a), the
distribution is integrated such that Pαγ(ψ < 60◦|a) =

∫ 60◦

0
Pαγ(ψ|a) sinψdψ.
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The average direct interaction energy for a hydrogen bond pair is computed in
the bulk phase as a function of the deviation angle, φ, such that

uα(φ) =

〈∑

i

∑

j 6=i

Uij δ(φ
(i)
j − φ)H(a(i) − ab)Θhyd

(
b
(i)
j

)
Φα

(
y
(i)
j

)〉

〈∑

i

∑

j 6=i

δ(φ
(i)
j − φ)H(a(i) − ab)Θhyd

(
b
(i)
j

)
Φα

(
y
(i)
j

)〉 , (3.16)

where Uij is the pair potential energy between the ith and jth molecules and ab =
10Å. The plots are given in Fig. 3.5(c), normalized by the average bulk hydrogen
bond energy where we used EHB = 9.0 kBT (see the next section below for more details
on this). Similarly, the average direct interaction energy between two neighbors of a
tagged molecule is computed as,

vαγ(ψ) =

〈∑

i

∑

j 6=i

∑

k 6=i>j

Ujk δ(ψ
(i)
jk − ψ)H(a(i) − ab)Θhyd

(
b
(i)
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(i)
k

)
Φα

(
y
(i)
j

)
Φγ

(
y
(i)
k

)〉

〈∑

i

∑

j 6=i

∑

k 6=i>j

δ(ψ
(i)
jk − ψ)H(a(i) − ab)Θhyd

(
b
(i)
j

)
Θhyd

(
b
(i)
k

)
Φα

(
y
(i)
j

)
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(
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(3.17)
Computing Psqz(a) needs to specify the certain type of defect among the config-

urations of ψ < 60◦. There is the other type of defect than the squeezed triangular
one, which is known as the intermediate of the water reorientation [23]. This type
of defect has bifurcated hydrogen bonds through one site of the molecule such that
y
(i)
j = y

(i)
k . By excluding such cases, we can compute the probability to observe a

squeezed configuration of two donor bonds as,

Psqz,DD(a) =

〈∑

i

∑

j 6=i

∑

k 6=i>j

H(ψ
(i)
jk − 60◦)δ(a(i) − a)Θhyd

(
b
(i)
j

)
Θhyd

(
b
(i)
k

)
δ
(
y
(i)
j y

(i)
k − 2

)〉

〈∑

i
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δ(a(i) − a)Θhyd
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(
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)
ΦD

(
y
(i)
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)〉 .

(3.18)

3.4 The Three-Body Fluctuation Model
We incorporate the effects of these three-body interactions into our model by including
angle dependence in the empirical hydrogen bond potential. We accomplish this
by allowing the angles of the hydrogen bonds to fluctuate, subject to the following
expression,

E(~κ, a, {nk}) =
4∑

i=1

ũα(φi)ni +
3∑

i=1

4∑

j>i

[ṽαγ(ψij)− λαγ(ai, aj, ψij)]ninj, (3.19)
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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. 3.5(a)). In this expression the direct
hydrogen bond energy, ũα(φ), is described separately for donor and acceptor bonds,
as denoted by the subscript α. Similarly, the effects of three-body interactions are
described by ṽαγ(ψ), which depends on the directionality of the bonds involved in ψ,
denoted by α and γ. The function λαγ(ai, aj, ψij) is designed to attenuate the effects
of three-body interactions based on the availability of broken hydrogen bonds at ai
or aj. Here, we assign ũα and ṽαγ to reflect the atomistic simulation data plotted in
Fig. 3.5(c) and Fig. 3.5(d), respectively. We refer to this variation of our model as the
three-body fluctuation model. The details about implementing this model variation
are described in the following subsection.

The three-body fluctuation model exhibits interface-specific non-ideal hydrogen
bond structure that is similar to that observed in atomistic simulation. As the in-
set of Fig. 3.6(a) illustrates, this includes an interfacial enhancement of donor-donor
and acceptor-acceptor angles of ψ < 60 deg, similar to that observed in atomistic
simulation. We find that including the effects of three-body hydrogen bond defects
significantly improves the ability of the model to accurately describe interfacial po-
larization and polarizability, as illustrated in Fig. 3.7. These effects do not, however,
completely account for the interfacial variations in 〈(δµn̂(a))2〉, which suggests that
interfacial polarizability also includes contributions from other microscopic effects,
such as higher-order many-body effects.

3.4.1 Details of the Model Implementation

Following the notations used in the previous section, let {v̂1, v̂2, v̂3, v̂4} be the unit
vectors of ideal hydrogen bonding directions through the hydrogens and lone pairs
of a probe water molecule of given orientation ~κ. We sample the hydrogen bond
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Figure 3.7 Interfacial mean dipole orientation, 〈µn̂(a)〉, and dipole fluctuations,
〈(δµn̂(a))2〉, computed from the atomistic simulation and different variations of our mean
field model. Solid red lines (MD) correspond to atomistic simulation data. Dashed (Rigid-
Tet) and solid (3-Body-Fluct) blue lines correspond to the rigid tetrahedral model and the
three-body fluctuation model, respectively.
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vectors, {b1,b2,b3,b4}, each of which is within a certain solid angle around v̂i such
that bi · v̂i = |bi| cosφi where the value for cosφi is drawn from the uniform random
distribution of [cos 70◦, 1]. Each hydrogen bond vector is assigned a directionality of
either donor or acceptor based on the proximity to the bonding sites (see Eq. (3.11)).
The six inter-bond angles, ψij, are calculated based on Eq. (3.12). If the bond vectors
are too close with one another, i.e. ψij < 44◦, they are not taken into account
for computing P (~κ|a) since there is almost no statistics below that in the atomistic
simulation. Hence P (~κ|a) is computed as,

P (~κ|a) =

∫ 4∏

i=1

[
dbiδ(|bi| − dHB)H

(
bi
|bi|
· v̂i − cos 70◦

)

×
∏

j>i

H

(
cos 44◦ − bi · bj

|bi||bj|

)]
〈
e−βE(~κ,a,{nk})

〉
b

Z(a)
,

(3.20)

where E(~κ, a, {nk}) follows the Eq. (3.19). Here we impose the same constraint on the
length of hydrogen bond vectors as that in the rigid tetrahedral model. Implementing
the fluctuations in |bi| provokes more details about the energetics, ũα and ṽαγ, such
as their dependence on both lengths and angles of the hydrogen bond vectors, which
we have not detailed so far in this model.

The energy functions, ũα(φ) and ṽαγ(ψ), are rescaled from the atomistic simulation
data of uα(φ) and vαγ(ψ). Additionally, we parametrize ũα(φ) by tuning the maximum
value of uα(φ) such that

ũα(φ) =





[(
uα(φ)− uα(0)

) u∗α − uα(0)

uα,max − uα(0)
+ uα(0)

] |εw|
EHB

, if φ ≤ φc,

0, if φ > φc,
(3.21)

where φc = 72◦, uα,max = maxφ<φc {uα(φ)}, and u∗α is the parameter that sets the
new maximum (in the original scale of uα). Here the factor of |εw|/EHB rescales the
functions in units of the effective hydrogen bond energy of our model. We observed
that the behavior of 〈µn̂(a)〉 is largely sensitive to ũα(φ), and thus we optimized
the parameters, u∗α and εw, for the result expected from atomistic simulations. For
the results presented in Fig. 3.7, we used εw = −5.0 kBT , u∗D = +0.2 kBT , and
u∗A = −3.7 kBT . We found that the optimized ũA(φ) is quite different from uA(φ)
but more like the corresponding energy computed near the interface (see Fig. 3.8).
For ṽαγ(ψ), we simply take the values from the atomistic simulation data and rescale
them in units of εw, that is,

ṽαγ(ψ) = vαγ(ψ)
|εw|
EHB

. (3.22)

As given in Eq. (3.19), ṽαγ(ψ) is combined with the auxiliary function, λ(ai, aj, ψij),
in order to accounts for the interface-specific stability of hydrogen bond defects. This
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auxiliary function represents the energetic cost for the defects to pay based on the
hydrogen bonding status of the ith or jth hydrogen bond partner. Assuming that
this penalty is imposed on the one that donates hydrogen, we describe this function
in terms of the average number and energy of hydrogen bonds through donor sites,
denoted by ND(a) and ED(a) respectively. Specifically it is given by,

λαγ(ai, aj, ψ) =





ND(āαγ)

2
ED(āαγ)

|εw|
EHB

, if ψ ≤ ψαγ,

[
1− vαγ(ψ)− vαγ(ψαγ)

vαγ(ψc)− vαγ(ψαγ)

]
λαγ(ai, aj, ψαγ), if ψαγ < ψ < ψc,

0, if ψ ≥ ψc,
(3.23)

where ψαγ = arg minψ {vαγ(ψ)}, ψc = arg maxψ {vAA(ψ)}, and

āαγ(ai, aj) =

{
min{ai, aj}, if α = γ,

ΦD(yi) ai + ΦD(yj) aj, if α 6= γ.
(3.24)

Here we let the penalty taken by the hydrogen bond partner located closer to the
interface, but we make the exception for donor-acceptor bond pairs based on the
typical structure of cyclic water trimer [85]. ND(a) and ED(a) are computed from
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atomistic simulation as,

ND(a) =

〈∑

i

∑

j 6=i

δ(a(i) − a)H
(

30◦ − φ(i)
j

)
H
(

3.5Å−
∣∣∣b(i)

j

∣∣∣
)

ΦD

(
y
(i)
j

)〉

〈∑

i

δ
(
a(i) − a

)
〉 , (3.25)

and

ED(a) =

〈∑

i

∑

j 6=i

Uij δ(a
(i) − a)H

(
30◦ − φ(i)

j

)
H
(

3.5Å−
∣∣∣b(i)

j

∣∣∣
)

ΦD

(
y
(i)
j

)〉

〈∑

i

∑

j 6=i

δ(a(i) − a)H
(

30◦ − φ(i)
j

)
H
(

3.5Å−
∣∣∣b(i)

j

∣∣∣
)

ΦD

(
y
(i)
j

)〉 ,

(3.26)
where the definition of a good hydrogen bond follows the one by Luzar and Chandler
[86]. As illustrated in Fig. 3.9, they change dramatically within the first 2Å of the
interfacial region such that the effect of three-body interaction also becomes significant
in that region. Here we take the value of EHB from ED(a) by setting EHB = |ED(ab)| =
8.45 kBT = 20.9 kJ/mol at T = 298 K.

In order to evaluate P (~κ|a), we obtain an approximate analytic expression for〈
e−βE(~κ,a,{nk})

〉
b in Eq. (5.9). Here we made the same assumption as that of the rigid

tetrahedral model, such that 〈ninj〉 ≈ 〈ni〉〈nj〉 for i 6= j.3 Within this approximation,
3 This is definitely a rough approximation since it neglects the density correlation between hy-

drogen bond partners even in the squeezed configurations. However, more accurate treatment for
the density correlation provokes again the distance dependence of the energy functions which we
have not detailed so far in this model.
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we can write

〈
e−βE(~κ,a,{nk})

〉
b

=
4∏

i=1

〈ni〉be−βũα(φi)
4∏

j>i

e−βṽαγ(ψij)

+
4∑

k=1

[1− 〈nk〉b]
4∏

i 6=k

〈ni〉be−βũα(φi)
4∏

j 6=k>i

e−βṽαγ(ψij)

+
4∑

i=1

4∑

j>i

〈ni〉b〈nj〉b [1− 〈nk〉b] [1− 〈nl〉b] e−β[ũα(φi)+ũα(φj)+ṽαγ(ψij)]

+
4∑

k=1

〈nk〉be−βũα(φk)
4∏

i 6=k

[1− 〈ni〉b] +
4∏

i=1

[1− 〈ni〉b] , (3.27)

where 〈ni〉b = PHB(ai) = ρ(ai)/2ρb and the dummy indices, k and l, in the third term
are the numbers among {1, 2, 3, 4} such that i 6= j 6= k 6= l. The resulting reduced
probability distribution, P (cos θOH|a), is given in Fig. 3.10, where the cosines are
computed as cos θi = v̂i · n̂. Although its qualitative feature is still the same as the
result from the rigid tetrahedral model, its details are closer to that from the atomistic
simulation of TIP5P water (especially at a < 3Å).
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Figure 3.10 Orientational distributions, P (cos θOH|a), computed from (a) the three-body
fluctuation model and (b) the rigid tetrahedral model for the TIP5P force field. Color
shading indicates the probability density.
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3.4.2 Application of the Mean-Field Model to the SPC/E Force
Field

The characteristics of interfacial molecular structure as derived from molecular dy-
namics simulations depend somewhat on the identity of the water force field. Despite
sharing similar bulk hydrogen bonding structures, different classical water models
can yield non-trivial differences in interfacial structure. Some of these differences are
highlighted in Figs. 2.3 and 2.4. We observe that different force fields exhibit similar
trends in dipolar polarization and polarizability, but that they vary in their quantita-
tive characteristics. To evaluate the ability of our mean field model to capture these
differences we also apply the model to the SPC/E force field. Specifically we follow
the same procedure described in the previous subsection except for using the data
from molecular dynamics simulations of the SPC/E water rather than the TIP5P.
For the SPC/E-parameterized mean field model, we find similarly good agreement in
reproducing P (cos θOH|a) as illustrated in Fig. 3.11, but as Fig. 3.12 illustrates, the
agreement to 〈µn̂(a)〉 and 〈(δµn̂(a))2〉, is not so good for SPC/E as for TIP5P.

We understand that the difference in the ability of our model to reproduce dipolar
polarization/polarizability between SPC/E and TIP5P arises due to the differences
in the geometric tendencies inherent to these force fields. The TIP5P force field is
built upon a tetrahedral charge scaffold, so non-ideal hydrogen bond structures are
more naturally described in terms of their deviations from this scaffold. On the other
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Figure 3.11 P (cos θOH|a) computed from (a) the atomistic simulation with SPC/E water
and (b) the rigid tetrahedral model optimized for the SPC/E force field (ε∗w = −1.8 kBT =
−4.46 kJ/mol).
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hand, SPC/E is built upon a triangular charge scaffold (albeit with a tetrahedral
bond angle) so non-ideal hydrogen bond structures are less well represented in term
of deviation from a tetrahedral scaffold. These differences in model geometry influence
molecular correlations in the interfacial region [87]. This influence is illustrated to
some extent in Fig. 3.13. To accurately capture this influence in our model would
require modifying the geometric framework that is built upon in order to reflect that
of the atomistic force field.
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Figure 3.13 Probability distributions of ϕA computed from the simulations of the SPC/E
and TIP5P force fields, shown in red and blue colors respectively. As illustrated on the right,
ϕA is the angle of the bond vector accepting a hydrogen relative to the plane including
the probe molecule. Here the probability distributions for the SPC/E and TIP5P force
fields exhibit quite different trends even in the bulk. ϕA is mostly probable around 50◦ for
the TIP5P, whereas there are significant populations near ϕA = 0◦ for the SPC/E. This
difference, which becomes more pronounced at the interface, reflects the distinct geometric
characteristics of the charge scaffolds of the two water force fields.
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3.5 Conclusion
To conclude, we summarize two fundamental aspects of interfacial molecular structure
that have been revealed by our mean field model of the liquid water-vapor interface.
First, we observed that the depth dependent variations in molecular orientations
at the interface are determined by the molecular geometry of hydrogen bonding and
how it conforms to the anisotropic features of the interfacial density field. We demon-
strated that ideal bulk- like hydrogen bond geometry was sufficient to explain most of
the interfacial variations in molecular orientations. Second, our model revealed that
interfacial variations in molecular orientational polarization and polarizability arise
due to distorted non-tetrahedral hydrogen bond structures. We showed that the inter-
face features squeezed triangular hydrogen bond defects that contribute significantly
to determining interfacial dielectric properties.



Chapter 4

Characterizing Hydration Properties
Based on the Orientational Structure
of Interfacial Water Molecules

In this chapter,1 we present a general computational method for characterizing the
molecular structure of liquid water interfaces as sampled from atomistic simulations.
With this method, the interfacial structure is quantified based on the statistical anal-
ysis of the orientational configurations of interfacial water molecules. The method
can be applied to generate position dependent maps of the hydration properties of
heterogeneous surfaces. We present an application to the characterization of sur-
face hydrophobicity, which we use to analyze simulations of a hydrated protein. We
demonstrate that this approach is capable of revealing microscopic details of the col-
lective dynamics of a protein hydration shell.

4.1 Introduction

In the vicinity of a hydrated surface the properties of water can differ significantly
from those of the bulk liquid [27]. These differences are determined by the details of
the interfacial environment and they are thus sensitive to the specific chemical and
topological features of the hydrated surface [88]. The details of water’s interfacial
molecular structure, therefore, contain information about these surface features and
how they affect their local aqueous environment [28]. This information is valuable
because it provides insight into the collective molecular effects that control the solva-
tion properties of complex solutes, but it is also difficult to access due to limitations
in our ability to measure and characterize water’s interfacial molecular structure.

Our current understanding of the interfacial molecular structure of liquid water
is derived primarily from the results of interface sensitive experimental techniques
such as vibrational sum frequency generation spectroscopy [89–93], THz absorption
spectroscopy [94, 95], dynamic nuclear polarization [96], NMR [97, 98], and X-ray

1This chapter borrows largely from the previously published work, J. Chem. Theory Comput.
14, 461–465 (2018).
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and neutron scattering [99–101]. Unfortunately, these experiments are typically more
difficult to interpret than their bulk phase counterparts due to the constraints asso-
ciated with achieving interface selectivity. This has driven an increased demand for
theoretical developments that can facilitate the analysis and interpretation of these
interface-sensitive experiments. Resulting efforts have relied heavily on the use of
atomistic simulation to provide the molecular details of water’s interfacial structure.

Classical molecular dynamics (MD) simulations are a particularly efficient theoret-
ical framework for modeling the microscopic properties of aqueous interfacial systems.
These simulations provide a molecular-level basis for understanding the microscopic
structure of liquid water and how it responds to the anisotropic environment of the
liquid phase boundary. This response is mediated by the properties of water’s hy-
drogen bonding network and therefore involves the correlated arrangements of many
individual water molecules. Characterizing this high-dimensional molecular structure
in simple and intuitive terms can be a significant challenge, especially for solutes such
as proteins that exhibit irregular or heterogeneous surface properties.

Here we address this challenge by characterizing water’s interfacial molecular
structure in terms of a low dimensional parameter that quantifies its similarity to
the structure of various interfacial reference systems. We introduce a theoretical
framework for quantifying this similarity based on the statistical analysis of molecu-
lar orientations at the interface. In this analysis, reference systems serve to designate
the unique orientational signatures of water interfaces at surfaces with specific well-
defined chemical or topographical properties. The properties of these reference sur-
faces can be systematically chosen in order to analyze specific interfacial features that
may be relevant to a particular system of study. This framework provides a physically
insightful measure of interfacial structure that eliminates the need to formulate high-
dimensional collective variables. Furthermore, by applying this framework across a
variety of different reference systems, it can be adapted to report simultaneously on
multiple specific interfacial properties.

4.2 The Theoretical Framework

4.2.1 Formalism

The general formalism for our framework begins with the definition of the reference
system(s) that will serve as a basis for interfacial characterization. Prior to applying
this framework, each reference system must be thoroughly sampled in order to estab-
lish its unique orientational molecular signature. We quantify this signature in terms
of the molecular orientational distribution function,

f(~γ|ref) = − ln

[
P (~γ|ref)
P (~γ|iso)

]
, (4.1)

where P (~γ|ref) denotes the equilibrium probability for observing a molecule with a
specific molecular configuration, ~γ, within the given reference system, and P (~γ|iso)
is the probability for ~γ when molecular orientations have an isotropic distribution.
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Figure 4.1 Schematic illustration of the molecular coordinates that are used to specify the
orientational state, ~γ, of molecules at the liquid water interface.

Defined in this way, f(~γ|ref) specifies the relative free energy, in units of kBT , associ-
ated with the orientational anisotropy of the interfacial reference system. We specify
molecular configuration in terms of a three-dimensional vector, ~γ = (cos θ1, cos θ2, a),
where θ1 and θ2 denote the angles made between the local surface normal and each of
a water molecule’s OH bond vectors, and a denotes the distance of the water molecule
from the instantaneous position of the water interface. We define the instantaneous
water interface following the procedure given in Sec. 2.1. This system of molecular
coordinates is illustrated schematically in Fig. 4.1.

We characterize the interfacial molecular structure of of a particular interfacial
system by sampling values of ~γ and comparing them to the distribution function,
f(~γ|ref). Specifically, we compute the quantity,

λref =
1

N

N∑

i=1

f(~γ|ref) , (4.2)

where the summation is taken over a set of N molecular configurations sampled from
the system of interest. This quantity reflects the likelihood for the sampled set of
configurations to occur spontaneously within the environment of the reference sys-
tem. This likelihood is relatively large (corresponding to lower values of λref) when
interfacial molecular structure is similar to that of the reference system and relatively
small (corresponding to higher values of λref) when interfacial molecular structure
differs from that of the reference system. In this way, λref can be used to distin-
guish hydrated surfaces based on how they influence their hydration environments,
irrespective of their specific chemical or topographical properties.

The general expression in Eq. (4.2) can be adapted to serve various purposes. For
instance, if the summation in Eq. (4.2) is defined to include an ensemble of interfacial
molecules sampled over many positions and across many independent snapshots, then
the resulting value of λref can be used to characterize the average properties of the
interface. For heterogeneous surfaces, the summation in Eq. (4.2) can be defined in
such a way as to generate spatially resolved maps of λref. To accomplish this, we
adapt Eq. (4.2) so that it can be applied to compute λref at a specific position along
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the surface, rsurf, and point in time, t. Specifically, we utilize the expression,

λref(rsurf, t) =
1

Nτ

t+τ∑

t′=t

f(~γ(rsurf, t
′)|ref) , (4.3)

where ~γ(rsurf, t
′) is the orientational configuration of the water molecule that is closest

to position rsurf at time t′ and the summation is taken over a series of Nτ discrete
time steps along the interval τ . In practice we evaluate λref(rsurf, t; τ) separately for
a discrete set of positions located on the two-dimensional manifold of the hydrated
surface. For a planar surface these points lie on the vertices of a square lattice with
lattice spacing that can be varied arbitrarily to achieve any desired spatial resolution.

Since we define ~γ(rsurf, t
′) to include only the single nearest water molecule (see

Sec. 4.3.2 for more details), the number of sampled configurations for each surface
point is equal to the number of snapshots evaluated in the time interval τ . For a given
position along the surface, the set of molecular configurations that are averaged over to
compute λref(rsurf, t; τ) thus include a variety of different orientations and values of a.
We find that approximately 102 individual snapshots (e.g., about 20 ps of simulation
data) are required to distinguish between hydrophobic and hydrophilic regions of
a surface and approximately 103 snapshots (e.g., about 0.2 ns of simulation data)
are required to converge a spatial map of λref(rsurf, t; τ) of a static hydrated surface.
The value of τ in Eq. (4.3) can be varied to highlight average interfacial response to a
heterogeneous surface (i.e., large τ) or to highlight transient fluctuations in interfacial
molecular structure (i.e., small τ).

4.2.2 Reference System for Characterizing Hydrophobicity

Early approaches to mapping the hydration properties of heterogeneous solutes, most
notably those developed by Kyte and Doolittle, were based on a spatial decomposition
of surface chemistry [102], and have since been extended to provide higher resolution
[103]. These approaches often fail to accurately predict solvation properties due
to their neglect of transverse correlations within the water interface. More recent
approaches have focused on water-based mapping methods. This includes approaches
based on local density fluctuations [104, 105], single water chemical potentials [106],
and local electrostatic fields [107]. Our method is complementary to these previous
approaches and can be adapted, via the selection of different reference systems, to
map a wide variety of interfacial properties.

We illustrate the performance of our method by applying it to characterize the
hydrophobicity of heterogeneous surfaces. To do this we use a single reference sys-
tem as a basis for interfacial characterization—the liquid water interface at an ideal
hydrophobic surface. We represent this reference system using the intrinsic molec-
ular structure of a liquid water–vapor interface, which has been shown to reflect
the microscopic characteristics of an ideal hydrophobic surface [51]. The collective
molecular arrangements that are common to this reference system are thus specified
by f(~γ|phob). As we demonstrate in the following section, λphob is capable of distin-
guishing between the interfacial molecular structure of hydrophobic and hydrophilic
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surfaces and can thus be treated as an order parameter for hydrophobicity. As such,
we use λphob, computed according to Eq. (4.3), to analyze water’s interfacial response
to heterogeneous surfaces. Since λphob is based only on water’s interfacial molecular
structure, it can be used to generate hydrophobicity maps that reveal the effective
solvation characteristics of surfaces with complex or unknown properties.

To quantify f(~γ|phob), we utilize pre-tabulated values of P (~γ|phob) that are ana-
lyzed from the instantaneous liquid–vapor interface [34]. Specifically, P (~γ|phob) was
computed from a MD simulation of a slab of 4913 SPC/E water molecules [35] in
a simulation cell measuring approximately 6 × 6 × 10 nm3. At 298 K, this simu-
lation spontaneously forms a free liquid–vapor interface, which serves to buffer the
pressure of the liquid region of the slab. Other simulation details are the same as
those given in Sec. 2.2. P (~γ|iso) was computed from the random sampling of ori-
entational configurations based on molecular rotations. Figure 4.2 shows the value
of exp[−f(~γ|phob)] = P (~γ|phob)/P (~γ|iso) for several different values of a, i.e., the
molecular distance from the instantaneous liquid interface.

�1

�0.5

0

0.5

1

�1 �0.5 0 0.5 1

co
s(
✓ 1

)

cos(✓2)

�1

�0.5

0

0.5

1

�1 �0.5 0 0.5 1

co
s(
✓ 1

)

cos(✓2)

�1

�0.5

0

0.5

1

�1 �0.5 0 0.5 1

co
s(
✓ 1

)

cos(✓2)

�1

�0.5

0

0.5

1

�1 �0.5 0 0.5 1

co
s(
✓ 1

)

cos(✓2)

a = 0 a = 1nm a = 2nm a = 4nma = 1 Åa = 0 a = 2 Å a = 4 Å

Figure 4.2 Plots showing the value of exp[−f(~γ|phob)] = P (~γ|phob)/P (~γ|iso), as indicated
by shading. Each plot is scaled to the same color bar as given on the right.

4.3 Application to Model Surfaces

4.3.1 Results and Discussions

As a proof of concept, we apply our framework for interfacial characterization to a
model silica surface with a patterned composition of hydrophobic and hydrophilic
surface sites [108]. As illustrated in Fig. 4.3, the surface sites of this model can
be either nonpolar (i.e., hydrophobic), if they are terminated with a neutral silicon
atom, or polar (i.e., hydrophilic), if they are terminated with a charged hydroxyl
group. Artificial surfaces with well-defined surface patterns can be created by spec-
ifying the hydroxylation state of the surface sites. We then use λphob to analyze
water’s response to various surface patterns. We quantify this response by computing
δλref = λref − 〈λref〉0, where 〈· · · 〉0 denotes an equilibrium average taken within the
ensemble of configurations sampled directly from the reference system. In this way,
values of δλref ≈ 0 correspond to interfacial environments that resemble those of the
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Figure 4.3 (a) Snapshot of a simulation of a periodically replicated slab of liquid water in
contact with a 6×6 nm2 model silica surface. (b and c) Chemical termination of the surface
sites that determines whether they are hydrophilic or hydrophobic, respectively.

reference system. Further details about the simulations are described in the following
subsection.

Figure 4.4 highlights the ability of λphob to distinguish between water’s interfa-
cial molecular response to hydrophobic and hydrophilic regions of a spatially hetero-
geneous surface. Specifically, we have computed λphob, using Eq. (4.3), for points
along an extended hydrophobic surface with a larger rectangular hydrophilic patch,
as shown in Fig. 4.4(a). For the data plotted in Fig. 4.4(b), λphob has been averaged
over a long observation time of τ = 4 ns (20000 individual configurations). We ob-
serve that water’s average interfacial molecular structure exhibits spatial variations
that mimic the chemical patterning of the underlying silica surface. Over nonpolar
regions of the surface δλphob ≈ 0 (i.e., λphob ≈ 〈λphob〉0), indicating that interfacial
molecular structure is similar to that of the hydrophobic reference system. Over polar
regions of the surface δλphob > 0 (i.e., λphob > 〈λphob〉0), indicating that water’s inter-
facial response differs significantly from that of the reference system. Low-amplitude
spatial modulations in λphob can be observed over both the polar and the nonpolar
regions of the surface. These modulations reflect the corrugation of the atomic sur-
face and thus indicate that this order parameter is sensitive to the subtle influence of
surface topography on water’s interfacial molecular structure.

Transient fluctuations in local interfacial structure can be analyzed by computing
δλphob with a smaller value of τ . For instance, Fig. 4.4(d) shows δλphob computed for
the surface in Fig. 4.4(a) using a value of τ = 20 ps (100 individual configurations).
The use of a shorter observation time highlights the transient details of water’s inter-
facial molecular structure. Thus, by comparing local values of δλphob over multiple
consecutive snapshots it is possible to observe the transient fluctuations of interfacial
molecular structure and investigate how they depend on the details of local surface
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Figure 4.4 (a) Snapshot of the water exposed face of a model silica surface featuring a
hydrophilic patch against a hydrophobic background. (b and d) Plot of δλphob, indicated
by shading, computed for points along the surface of the structure shown in Panel (a). The
data in Panels (b) and (d) reflect averages over observation times of τ = 4 ns and τ = 20 ps,
respectively. (c) Plot of the values of δλphob computed along a line at y = 3 nm (the yellow
dotted line in Panel (a)) that highlights how interfacial molecular structure is affected by
the patch boundary. Grey points are values of δλphob, computed with τ = 20 ps, sampled
at different points in time and the solid line is δλphob computed with τ = 4 ns.

chemistry and topology. The dynamic range of δλphob within the hydrophobic refer-
ence system is described in the following subsection.

Water molecules that reside over the boundaries between polar and nonpolar re-
gions of the surface experience a laterally anisotropic aqueous environment. In these
regions, such as along the edge of the polar patch of the surface illustrated in Fig.
4.4(a), δλphob takes on values that are intermediate between that of the extended polar
and nonpolar surfaces. The characteristics of δλphob in these boundary regions reveal
details about the molecular correlations that mediate interactions along liquid water
interfaces, and how these correlations are influenced by the details of surface-water
interactions.

In the case of the model silica surface, we observe that the effect of the po-
lar/nonpolar surface boundary on the interfacial molecular structure is local, limited
to the region directly above the surface boundary. A cross section of δλphob that cuts
through the center of the hydrophilic surface patch is plotted in Fig. 4.4(c). This plot
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reveals that the influence of a large hydrophilic surface patch on water’s interfacial
molecular structure only extends about one molecular diameter beyond the edge of
the patch. The observation that water’s interfacial molecular structure exhibits a very
narrow boundary between hydrophobic and hydrophilic surface domains is somewhat
surprising given the strong orientational correlations that are present in liquid water
[31, 32]. We expect that this near absence of surface-induced transverse correlations
is not a universal feature of liquid water interfaces. Rather, we hypothesize that the
specific water configurations that arise over hydroxylated surface sites tend to orient
in such a way as to be commensurate with the hydrogen bonding structure of a hy-
drophobic interface. This would minimize strain in the interfacial hydrogen bonding
network that would otherwise lead to extended lateral correlations. We anticipate
that different hydrophilic surface chemistries likely exhibit a range of variations in
the type of lateral interfacial correlations that they support.

We also carried out simulations on model silica surfaces with a variety of different
surface patterns. These patterns are illustrated in Fig. 4.5 along with corresponding
maps of δλphob computed for τ = 20 ps and τ = 4 ns. We found that each spatial map
shows the microscopic features consistent with what we discussed above. Note that
there are lots of fluctuations toward the hydrophobic interfacial structures even over
the polar regions of the extended hydrophilic surfaces at the bottom panel. These
fluctuations are more vivid than those toward the hydrophilic interfacial structures
over the extended hydrophobic surfaces. We speculate that this may imply the pref-
erence of water’s collective arrangements at interfaces, which is revisited in Chap. 5
for the hydration of a disordered hydrophilic surface.

4.3.2 Computational Details

Simulations consisted of a slab of 4913 water molecules, modeled with the SPC/E
force field, in a periodically replicated cell with x, y, and z dimensions of 5.932 nm,
5.982 nm, and 10.00 nm respectively. At the lower z boundary of the simulation
cell is a model silica substrate. The details of the substrate and its interactions
with SPC/E water molecules is described in Ref. 108. Simulations were carried out
using LAMMPS [37] with a NVT ensemble, and T = 298 K, enforced via a Langevin
thermostat. From an equilibrium trajectory, configurations were sampled every 0.2
ps for computing δλphob. The volume of the liquid water slab is much less than that
of the simulation cell. This results in the formation of a liquid–vapor like phase
boundary that serves to effectively buffer the pressure of the liquid slab.

Surface maps of δλphob were generated via the following procedure. The surface
was divided into a square lattice of surface points. The lattice spacing for this division
is arbitrary. Following Eq. (4.3), we computed δλphob by assigning exactly one water
molecule to each surface point for every output simulation snapshot (each water
molecule can be assigned to multiple surface points). This ensures that δλphob for
each surface point is averaged over an identical number of molecular configurations,
~γ. In particular, we project the silhouette of each water molecule, taken to be a
sphere of radius 1Å, onto the solute surface. The water molecule assigned to a given
surface point is the closest molecule to the surface that has a silhouette covering the
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Figure 4.5 The interfacial structure of liquid water in contact with a series of different
patterns of the model silica surface. Each different surface pattern is represented with an
atomistic rendering of the model silica surface. Below each of these renderings are plot of
the δλphob, computed according to Eq. (4.3), with τ = 20 ps and τ = 4 ns.
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Figure 4.6 Probability distributions for δλphob computed using τ = 20 ps for an ideal
hydrophobic reference system (“hydrophobic”) and for a fully hydroxylated model silica
surface (“hydrophilic”) with SPC/E water.

given surface point.
The color scale of the spatial maps in Figs. 4.4 and 4.5 was selected based on

the statistics of δλphob computed within the reference system using τ = 20 ps. Fig-
ure 4.6 shows the probability distribution, P (δλphob), computed within environment
of the hydrophobic reference system (labeled “hydrophobic”) and the environment of
a fully hydroxylated silica surface (labeled “hydrophilic”). This figure illustrates two
important points: (1) the hydrophobic and hydrophilic distributions are well sepa-
rate, which makes δλphob a good order parameter for hydrophobicity, and (2) the
equilibrium fluctuations of δλphob for an ideal hydrophobic interface extend over a
range of about −0.3 ≤ δλphob ≤ 0.3. We thus interpret values of δλphob ≥ 0.3 to
indicate the presence of hydrophilic surfaces.

An alternate definition of f(~γ|ref)

For computing δλphob above, we used the definition of f(~γ|ref) that includes a nor-
malizing probability, P (~γ|iso), as given in Eq. (4.1). f(~γ|ref) can be alternately
defined without this normalizing probability, as f(~γ|ref) = − ln[P (~γ|ref)]. Results
generated with this alternate, un-normalized definition are qualitatively identical.
We illustrate this in Fig. 4.7, which contains data generated using the un-normalized
value of f(~γ|ref). Specifically, Fig. 4.7(a) shows the associated spatial distribution of
δλphob computed on four of the model surfaces. These maps can be compared to the
results in Fig. 4.7, which are computed using our standard (normalized) definition
of f(~γ|ref). Figure 4.7(b) contains the probability distribution function for δλphob,
using an averaging time of τ = 20 ps, computed using a normalized (lines) and un-
normalized (points) definition of f(~γ|ref). Here we observe that the distributions that



4.4. APPLICATION TO PROTEIN SURFACES 69

�6

�4

�2

0

2

4

�0.5 0 0.5 1

ln
P

(�
�

p
h
o
b
)

��phob = (�phob � h�phobi0)

hydrophobic
hydrophilic

0

1

2

3

4

5

6

0 1 2 3 4 5 6

y
/n

m

x/nm

�0.4

�0.2

0

0.2

0.4

0.6

0.8

1

0

1

2

3

4

5

6

0 1 2 3 4 5 6

y
/n

m

x/nm

�0.4

�0.2

0

0.2

0.4

0.6

0.8

1

0

1

2

3

4

5

6

0 1 2 3 4 5 6

y
/n

m
x/nm

�0.4

�0.2

0

0.2

0.4

0.6

0.8

1

0

1

2

3

4

5

6

0 1 2 3 4 5 6

y
/n

m

x/nm

�0.4

�0.2

0

0.2

0.4

0.6

0.8

1

τ = 4ns

0

1

2

3

4

5

6

0 1 2 3 4 5 6

y
/n

m

x/nm

�0.4

�0.2

0

0.2

0.4

0.6

0.8

1

τ = 4ns

τ = 4ns τ = 4ns

0

2

4

6
y/
nm

0

2

4

6

y/
nm

0 2 4 6
x / nm

0 2 4 6
x / nm

a b

Figure 4.7 (a) Maps of δλphob computed using f(~γ|ref) = − ln[P (~γ|ref)] for four of the
patterned surfaces presented in Fig. 4.6. (b) Probability distributions for δλphob computed
over the purely hydrophobic (green) and purely hydrophilic (purple) surfaces. Solid lines
were computed using the definition of f(~γ|ref) provided in Eq. (4.1) and filled circles were
computed using f(~γ|ref) = − ln[P (~γ|ref)].

use the un-normalized definition of f(~γ|ref) are similar to those using the standard
version. In fact, the distributions for the alternate definition are slightly more dis-
criminating between the hydrophobic and hydrophilic surfaces. This suggests that the
un-normalized definition may be more desirable for applications that rely on binary
surface distinctions.

4.4 Application to Protein Surfaces

The results presented in the previous section verify that δλphob is effective as a local
order parameter for surface hydrophobicity. This order parameter can thus be used
to infer the effective hydration properties of an unknown aqueous surface. For the
model silica surfaces, the heterogeneity in surface chemistry is mirrored by the spatial
dependence of δλphob. However, for more complex surfaces, the relationship between
surface structure and δλphob is not so straightforward. When this is the case, δλphob

can provide valuable physical insight into the relationship between surface hetero-
geneity and local hydration properties. In this section, we apply the method to the
irregular surface of a protein which is both heterogeneous and dynamic.

4.4.1 Results and Discussions

The complex heterogeneous surface properties of hydrated proteins are reflected in
the water’s spatial dependence on interfacial molecular structure. Figure 4.8 illus-
trates that this spatial dependence can be revealed with δλphob. Specifically, Fig.
4.8 illustrates the value of δλphob computed along the surface of the inactive CheY
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Figure 4.8 (a) Simulation snapshot of the CheY protein. Water molecules are omitted
for clarity. (b) Map of δλphob computed for points along the surface of the protein using
τ = 10 ps. (c) Spatial maps of δλphob for a series of protein conformations spaced out along
a 10 ns trajectory.

protein (PDB code: 1JBE) [109] using Eq. (4.3) and a value of τ = 10 ps. This
map of δλphob indicates regions of the protein surface whose interactions with water
result in hydrophobic (i.e., green shaded regions) or hydrophilic (i.e., purple shaded
regions) interfacial molecular structure.

Details of these protein surface maps, such as the positions and shapes of the
hydrophilic domains, are sensitive to the conformational fluctuations of the protein.
This is illustrated in Fig. 4.8(c), which shows the map of δλphob computed for the
CheY protein for a consecutive sequence of conformations. The dynamics of interfa-
cial structure can be further analyzed by considering the time dependence of δλphob

for individual surface residues. Figure 4.9 shows the result of such a calculation per-
formed along a 10 ns trajectory of the CheY protein. We observe that the interfacial
structure in some regions of the protein remains relatively static, as indicated by per-
sistent green or purple bands in Fig. 4.9(a), while other regions of the protein exhibit
interfacial structure that fluctuates significantly in response to protein conformational
dynamics. These differences in the dynamics of local interfacial molecular structure
highlight an important feature of protein hydration. Namely, the folded structure
of a protein can promote significant heterogeneity in the fluctuations of interfacial
molecular structure. That is, the aqueous properties that mediate solvation and
chemical reactivity are static along some region of the proteins yet highly variable in
others. This heterogeneity may play an important role in controlling water-mediated
processes such as protein aggregation and protein-ligand binding.
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Figure 4.9 (a) A time series plot of δλphob, indicated by shading, as computed for individual
surface residues of the CheY protein. In this plot, each row corresponds to a unique surface
residue. (b) A plot highlighting the dynamics of δλphob for three specific surface residues.

4.4.2 Computational Details

The crystal structure of inactive CheY (PDB code: 1JBE) [109] was taken for the
simulation. The protein were added with hydrogen atoms and then immersed in a
bath of explicit water through the AutoPSF and Solvate plugins of VMD [110]. The
protein atoms are described by the all-atom CHARMM22 force field [111]. Water
molecules follow the TIP3P potential [75] adapted for the CHARMM. Molecular
dynamics simulation was performed in an NVT ensemble, enforced via a Langevin
thermostat, with the LAMMPS package [37]. There are 8059 water molecules in the
simulation cell with dimensions of 6.0 × 6.0 × 12.0 nm, and the system is of slab
geometry. The slab is about 7 nm thick and the protein was ensured to be in the
bulk liquid phase during the simulation. The system was equilibrated at T = 298 K
for 1 ns and then run for 10 ns. From the equilibrium trajectory, configurations were
sampled every 0.1 ps for computing δλphob. Particle Mesh Ewald was used to handle
the long-range part of electrostatic interactions. The SHAKE algorithm was used to
constrain the geometry of water.
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Figure 4.10 Probability distribution for δλphob computed using τ = 10 ps for an ideal
hydrophobic reference system with the TIP3P water.

As shown in Figure 4.8, δλphob was computed along the protein surface with
temporal resolution. For the characterization, the coordinates of protein atoms were
averaged over τ = 10 ps and a Willard-Chandler surface was constructed, which
encloses the protein, following the procedure given in Ref. 34. In the construction,
the coarse-grained density was calculated on a cubic lattice with the spacing of 1.0Å,
using the Gaussian coarse-graining length of 2.0Å (for all atoms of protein). The
half of bulk water density was used for the criterion of locating the surface. Each
surface point is assigned with the nearest water from the first hydration shell (i.e.,
−1Å < a < 3Å), and δλphob(rsurf, t) was computed along the surface points and
time frames (spaced by τ). The corresponding reference system is the liquid–vapor
interface of TIP3P water. Although its f(~γ|phob) is qualitatively similar to that of
SPC/E water, the probability distribution of δλphob is slightly different upon the given
method of assigning water to surface points. We adapted the color scale such that
we interpret values of δλphob ≥ 0.375 to indicate the presence of hydrophilic surfaces,
where 0.375 is about 1.5 standard deviation of P (δλphob) (see Fig. 4.10).

For the residue-based characterization, the orientational information of water
molecules can be repartitioned with respect to specific residue. Per each time step, 10
water molecules in the first hydration shell, which are the closest to specific residue,
were adopted for computing δλphob. This analysis was applied to the surface residues
that are exposed to sufficient number of water molecules. The surface residues were
identified by counting the water molecules observed near individual residue and the
cutoff criterion was more than 15 water molecules per time step (in average).
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<latexit sha1_base64="xmIj8XUKC4WUC/624qubXXOnD68=">AAACDHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXBTXdWsA9oQphMb9qhkwczN2IN/QW/wa2u3Ylb/8Glf2LSZmFbD1w4nHMv53K8WHCFpvmtlVZW19Y3ypuVre2d3T19/6CtokQyaLFIRLLrUQWCh9BCjgK6sQQaeAI63ugm9zsPIBWPwnscx+AEdBBynzOKmeTqRzaLlI1DQOraCI+Y3jYmrl41a+YUxjKxClIlBZqu/mP3I5YEECITVKmeZcbopFQiZwImFTtREFM2ogPoZTSkASgnnX4/MU4zpW/4kcwmRGOq/r1IaaDUOPCyzYDiUC16ufif10vQv3ZSHsYJQshmQX4iDIyMvAqjzyUwFOOMUCZ59qvBhlRShllhcylekHdiLTawTNrnNcusWXcX1fpl0U6ZHJMTckYsckXqpEGapEUYeSIv5JW8ac/au/ahfc5WS1pxc0jmoH39Ah/anB8=</latexit><latexit sha1_base64="xmIj8XUKC4WUC/624qubXXOnD68=">AAACDHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXBTXdWsA9oQphMb9qhkwczN2IN/QW/wa2u3Ylb/8Glf2LSZmFbD1w4nHMv53K8WHCFpvmtlVZW19Y3ypuVre2d3T19/6CtokQyaLFIRLLrUQWCh9BCjgK6sQQaeAI63ugm9zsPIBWPwnscx+AEdBBynzOKmeTqRzaLlI1DQOraCI+Y3jYmrl41a+YUxjKxClIlBZqu/mP3I5YEECITVKmeZcbopFQiZwImFTtREFM2ogPoZTSkASgnnX4/MU4zpW/4kcwmRGOq/r1IaaDUOPCyzYDiUC16ufif10vQv3ZSHsYJQshmQX4iDIyMvAqjzyUwFOOMUCZ59qvBhlRShllhcylekHdiLTawTNrnNcusWXcX1fpl0U6ZHJMTckYsckXqpEGapEUYeSIv5JW8ac/au/ahfc5WS1pxc0jmoH39Ah/anB8=</latexit><latexit sha1_base64="xmIj8XUKC4WUC/624qubXXOnD68=">AAACDHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXBTXdWsA9oQphMb9qhkwczN2IN/QW/wa2u3Ylb/8Glf2LSZmFbD1w4nHMv53K8WHCFpvmtlVZW19Y3ypuVre2d3T19/6CtokQyaLFIRLLrUQWCh9BCjgK6sQQaeAI63ugm9zsPIBWPwnscx+AEdBBynzOKmeTqRzaLlI1DQOraCI+Y3jYmrl41a+YUxjKxClIlBZqu/mP3I5YEECITVKmeZcbopFQiZwImFTtREFM2ogPoZTSkASgnnX4/MU4zpW/4kcwmRGOq/r1IaaDUOPCyzYDiUC16ufif10vQv3ZSHsYJQshmQX4iDIyMvAqjzyUwFOOMUCZ59qvBhlRShllhcylekHdiLTawTNrnNcusWXcX1fpl0U6ZHJMTckYsckXqpEGapEUYeSIv5JW8ac/au/ahfc5WS1pxc0jmoH39Ah/anB8=</latexit><latexit sha1_base64="xmIj8XUKC4WUC/624qubXXOnD68=">AAACDHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXBTXdWsA9oQphMb9qhkwczN2IN/QW/wa2u3Ylb/8Glf2LSZmFbD1w4nHMv53K8WHCFpvmtlVZW19Y3ypuVre2d3T19/6CtokQyaLFIRLLrUQWCh9BCjgK6sQQaeAI63ugm9zsPIBWPwnscx+AEdBBynzOKmeTqRzaLlI1DQOraCI+Y3jYmrl41a+YUxjKxClIlBZqu/mP3I5YEECITVKmeZcbopFQiZwImFTtREFM2ogPoZTSkASgnnX4/MU4zpW/4kcwmRGOq/r1IaaDUOPCyzYDiUC16ufif10vQv3ZSHsYJQshmQX4iDIyMvAqjzyUwFOOMUCZ59qvBhlRShllhcylekHdiLTawTNrnNcusWXcX1fpl0U6ZHJMTckYsckXqpEGapEUYeSIv5JW8ac/au/ahfc5WS1pxc0jmoH39Ah/anB8=</latexit>
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q = �0.2
<latexit sha1_base64="p+oC9jv2Sx9uyeH56e5CdbUp1Lg=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhBsPO6CoI0QsLGMYD4gOcLeZi9Zs7t37u4J4Yi/wVZrO7H1v1j6T9wkV5jEBwOP92aYmRcmnGnjed/Oyura+sZmYau4vbO7t186OGzoOFWE1knMY9UKsaacSVo3zHDaShTFIuS0GQ5vJn7ziSrNYnlvRgkNBO5LFjGCjZUaj9fnnlvplsqe602BlomfkzLkqHVLP51eTFJBpSEca932vcQEGVaGEU7HxU6qaYLJEPdp21KJBdVBNr12jE6t0kNRrGxJg6bq34kMC61HIrSdApuBXvQm4n9eOzXRVZAxmaSGSjJbFKUcmRhNXkc9pigxfGQJJorZWxEZYIWJsQHNbQnF2GbiLyawTBoV1/dc/+6iXK3m6RTgGE7gDHy4hCrcQg3qQOABXuAV3pxn5935cD5nrStOPnMEc3C+fgHGZ5S1</latexit><latexit sha1_base64="p+oC9jv2Sx9uyeH56e5CdbUp1Lg=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhBsPO6CoI0QsLGMYD4gOcLeZi9Zs7t37u4J4Yi/wVZrO7H1v1j6T9wkV5jEBwOP92aYmRcmnGnjed/Oyura+sZmYau4vbO7t186OGzoOFWE1knMY9UKsaacSVo3zHDaShTFIuS0GQ5vJn7ziSrNYnlvRgkNBO5LFjGCjZUaj9fnnlvplsqe602BlomfkzLkqHVLP51eTFJBpSEca932vcQEGVaGEU7HxU6qaYLJEPdp21KJBdVBNr12jE6t0kNRrGxJg6bq34kMC61HIrSdApuBXvQm4n9eOzXRVZAxmaSGSjJbFKUcmRhNXkc9pigxfGQJJorZWxEZYIWJsQHNbQnF2GbiLyawTBoV1/dc/+6iXK3m6RTgGE7gDHy4hCrcQg3qQOABXuAV3pxn5935cD5nrStOPnMEc3C+fgHGZ5S1</latexit><latexit sha1_base64="p+oC9jv2Sx9uyeH56e5CdbUp1Lg=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhBsPO6CoI0QsLGMYD4gOcLeZi9Zs7t37u4J4Yi/wVZrO7H1v1j6T9wkV5jEBwOP92aYmRcmnGnjed/Oyura+sZmYau4vbO7t186OGzoOFWE1knMY9UKsaacSVo3zHDaShTFIuS0GQ5vJn7ziSrNYnlvRgkNBO5LFjGCjZUaj9fnnlvplsqe602BlomfkzLkqHVLP51eTFJBpSEca932vcQEGVaGEU7HxU6qaYLJEPdp21KJBdVBNr12jE6t0kNRrGxJg6bq34kMC61HIrSdApuBXvQm4n9eOzXRVZAxmaSGSjJbFKUcmRhNXkc9pigxfGQJJorZWxEZYIWJsQHNbQnF2GbiLyawTBoV1/dc/+6iXK3m6RTgGE7gDHy4hCrcQg3qQOABXuAV3pxn5935cD5nrStOPnMEc3C+fgHGZ5S1</latexit><latexit sha1_base64="p+oC9jv2Sx9uyeH56e5CdbUp1Lg=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhBsPO6CoI0QsLGMYD4gOcLeZi9Zs7t37u4J4Yi/wVZrO7H1v1j6T9wkV5jEBwOP92aYmRcmnGnjed/Oyura+sZmYau4vbO7t186OGzoOFWE1knMY9UKsaacSVo3zHDaShTFIuS0GQ5vJn7ziSrNYnlvRgkNBO5LFjGCjZUaj9fnnlvplsqe602BlomfkzLkqHVLP51eTFJBpSEca932vcQEGVaGEU7HxU6qaYLJEPdp21KJBdVBNr12jE6t0kNRrGxJg6bq34kMC61HIrSdApuBXvQm4n9eOzXRVZAxmaSGSjJbFKUcmRhNXkc9pigxfGQJJorZWxEZYIWJsQHNbQnF2GbiLyawTBoV1/dc/+6iXK3m6RTgGE7gDHy4hCrcQg3qQOABXuAV3pxn5935cD5nrStOPnMEc3C+fgHGZ5S1</latexit>

q = �0.6
<latexit sha1_base64="Z5HCqjIUpZ2NV7nDXH94SbuCSZ4=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhBsPO5E1EYI2FhGMB+QHGFvs5es2d07d/eEcMTfYKu1ndj6Xyz9J26SK0zig4HHezPMzAsTzrTxvG9naXlldW29sFHc3Nre2S3t7dd1nCpCayTmsWqGWFPOJK0ZZjhtJopiEXLaCAc3Y7/xRJVmsbw3w4QGAvckixjBxkr1x+tTz73olMqe602AFomfkzLkqHZKP+1uTFJBpSEca93yvcQEGVaGEU5HxXaqaYLJAPdoy1KJBdVBNrl2hI6t0kVRrGxJgybq34kMC62HIrSdApu+nvfG4n9eKzXRVZAxmaSGSjJdFKUcmRiNX0ddpigxfGgJJorZWxHpY4WJsQHNbAnFyGbizyewSOpnru+5/t15uVLJ0ynAIRzBCfhwCRW4hSrUgMADvMArvDnPzrvz4XxOW5ecfOYAZuB8/QLMs5S5</latexit><latexit sha1_base64="Z5HCqjIUpZ2NV7nDXH94SbuCSZ4=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhBsPO5E1EYI2FhGMB+QHGFvs5es2d07d/eEcMTfYKu1ndj6Xyz9J26SK0zig4HHezPMzAsTzrTxvG9naXlldW29sFHc3Nre2S3t7dd1nCpCayTmsWqGWFPOJK0ZZjhtJopiEXLaCAc3Y7/xRJVmsbw3w4QGAvckixjBxkr1x+tTz73olMqe602AFomfkzLkqHZKP+1uTFJBpSEca93yvcQEGVaGEU5HxXaqaYLJAPdoy1KJBdVBNrl2hI6t0kVRrGxJgybq34kMC62HIrSdApu+nvfG4n9eKzXRVZAxmaSGSjJdFKUcmRiNX0ddpigxfGgJJorZWxHpY4WJsQHNbAnFyGbizyewSOpnru+5/t15uVLJ0ynAIRzBCfhwCRW4hSrUgMADvMArvDnPzrvz4XxOW5ecfOYAZuB8/QLMs5S5</latexit><latexit sha1_base64="Z5HCqjIUpZ2NV7nDXH94SbuCSZ4=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhBsPO5E1EYI2FhGMB+QHGFvs5es2d07d/eEcMTfYKu1ndj6Xyz9J26SK0zig4HHezPMzAsTzrTxvG9naXlldW29sFHc3Nre2S3t7dd1nCpCayTmsWqGWFPOJK0ZZjhtJopiEXLaCAc3Y7/xRJVmsbw3w4QGAvckixjBxkr1x+tTz73olMqe602AFomfkzLkqHZKP+1uTFJBpSEca93yvcQEGVaGEU5HxXaqaYLJAPdoy1KJBdVBNrl2hI6t0kVRrGxJgybq34kMC62HIrSdApu+nvfG4n9eKzXRVZAxmaSGSjJdFKUcmRiNX0ddpigxfGgJJorZWxHpY4WJsQHNbAnFyGbizyewSOpnru+5/t15uVLJ0ynAIRzBCfhwCRW4hSrUgMADvMArvDnPzrvz4XxOW5ecfOYAZuB8/QLMs5S5</latexit><latexit sha1_base64="Z5HCqjIUpZ2NV7nDXH94SbuCSZ4=">AAAB/HicbVA9SwNBEJ3zM8avqKXNYhBsPO5E1EYI2FhGMB+QHGFvs5es2d07d/eEcMTfYKu1ndj6Xyz9J26SK0zig4HHezPMzAsTzrTxvG9naXlldW29sFHc3Nre2S3t7dd1nCpCayTmsWqGWFPOJK0ZZjhtJopiEXLaCAc3Y7/xRJVmsbw3w4QGAvckixjBxkr1x+tTz73olMqe602AFomfkzLkqHZKP+1uTFJBpSEca93yvcQEGVaGEU5HxXaqaYLJAPdoy1KJBdVBNrl2hI6t0kVRrGxJgybq34kMC62HIrSdApu+nvfG4n9eKzXRVZAxmaSGSjJdFKUcmRiNX0ddpigxfGgJJorZWxHpY4WJsQHNbAnFyGbizyewSOpnru+5/t15uVLJ0ynAIRzBCfhwCRW4hSrUgMADvMArvDnPzrvz4XxOW5ecfOYAZuB8/QLMs5S5</latexit>

q = �1.0
<latexit sha1_base64="GbhiGqRQ8nAaQAOCiFIcjJqCe0I=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNg43EngjZCwMYygvmA5Ah7m71kze7eubsnhCP+Blut7cTW/2LpP3GTXGESHww83pthZl6YcKaN5307hZXVtfWN4mZpa3tnd6+8f9DQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxzeTPzmE1WaxfLejBIaCNyXLGIEGys1Hq/PfNfrliue602BlomfkwrkqHXLP51eTFJBpSEca932vcQEGVaGEU7HpU6qaYLJEPdp21KJBdVBNr12jE6s0kNRrGxJg6bq34kMC61HIrSdApuBXvQm4n9eOzXRVZAxmaSGSjJbFKUcmRhNXkc9pigxfGQJJorZWxEZYIWJsQHNbQnF2GbiLyawTBrnru+5/t1FpVrN0ynCERzDKfhwCVW4hRrUgcADvMArvDnPzrvz4XzOWgtOPnMIc3C+fgHE1pS0</latexit><latexit sha1_base64="GbhiGqRQ8nAaQAOCiFIcjJqCe0I=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNg43EngjZCwMYygvmA5Ah7m71kze7eubsnhCP+Blut7cTW/2LpP3GTXGESHww83pthZl6YcKaN5307hZXVtfWN4mZpa3tnd6+8f9DQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxzeTPzmE1WaxfLejBIaCNyXLGIEGys1Hq/PfNfrliue602BlomfkwrkqHXLP51eTFJBpSEca932vcQEGVaGEU7HpU6qaYLJEPdp21KJBdVBNr12jE6s0kNRrGxJg6bq34kMC61HIrSdApuBXvQm4n9eOzXRVZAxmaSGSjJbFKUcmRhNXkc9pigxfGQJJorZWxEZYIWJsQHNbQnF2GbiLyawTBrnru+5/t1FpVrN0ynCERzDKfhwCVW4hRrUgcADvMArvDnPzrvz4XzOWgtOPnMIc3C+fgHE1pS0</latexit><latexit sha1_base64="GbhiGqRQ8nAaQAOCiFIcjJqCe0I=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNg43EngjZCwMYygvmA5Ah7m71kze7eubsnhCP+Blut7cTW/2LpP3GTXGESHww83pthZl6YcKaN5307hZXVtfWN4mZpa3tnd6+8f9DQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxzeTPzmE1WaxfLejBIaCNyXLGIEGys1Hq/PfNfrliue602BlomfkwrkqHXLP51eTFJBpSEca932vcQEGVaGEU7HpU6qaYLJEPdp21KJBdVBNr12jE6s0kNRrGxJg6bq34kMC61HIrSdApuBXvQm4n9eOzXRVZAxmaSGSjJbFKUcmRhNXkc9pigxfGQJJorZWxEZYIWJsQHNbQnF2GbiLyawTBrnru+5/t1FpVrN0ynCERzDKfhwCVW4hRrUgcADvMArvDnPzrvz4XzOWgtOPnMIc3C+fgHE1pS0</latexit><latexit sha1_base64="GbhiGqRQ8nAaQAOCiFIcjJqCe0I=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNg43EngjZCwMYygvmA5Ah7m71kze7eubsnhCP+Blut7cTW/2LpP3GTXGESHww83pthZl6YcKaN5307hZXVtfWN4mZpa3tnd6+8f9DQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxzeTPzmE1WaxfLejBIaCNyXLGIEGys1Hq/PfNfrliue602BlomfkwrkqHXLP51eTFJBpSEca932vcQEGVaGEU7HpU6qaYLJEPdp21KJBdVBNr12jE6s0kNRrGxJg6bq34kMC61HIrSdApuBXvQm4n9eOzXRVZAxmaSGSjJbFKUcmRhNXkc9pigxfGQJJorZWxEZYIWJsQHNbQnF2GbiLyawTBrnru+5/t1FpVrN0ynCERzDKfhwCVW4hRrUgcADvMArvDnPzrvz4XzOWgtOPnMIc3C+fgHE1pS0</latexit>

q = +1.0
<latexit sha1_base64="6nkgDbT+dtCqaBwYrZORoc/M9Io=">AAAB/HicbVBNSwMxEJ2tX7V+VT16CRZBEJZdEfQiFLx4rGA/oF1KNs22sUl2TbJCWepv8Kpnb+LV/+LRf2La7sG2Phh4vDfDzLww4Uwbz/t2Ciura+sbxc3S1vbO7l55/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNJ6o0i+W9GSU0ELgvWcQINlZqPF6f+a7XLVc815sCLRM/JxXIUeuWfzq9mKSCSkM41rrte4kJMqwMI5yOS51U0wSTIe7TtqUSC6qDbHrtGJ1YpYeiWNmSBk3VvxMZFlqPRGg7BTYDvehNxP+8dmqiqyBjMkkNlWS2KEo5MjGavI56TFFi+MgSTBSztyIywAoTYwOa2xKKsc3EX0xgmTTOXd9z/buLSrWap1OEIziGU/DhEqpwCzWoA4EHeIFXeHOenXfnw/mctRacfOYQ5uB8/QLBqpSy</latexit><latexit sha1_base64="6nkgDbT+dtCqaBwYrZORoc/M9Io=">AAAB/HicbVBNSwMxEJ2tX7V+VT16CRZBEJZdEfQiFLx4rGA/oF1KNs22sUl2TbJCWepv8Kpnb+LV/+LRf2La7sG2Phh4vDfDzLww4Uwbz/t2Ciura+sbxc3S1vbO7l55/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNJ6o0i+W9GSU0ELgvWcQINlZqPF6f+a7XLVc815sCLRM/JxXIUeuWfzq9mKSCSkM41rrte4kJMqwMI5yOS51U0wSTIe7TtqUSC6qDbHrtGJ1YpYeiWNmSBk3VvxMZFlqPRGg7BTYDvehNxP+8dmqiqyBjMkkNlWS2KEo5MjGavI56TFFi+MgSTBSztyIywAoTYwOa2xKKsc3EX0xgmTTOXd9z/buLSrWap1OEIziGU/DhEqpwCzWoA4EHeIFXeHOenXfnw/mctRacfOYQ5uB8/QLBqpSy</latexit><latexit sha1_base64="6nkgDbT+dtCqaBwYrZORoc/M9Io=">AAAB/HicbVBNSwMxEJ2tX7V+VT16CRZBEJZdEfQiFLx4rGA/oF1KNs22sUl2TbJCWepv8Kpnb+LV/+LRf2La7sG2Phh4vDfDzLww4Uwbz/t2Ciura+sbxc3S1vbO7l55/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNJ6o0i+W9GSU0ELgvWcQINlZqPF6f+a7XLVc815sCLRM/JxXIUeuWfzq9mKSCSkM41rrte4kJMqwMI5yOS51U0wSTIe7TtqUSC6qDbHrtGJ1YpYeiWNmSBk3VvxMZFlqPRGg7BTYDvehNxP+8dmqiqyBjMkkNlWS2KEo5MjGavI56TFFi+MgSTBSztyIywAoTYwOa2xKKsc3EX0xgmTTOXd9z/buLSrWap1OEIziGU/DhEqpwCzWoA4EHeIFXeHOenXfnw/mctRacfOYQ5uB8/QLBqpSy</latexit><latexit sha1_base64="6nkgDbT+dtCqaBwYrZORoc/M9Io=">AAAB/HicbVBNSwMxEJ2tX7V+VT16CRZBEJZdEfQiFLx4rGA/oF1KNs22sUl2TbJCWepv8Kpnb+LV/+LRf2La7sG2Phh4vDfDzLww4Uwbz/t2Ciura+sbxc3S1vbO7l55/6Ch41QRWicxj1UrxJpyJmndMMNpK1EUi5DTZji8mfjNJ6o0i+W9GSU0ELgvWcQINlZqPF6f+a7XLVc815sCLRM/JxXIUeuWfzq9mKSCSkM41rrte4kJMqwMI5yOS51U0wSTIe7TtqUSC6qDbHrtGJ1YpYeiWNmSBk3VvxMZFlqPRGg7BTYDvehNxP+8dmqiqyBjMkkNlWS2KEo5MjGavI56TFFi+MgSTBSztyIywAoTYwOa2xKKsc3EX0xgmTTOXd9z/buLSrWap1OEIziGU/DhEqpwCzWoA4EHeIFXeHOenXfnw/mctRacfOYQ5uB8/QLBqpSy</latexit>

q = +0.6
<latexit sha1_base64="03VIjGm+4lq7LLqZNMhoKQDe3qU=">AAAB/HicbVBNSwMxEJ31s9avqkcvwSIIwrIrol6EghePFewHtEvJptk2NsmuSVYoS/0NXvXsTbz6Xzz6T0zbPdjWBwOP92aYmRcmnGnjed/O0vLK6tp6YaO4ubW9s1va26/rOFWE1kjMY9UMsaacSVozzHDaTBTFIuS0EQ5uxn7jiSrNYnlvhgkNBO5JFjGCjZXqj9ennnvRKZU915sALRI/J2XIUe2UftrdmKSCSkM41rrle4kJMqwMI5yOiu1U0wSTAe7RlqUSC6qDbHLtCB1bpYuiWNmSBk3UvxMZFloPRWg7BTZ9Pe+Nxf+8VmqiqyBjMkkNlWS6KEo5MjEav466TFFi+NASTBSztyLSxwoTYwOa2RKKkc3En09gkdTPXN9z/bvzcqWSp1OAQziCE/DhEipwC1WoAYEHeIFXeHOenXfnw/mcti45+cwBzMD5+gXJh5S3</latexit><latexit sha1_base64="03VIjGm+4lq7LLqZNMhoKQDe3qU=">AAAB/HicbVBNSwMxEJ31s9avqkcvwSIIwrIrol6EghePFewHtEvJptk2NsmuSVYoS/0NXvXsTbz6Xzz6T0zbPdjWBwOP92aYmRcmnGnjed/O0vLK6tp6YaO4ubW9s1va26/rOFWE1kjMY9UMsaacSVozzHDaTBTFIuS0EQ5uxn7jiSrNYnlvhgkNBO5JFjGCjZXqj9ennnvRKZU915sALRI/J2XIUe2UftrdmKSCSkM41rrle4kJMqwMI5yOiu1U0wSTAe7RlqUSC6qDbHLtCB1bpYuiWNmSBk3UvxMZFloPRWg7BTZ9Pe+Nxf+8VmqiqyBjMkkNlWS6KEo5MjEav466TFFi+NASTBSztyLSxwoTYwOa2RKKkc3En09gkdTPXN9z/bvzcqWSp1OAQziCE/DhEipwC1WoAYEHeIFXeHOenXfnw/mcti45+cwBzMD5+gXJh5S3</latexit><latexit sha1_base64="03VIjGm+4lq7LLqZNMhoKQDe3qU=">AAAB/HicbVBNSwMxEJ31s9avqkcvwSIIwrIrol6EghePFewHtEvJptk2NsmuSVYoS/0NXvXsTbz6Xzz6T0zbPdjWBwOP92aYmRcmnGnjed/O0vLK6tp6YaO4ubW9s1va26/rOFWE1kjMY9UMsaacSVozzHDaTBTFIuS0EQ5uxn7jiSrNYnlvhgkNBO5JFjGCjZXqj9ennnvRKZU915sALRI/J2XIUe2UftrdmKSCSkM41rrle4kJMqwMI5yOiu1U0wSTAe7RlqUSC6qDbHLtCB1bpYuiWNmSBk3UvxMZFloPRWg7BTZ9Pe+Nxf+8VmqiqyBjMkkNlWS6KEo5MjEav466TFFi+NASTBSztyLSxwoTYwOa2RKKkc3En09gkdTPXN9z/bvzcqWSp1OAQziCE/DhEipwC1WoAYEHeIFXeHOenXfnw/mcti45+cwBzMD5+gXJh5S3</latexit><latexit sha1_base64="03VIjGm+4lq7LLqZNMhoKQDe3qU=">AAAB/HicbVBNSwMxEJ31s9avqkcvwSIIwrIrol6EghePFewHtEvJptk2NsmuSVYoS/0NXvXsTbz6Xzz6T0zbPdjWBwOP92aYmRcmnGnjed/O0vLK6tp6YaO4ubW9s1va26/rOFWE1kjMY9UMsaacSVozzHDaTBTFIuS0EQ5uxn7jiSrNYnlvhgkNBO5JFjGCjZXqj9ennnvRKZU915sALRI/J2XIUe2UftrdmKSCSkM41rrle4kJMqwMI5yOiu1U0wSTAe7RlqUSC6qDbHLtCB1bpYuiWNmSBk3UvxMZFloPRWg7BTZ9Pe+Nxf+8VmqiqyBjMkkNlWS6KEo5MjEav466TFFi+NASTBSztyLSxwoTYwOa2RKKkc3En09gkdTPXN9z/bvzcqWSp1OAQziCE/DhEipwC1WoAYEHeIFXeHOenXfnw/mcti45+cwBzMD5+gXJh5S3</latexit>

q = +0.2
<latexit sha1_base64="v7CsHxBRJ26icMRF345LPoTSMH4=">AAAB/HicbVBNSwMxEJ31s9avqkcvwSIIwrJbBL0IBS8eK9gPaJeSTbNtbJJdk6xQlvobvOrZm3j1v3j0n5i2e7CtDwYe780wMy9MONPG876dldW19Y3NwlZxe2d3b790cNjQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxzeTPzmE1WaxfLejBIaCNyXLGIEGys1Hq/PPbfSLZU915sCLRM/J2XIUeuWfjq9mKSCSkM41rrte4kJMqwMI5yOi51U0wSTIe7TtqUSC6qDbHrtGJ1apYeiWNmSBk3VvxMZFlqPRGg7BTYDvehNxP+8dmqiqyBjMkkNlWS2KEo5MjGavI56TFFi+MgSTBSztyIywAoTYwOa2xKKsc3EX0xgmTQqru+5/t1FuVrN0ynAMZzAGfhwCVW4hRrUgcADvMArvDnPzrvz4XzOWlecfOYI5uB8/QLDO5Sz</latexit><latexit sha1_base64="v7CsHxBRJ26icMRF345LPoTSMH4=">AAAB/HicbVBNSwMxEJ31s9avqkcvwSIIwrJbBL0IBS8eK9gPaJeSTbNtbJJdk6xQlvobvOrZm3j1v3j0n5i2e7CtDwYe780wMy9MONPG876dldW19Y3NwlZxe2d3b790cNjQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxzeTPzmE1WaxfLejBIaCNyXLGIEGys1Hq/PPbfSLZU915sCLRM/J2XIUeuWfjq9mKSCSkM41rrte4kJMqwMI5yOi51U0wSTIe7TtqUSC6qDbHrtGJ1apYeiWNmSBk3VvxMZFlqPRGg7BTYDvehNxP+8dmqiqyBjMkkNlWS2KEo5MjGavI56TFFi+MgSTBSztyIywAoTYwOa2xKKsc3EX0xgmTQqru+5/t1FuVrN0ynAMZzAGfhwCVW4hRrUgcADvMArvDnPzrvz4XzOWlecfOYI5uB8/QLDO5Sz</latexit><latexit sha1_base64="v7CsHxBRJ26icMRF345LPoTSMH4=">AAAB/HicbVBNSwMxEJ31s9avqkcvwSIIwrJbBL0IBS8eK9gPaJeSTbNtbJJdk6xQlvobvOrZm3j1v3j0n5i2e7CtDwYe780wMy9MONPG876dldW19Y3NwlZxe2d3b790cNjQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxzeTPzmE1WaxfLejBIaCNyXLGIEGys1Hq/PPbfSLZU915sCLRM/J2XIUeuWfjq9mKSCSkM41rrte4kJMqwMI5yOi51U0wSTIe7TtqUSC6qDbHrtGJ1apYeiWNmSBk3VvxMZFlqPRGg7BTYDvehNxP+8dmqiqyBjMkkNlWS2KEo5MjGavI56TFFi+MgSTBSztyIywAoTYwOa2xKKsc3EX0xgmTQqru+5/t1FuVrN0ynAMZzAGfhwCVW4hRrUgcADvMArvDnPzrvz4XzOWlecfOYI5uB8/QLDO5Sz</latexit><latexit sha1_base64="v7CsHxBRJ26icMRF345LPoTSMH4=">AAAB/HicbVBNSwMxEJ31s9avqkcvwSIIwrJbBL0IBS8eK9gPaJeSTbNtbJJdk6xQlvobvOrZm3j1v3j0n5i2e7CtDwYe780wMy9MONPG876dldW19Y3NwlZxe2d3b790cNjQcaoIrZOYx6oVYk05k7RumOG0lSiKRchpMxzeTPzmE1WaxfLejBIaCNyXLGIEGys1Hq/PPbfSLZU915sCLRM/J2XIUeuWfjq9mKSCSkM41rrte4kJMqwMI5yOi51U0wSTIe7TtqUSC6qDbHrtGJ1apYeiWNmSBk3VvxMZFlqPRGg7BTYDvehNxP+8dmqiqyBjMkkNlWS2KEo5MjGavI56TFFi+MgSTBSztyIywAoTYwOa2xKKsc3EX0xgmTQqru+5/t1FuVrN0ynAMZzAGfhwCVW4hRrUgcADvMArvDnPzrvz4XzOWlecfOYI5uB8/QLDO5Sz</latexit>

0 2 4 6 8 10
a / Å

<latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit>

0 2 4 6 8 10
a / Å

<latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit>

0 2 4 6 8 10
a / Å

<latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit><latexit sha1_base64="frClAGGrC094kOuEMNWPrX5gJ70=">AAACCXicbVDLSsNAFJ3UV62vVJduBovgotRERF22uHFZwdZCE8pkOmmHziRh5kYtoV/gN7jVtTtx61e49E9M2ixs64ELh3Pu5VyOFwmuwbK+jcLK6tr6RnGztLW9s7tnlvfbOowVZS0ailB1PKKZ4AFrAQfBOpFiRHqC3Xuj68y/f2BK8zC4g3HEXEkGAfc5JZBKPbNMsFM9daoOsCdInEZj0jMrVs2aAi8TOycVlKPZM3+cfkhjyQKggmjdta0I3IQo4FSwScmJNYsIHZEB66Y0IJJpN5m+PsHHqdLHfqjSCQBP1b8XCZFaj6WXbkoCQ73oZeJ/XjcG/8pNeBDFwAI6C/JjgSHEWQ+4zxWjIMYpIVTx9FdMh0QRCmlbcymezDqxFxtYJu2zmm3V7NvzSv0ib6eIDtEROkE2ukR1dIOaqIUoekQv6BW9Gc/Gu/FhfM5WC0Z+c4DmYHz9Ar3tmZY=</latexit>
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H
<latexit sha1_base64="xmIj8XUKC4WUC/624qubXXOnD68=">AAACDHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXBTXdWsA9oQphMb9qhkwczN2IN/QW/wa2u3Ylb/8Glf2LSZmFbD1w4nHMv53K8WHCFpvmtlVZW19Y3ypuVre2d3T19/6CtokQyaLFIRLLrUQWCh9BCjgK6sQQaeAI63ugm9zsPIBWPwnscx+AEdBBynzOKmeTqRzaLlI1DQOraCI+Y3jYmrl41a+YUxjKxClIlBZqu/mP3I5YEECITVKmeZcbopFQiZwImFTtREFM2ogPoZTSkASgnnX4/MU4zpW/4kcwmRGOq/r1IaaDUOPCyzYDiUC16ufif10vQv3ZSHsYJQshmQX4iDIyMvAqjzyUwFOOMUCZ59qvBhlRShllhcylekHdiLTawTNrnNcusWXcX1fpl0U6ZHJMTckYsckXqpEGapEUYeSIv5JW8ac/au/ahfc5WS1pxc0jmoH39Ah/anB8=</latexit><latexit sha1_base64="xmIj8XUKC4WUC/624qubXXOnD68=">AAACDHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXBTXdWsA9oQphMb9qhkwczN2IN/QW/wa2u3Ylb/8Glf2LSZmFbD1w4nHMv53K8WHCFpvmtlVZW19Y3ypuVre2d3T19/6CtokQyaLFIRLLrUQWCh9BCjgK6sQQaeAI63ugm9zsPIBWPwnscx+AEdBBynzOKmeTqRzaLlI1DQOraCI+Y3jYmrl41a+YUxjKxClIlBZqu/mP3I5YEECITVKmeZcbopFQiZwImFTtREFM2ogPoZTSkASgnnX4/MU4zpW/4kcwmRGOq/r1IaaDUOPCyzYDiUC16ufif10vQv3ZSHsYJQshmQX4iDIyMvAqjzyUwFOOMUCZ59qvBhlRShllhcylekHdiLTawTNrnNcusWXcX1fpl0U6ZHJMTckYsckXqpEGapEUYeSIv5JW8ac/au/ahfc5WS1pxc0jmoH39Ah/anB8=</latexit><latexit sha1_base64="xmIj8XUKC4WUC/624qubXXOnD68=">AAACDHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXBTXdWsA9oQphMb9qhkwczN2IN/QW/wa2u3Ylb/8Glf2LSZmFbD1w4nHMv53K8WHCFpvmtlVZW19Y3ypuVre2d3T19/6CtokQyaLFIRLLrUQWCh9BCjgK6sQQaeAI63ugm9zsPIBWPwnscx+AEdBBynzOKmeTqRzaLlI1DQOraCI+Y3jYmrl41a+YUxjKxClIlBZqu/mP3I5YEECITVKmeZcbopFQiZwImFTtREFM2ogPoZTSkASgnnX4/MU4zpW/4kcwmRGOq/r1IaaDUOPCyzYDiUC16ufif10vQv3ZSHsYJQshmQX4iDIyMvAqjzyUwFOOMUCZ59qvBhlRShllhcylekHdiLTawTNrnNcusWXcX1fpl0U6ZHJMTckYsckXqpEGapEUYeSIv5JW8ac/au/ahfc5WS1pxc0jmoH39Ah/anB8=</latexit><latexit sha1_base64="xmIj8XUKC4WUC/624qubXXOnD68=">AAACDHicbVDLSsNAFJ3UV62v+Ni5CRbBVUlE1GXBTXdWsA9oQphMb9qhkwczN2IN/QW/wa2u3Ylb/8Glf2LSZmFbD1w4nHMv53K8WHCFpvmtlVZW19Y3ypuVre2d3T19/6CtokQyaLFIRLLrUQWCh9BCjgK6sQQaeAI63ugm9zsPIBWPwnscx+AEdBBynzOKmeTqRzaLlI1DQOraCI+Y3jYmrl41a+YUxjKxClIlBZqu/mP3I5YEECITVKmeZcbopFQiZwImFTtREFM2ogPoZTSkASgnnX4/MU4zpW/4kcwmRGOq/r1IaaDUOPCyzYDiUC16ufif10vQv3ZSHsYJQshmQX4iDIyMvAqjzyUwFOOMUCZ59qvBhlRShllhcylekHdiLTawTNrnNcusWXcX1fpl0U6ZHJMTckYsckXqpEGapEUYeSIv5JW8ac/au/ahfc5WS1pxc0jmoH39Ah/anB8=</latexit>
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0

0.5

1

1.5

2

1.5

0.5

0

2

1

P
(cos

✓
O

H |a
)

Figure 4.11 (left) Simulation snapshot of the water interface over a uniformly charged
surface. (right) Plots of the orientational distribution, P (cos θOH|a), for the surfaces with
different charges, where color shading indicates probability density. The top and bottom
panels show the plots for the surfaces with negative and positive charges, respectively. The
magnitudes of the surface charges are given in arbitrary units.

4.5 Application for Predicting Surface Charge

The ability to map the hydration dynamics of fluctuating irregular solutes is a unique
feature of our interfacial characterization method. Of course, this method is not lim-
ited to the applications presented above. For instance, the approach can be easily
extended to report on additional hydration properties with the use of different refer-
ence systems, such as systematically charged surfaces or those with specific curvature,
or by expanding the definition of ~γ, for example to include dynamical information.
In this section, we briefly introduce the application of our theoretical framework for
predicting the effective surface charge.

Again, we utilize the fact that water’s interfacial molecular structure reflects the
surface–water interactions. Specifically, the orientational structure of interfacial water
molecules is influenced by the Coulomb interactions from the surface and thus sensi-
tive to the surface charge. We demonstrate this by analyzing a molecular dynamics
simulation for a slab of liquid water in contact with a uniformly charged surface.2

2In particular, we consider a surface that consists of point charges located along a square lattice
with the spacing of 1 Å. As illustrated in Fig. 4.11, a half of the surface is positively charged and
the other half is negatively charged in order to make the entire system electrically neutral. For the
surface with dimensions of 5× 5 nm2, the orientational configurations of interfacial water molecules
were sampled from the middle 1.5 nm of each half to compute P (~γ|q).
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As illustrated in Fig. 4.11, the orientational distribution differs depending on the
scale and sign of charges on the surface. We can thus infer the local surface charge
from the orientational configurations observed over a specific location of a chemically
heterogeneous surface.

The procedure to determine the local surface charge is as follows. First, based on
the formalism of Eq. (4.3), we quantify the local interfacial structure by considering
the water interface over a uniformly charged surface as the reference system. That
is, we compute

λq(rsurf, t) = − 1

Nτ

t+τ∑

t′=t

ln
P (~γ(rsurf, t

′)|q)
P (~γ(rsurf, t′)|iso)

, (4.4)

where P (~γ|q) is the equilibrium probability for observing a water molecule with a spe-
cific configuration, ~γ, over the surface of particular charge, q. As noted in Sec. 4.2.1,
this quantity contains the likelihood function,

L
(
q|{~γ}rsurf,t

)
=

t+τ∏

t′=t

P (~γ(rsurf, t
′)|q) , (4.5)

which measures how likely the given configurations are observed in the reference
system. In other words, if the likelihood function is larger, the given interfacial
configurations are more consistent with the equilibrium distribution for the water
interface over the surface with charge q. Thus, we define the charge corresponding to
the maximum likelihood as the effective charge at given time and surface position. In
terms of λq, it is given by

qML(rsurf, t) = arg min
q

λq(rsurf, t) . (4.6)
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Figure 4.12 (a) Surface charge distribution smoothened from the point charges of the atoms
in a model hydrophilic surface. (b) Charge distribution of the same surface computed from
the maximum likelihood of water’s interfacial molecular structure. Note that the color scale
used in the panel (a) is not the same as that of the panel (b).
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As an illustration, here we apply this method to the disordered hydrophilic surface
generated from an immobilized slab of water (see Sec. 5.2.1 for the details). This
model surface features the polar groups of random orientations such that the actual
distribution of surface charge is heterogeneous as illustrated in Fig. 4.12(a). The
surface charge distribution analyzed from water’s interfacial molecular structure is
plotted in Fig. 4.12(b), and it captures most of qualitative characteristics shown in
Fig. 4.12(a). This result demonstrates that the interfacial water molecule encodes
high-resolution details about the charge distribution of a chemically heterogeneous
surface. We can also apply the scheme of Eqs. (4.4) and (4.6) to a protein surface along
with the characterization methods described in the previous section. In that case, the
resulting charge distribution, qML(rsurf, t), represents the effective local surface charge
at given time which reflects the influence of protein’s conformational fluctuations.
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Chapter 5

Water’s Interfacial Hydrogen
Bonding Structure Reveals the
Effective Strength of Surface–Water
Interactions

The interactions of a hydrophilic surface with water can significantly influence the
characteristics of the liquid water interface. In this chapter,1 we explore this in-
fluence by studying the molecular structure of liquid water at a disordered surface
with tunable surface-water interactions. We combine all-atom molecular dynamics
simulations with a mean field model of interfacial hydrogen bonding to analyze the
effect of surface-water interactions on the structural and energetic properties of the
liquid water interface. We find that the molecular structure of water at a weakly
interacting (i.e., hydrophobic) surface is resistant to change unless the strength of
surface-water interactions are above a certain threshold. We find that below this
threshold water’s interfacial structure is homogeneous and insensitive to the details
of the disordered surface, however, above this threshold water’s interfacial structure
is heterogeneous. Despite this heterogeneity, we demonstrate that the equilibrium
distribution of molecular orientations can be used to quantify the energetic compo-
nent of the surface-water interactions that contribute specifically to modifying the
interfacial hydrogen bonding network. We identify this specific energetic component
as a new measure of hydrophilicity, which we refer to as the intrinsic hydropathy.

5.1 Introduction
In the vicinity of an extended hydrophilic surface, aqueous properties such as molec-
ular mobility, solute solubility, and chemical reactivity can differ significantly from
their bulk values [13, 27, 73, 112–116]. These differences reflect the characteristics of
water’s interfacial hydrogen bonding network and how these characteristics are influ-
enced by the presence of surface-water interactions. The effect of these interactions

1This chapter borrows largely from arXiv:1801.10303 [cond-mat.soft].
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are difficult to predict due to the collective structure of the aqueous interfacial hy-
drogen bonding network. Understanding the influence of surface-water interactions
on this interfacial hydrogen bonding network is therefore fundamental to the study
of hydrophilic solvation.

In this manuscript we investigate the response of the hydrogen bonding network
to changes in the strength of surface-water interactions. We present the results of
molecular dynamics simulations of the interface between liquid water and a model
surface with tunable hydrophilicity. We utilize a rigid model surface that is molec-
ularly disordered and includes polarized (i.e., hydrogen bond-like) interactions that
have heterogeneous orientations. We examine the structure of the interfacial hydrogen
bonding network and how it varies when the strength of the surface-water interac-
tions are changed. We find that hydrophilic surfaces, with surface-water interactions
that are similar in strength to typical aqueous hydrogen bonds, give rise to inter-
facial molecular structure that is spatially heterogeneous. As we demonstrate, this
heterogeneous structure includes some regions with interfacial molecular structure
that is only weakly perturbed from that observed at an ideal hydrophobic surface.
As we highlight, the persistence of this weakly perturbed, hydrophobic-like interfa-
cial molecular structure may explain the ubiquity of hydrophobic effects in aqueous
solvation.

The molecular structure of a liquid water interface is determined primarily by wa-
ter’s strong tendency to engage in tetrahedrally coordinated hydrogen bonding [117].
In the bulk liquid this tendency leads to the formation of a disordered tetrahedral
hydrogen bonding network. The characteristics of this network determine many of
water’s physical properties, such as its density, heat capacity, and viscosity [29]. The
individual hydrogen bonds that comprise this network are very energetically favor-
able, so any given bond within the bulk liquid is broken only fleetingly.[118] At an
interface, however, geometric constraints make it impossible to simultaneously satisfy
all available hydrogen bonds. Molecules at the interface thus reorganize to mitigate
the loss of hydrogen bonds resulting in an interfacial hydrogen bonding network that
is anisotropic and distorted relative to that of the bulk liquid [80]. Aqueous properties
that depend on this network structure, such as small molecule solvation[119, 120] and
proton transport[121, 122], thus vary in the vicinity of a liquid water interface.

Notably, the characteristics of water’s interfacial molecular structure can be al-
tered by the presence of external interactions, such as those that arise at a hy-
drophilic surface. Many previous studies have been aimed at revealing the micro-
scopic properties of water at hydrophilic surfaces. Experimental efforts, such as those
based on sum-frequency generation spectroscopy[60, 123, 124], terahertz absorption
spectroscopy[95, 125], and dynamic nuclear polarization[96, 126], have uncovered im-
portant details about the microscopic structure and dynamics of the liquid water
interface. These efforts have revealed that strong surface-water interactions can sig-
nificantly reduce the mobility of interfacial water molecules and modify aqueous hy-
drogen bonding energetics [116, 127, 128]. Theoretical efforts, such as those based on
first-principles calculations[129, 130], classical molecular dynamics (MD) simulations
[94, 131], and continuum[46] or coarse-grained modeling[132] have provided funda-
mental physical insight into the role of hydrogen bonding in determining microscopic
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interfacial structure and have been vital to the interpretation of many experimental
results.

Here we build upon these previous studies with a model system that is designed to
allow for systematic variations in surface-water interactions. Our approach is unique
because we use the collective structure of the interfacial hydrogen bonding network
as an order parameter for quantifying water’s interfacial molecular structure. We
use this order parameter to resolve the spatial dependence of water’s response to
disordered but strongly interacting surfaces. We complement this approach by using
a mean field model of interfacial hydrogen bonding to isolate the energetic component
of these surface-water interactions that contribute specifically to reorganizing water’s
interfacial hydrogen bonding network. We then propose that this particular energetic
component represents an intuitive measure of surface hydropathy.

Details about our model system and the methods we use to analyze and charac-
terize water’s interfacial molecular structure are described in the following section.
Then, in Sec. 5.3, we present results and discuss how variations in surface-water inter-
actions affect water’s interfacial molecular structure. In Sec. 5.4, we describe a mean
field model of interfacial hydrogen bonding and show how this model can be applied
to quantify surface hydropathy.

5.2 Model and Methods

5.2.1 Disordered Model Surface with Tunable Hydrophilicity

Our model surface is constructed from an immobilized slab of bulk liquid water with
variable partial charges that can be used to tune surface hydrophilicity. This model
surface has been previously used to investigate the influence of surface-water inter-
actions on interfacial density fluctuations.[51, 133] As illustrated in Fig. 5.1(a), our
surface is constructed based on an equilibrium configuration of a slab of liquid water,
spanning the periodic boundaries of the x-y plane. We define the surface as the set of
water molecules whose oxygen atoms lie on one side of a plane perpendicular to the
z-axis that cuts through the liquid water slab. The position of this plane is located
with a value of z that is far enough from either interface as to characterize properties
of the bulk liquid. Water molecules belonging to the surface are thus immobilized,
fixed in a single configuration that is representative of the equilibrium bulk liquid.

Water molecules belonging to the model surface interact with a mobile population
of ordinary water molecules via the standard water-water interaction potential. For
the results presented below we utilize the SPC/E model of water,[35] however, this
surface construction could be applied to any classical atomistic model of water. We
tune the surface-water interactions by scaling the partial charges of the immobilized
surface molecules by a factor of α, thereby scaling the polar hydrogen bonding in-
teractions of surface molecules with those of the liquid. The charges on the surface
oxygens and hydrogens are therefore given by q(surf)O = αqO and q(surf)H = αqH, where
qO and qH are the partial charges of the SPC/E model. Scaling the surface charges
in this way preserves the charge neutrality of the surface.
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Figure 5.1 (a) A simulation snapshot of the model system. The disordered model surface
is represented by grey-colored water molecules which are immobilized during the simulation.
The liquid is represented by red and white-colored molecules. The green dotted line indi-
cates the approximate location of the liquid-surface interface. (b) A schematic illustration
highlighting the difference between standard SPC/E water molecules, which are described
as three point charges arranged with a specific relative geometry and embedded within a
Lennard-Jones potential, and the surface molecules, which are modeled identically except
that the point charges are scaled by a factor of α.

To prepare the model surfaces that are used in the results described below we
first equilibrated slab 3564 water molecules in a periodically replicated simulation
cell with dimensions 5 × 5 × 12 nm3 at 298 K. The simulation cell is longer in the
z-dimension so that the liquid water spontaneously forms a slab that is approximately
4.5 nm in thickness that contains two separated water-vapor interfaces. For a given
configuration of the slab we defined the surface by drawing a horizontal plane through
the liquid slab at a vertical position approximately 1.2 nm from the lower water-vapor
interface. The resulting model surfaces are thus approximately 1.2 nm thick and
contain about 1000 immobilized water molecules.

We used the above procedure to generate five different model surfaces based on
independent equilibrium slab configurations. For each surface and each value of α,
the dynamic population of non-surface (i.e., liquid) water molecules were allowed
to equilibrate in the presence of the surface for 0.1 ns at 298 K prior to gathering
statistics. All simulations were performed in the NVT ensembles with the LAMMPS
simulation package [37].
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Details of simulation setup

Molecular geometries of the non-surface water molecules were constrained with the
SHAKE algorithm. Particle Mesh Ewald was used to handle the long-range part
of electrostatic interactions with the periodic boundary conditions in all directions.
Cutoff distance for the long-range interaction was 10 Å. Propagation of dynamics
was based on the standard velocity-Verlet integrator with a time step of 2 fs. The
population of liquid water molecules were coupled to the Langevin thermal bath at
T = 298K every 0.1 ps.

5.2.2 Method for Quantifying the Molecular Structure of a
Liquid Water Interface

We characterize the molecular structure of the liquid water interface by analyzing the
orientational statistics of interfacial water molecules. To do this we utilize a struc-
tural order parameter, δλphob, that quantifies how these orientational statistics differ
from those that arise at an ideal hydrophobic surface. As described in Ref. 134, this
order parameter is capable of distinguishing hydrophobic and hydrophilic surfaces
based only on the effect of these surfaces on aqueous interfacial molecular structure.
Furthermore, δλphob can be formulated as a local order parameter to generate spa-
tially resolved maps of water’s interfacial molecular structure. We summarize the
formulation of δλphob below. A more complete description of this order parameter
can be found in Ref. 134.

To calculate δλphob we first sample the orientational configurations of interfacial
water molecules. We denote the orientational configuration of a water molecule in
terms of the three-dimensional vector, ~γ = (cos θ1, cos θ2, a), where θ1 and θ2 spec-
ify the angle made between each OH bond vector and the local surface normal and
a specifies the distance of the water molecule from the nearest position of the in-
stantaneous liquid water interface [34]. We define the position of the instantaneous
liquid water interface following the procedure described in Sec. 2.1. For any given
orientational configuration we can compute the quantity

f(~γ|phob) = − ln

[
P (~γ|phob)

P (~γ|iso)

]
, (5.1)

where P (~γ|phob) denotes the pre-tabulated probability to observe the specific molec-
ular orientation, ~γ, at an ideal hydrophobic interface and P (~γ|iso) denote correspond-
ing probability for the case when molecular orientations are distributed isotropically
(e.g., within the bulk liquid). For a given surface, the quantity δλphob simply reflects
the average value of f(~γ|phob) computed for water molecules at the interface.

Specifically, for a particular location, rsurf , along the plane of the liquid-surface
interface,

δλphob(rsurf) = λphob(rsurf)− 〈λphob〉0, (5.2)
where,

λphob(rsurf) =
1

Nτ

τ∑

t=0

f(~γ(rsurf, t)|phob) , (5.3)
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and 〈λphob〉0 represents the average value of λphob computed over an ideal hydrophobic
surface. In Eq. 5.3, ~γ(rsurf, t) specifies the orientational configuration of the water
molecule that is nearest to the position rsurf at time t, the summation is taken over
a discrete set of Nτ simulation snapshots sampled along the time interval τ . Here we
sample simulation snapshots separated by 100 fs along a 1 ns trajectory (i.e., τ = 1
ns and Nτ = 10000).

By definition, δλphob ≈ 0 when water’s interfacial molecular structure is similar to
that of a hydrophobic surface. Surfaces that interact strongly with water molecules
cause interfacial molecular structure to deviate from that of the hydrophobic ref-
erence system, which typically results in positive values for δλphob. By computing
δλphob(rsurf) locally, we can identify the spatial profile of interfacial distortions that
arise due to water’s interactions with a heterogeneous surface.

5.3 Effect of Surface Polarity on Water’s Interfacial
Molecular Structure

We evaluate the effect of surface-water interactions on water’s interfacial molecular
structure by analyzing simulations carried out using surfaces with different values
of α. We consider values of α ranging from α = 0, as an example of a disordered
hydrophobic surface, to α = 1, as an example of an ideal (i.e., water-like) hydrophilic
surface. For each value of α we have considered five independently generated surface
configurations. For each surface configuration we have performed a 1 ns equilibrium
simulation. We have analyzed each simulation by computing the value of δλphob(rsurf)
on a square lattice with lattice spacing equal to 0.5 Å along the plane of the liquid-
surface interface. By definition, variations in δλphob thus indicate changes in the
molecular structure of the liquid water interface.

To establish an intuitive framework for interpreting variations in interfacial molec-
ular structure we compare values of δλphob(rsurf) to the quantity, ∆µex(rsurf), which
denotes the change in excess chemical potential of a hard-sphere solute of radius 2.5 Å
when the solute is brought from the bulk liquid to a position where it contacts the
surface at rsurf . ∆µex(rsurf) can be used to identify regions of a rigid hydrated sur-
face that are either hydrophobic or hydrophilic[48, 50]. Here, we identify positions
of the surface with ∆µex < −kBT as being hydrophobic and those with ∆µex > kBT
as being hydrophilic. By comparing the statistics of δλphob at hydrophobic and hy-
drophilic surface sites (see Sec. 5.3.2 for more details), we have thus identified the
range of δλphob that correspond to either hydrophobic or hydrophilic interfacial molec-
ular structure. In particular, we have found that values of −0.1 ≤ δλphob ≤ 0.1 are
indicative of typical hydrophobic molecular structure and values of |δλphob| > 0.1 are
indicative of hydrophilic interfacial molecular structure.

5.3.1 Results and Discussions

To analyze our results, we first consider the effect of α on 〈δλphob〉, the value of
our order parameter averaged over all surface positions and surface realizations. As
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Figure 5.2 A plot of the α dependence of 〈δλphob〉 (red line plotted against the left vertical
axis) and 〈Uw-s〉 (blue line plotted against the right vertical axis).

illustrated in Fig. 5.2, 〈δλphob〉 ≈ 0 for surfaces with α = 0, indicating that apolar
uncharged surfaces give rise to interfacial molecular structure that is characteristically
hydrophobic. We observe that water’s interfacial molecular structure depends weakly
on α when 0 ≤ α . 0.4, suggesting that there is a threshold in surface polarity that
must be overcome in order to affect significant change in water’s interfacial molecular
structure. Beyond this threshold, 〈δλphob〉 increases steadily and takes on values
associated with hydrophilic interfacial structure (i.e., 〈δλphob〉 > 0.1) when α & 0.6.

To better understand the effect of α on interfacial molecular structure we have
computed the average surface-water interaction energy,

〈Uw-s〉 =

〈∑

i∈surf

∑

j∈liq

uij

〉
, (5.4)

where the angle brackets represent an equilibrium average, the first summation is
taken over all frozen surface molecules, the second summation is taken over all
molecules in the liquid, and uij represents the pair potential for interactions between
surface species and molecules within the liquid. We observe that the dependence of
〈Uw-s〉 on α is complementary to that of 〈δλphob〉. Specifically, 〈Uw-s〉 varies nonlinearly
with α, slowly for 0 ≤ α . 0.4 and more rapidly for α & 0.4. This complementar-
ity shows that the changes in interfacial molecular structure that are indicated by
increases in 〈δλphob〉 when α > 0.4 are enabled by the formation of more favorable
surface-water interactions. Moreover, the reluctance of 〈δλphob〉 to change when the
value of α is small illustrates that water’s interfacial hydrogen bonding network is
determined by a competition between the strength of surface-water and water-water
interactions. These results thus reveal the strength of favorable surface-water interac-
tions (in terms of α) that are required to offset the free energy costs associated with
the reorganization of interfacial hydrogen bonding.
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Figure 5.3 A plot of the probability distribution for δλphob computed for surfaces with
different values of α. These distributions exhibit mean behavior that shifts systematically
with α and the appearance of pronounced non-Gaussian tails at larger values of α.

The values of 〈δλphob〉 that are plotted in Fig. 5.2 represent a spatial average
over heterogeneous surfaces. To understand the effects of surface heterogeneity on lo-
cal interfacial molecular structure we analyze the statistics of δλphob(rsurf) computed
locally at various positions along the liquid-surface interface. We characterize the
statistics of this local interfacial molecular structure in terms of P (δλphob), the prob-
ability to observe a given value of δλphob at a specfic point along the surface. Plots of
P (δλphob) computed for surfaces with different values of α are shown in Fig. 5.3. We
observe that when α = 0, P (δλphob) is approximately Gaussian with a narrow width
centered at δλphob ≈ 0. For larger values of α, however, P (δλphob) has pronounced
non-Gaussian tails at large values of δλphob. Unlike the peak behavior of P (δλphob),
which exhibits a small shift with increasing α, the large-δλphob tails are extremely
sensitive to changes in α. These tails indicate that when α ≥ 0.4, the probability to
observe regions with highly distorted interfacial molecular structure is many orders
of magnitude larger than would be expected based on Gaussian statistics.

The behavior of P (δλphob) indicates that surfaces with α ≥ 0.4 give rise to aque-
ous interfacial molecular structure that is heterogeneous. To understand the spatial
distribution of this heterogeneous interfacial molecular structure we plot δλphob(rsurf)
computed for a single fixed surface configuration with different values of α. The series
of panels in Fig. 5.4 illustrate how α affects the spatial variations in water’s interfacial
molecular structure. When α is small, the structure of the aqueous interface is ho-
mogeneous with δλphob ≈ 0. The spatial distribution of δλphob is similar for surfaces
with 0 ≤ α ≤ 0.4, consistent with the results presented in Figs. 5.2 and 5.3. When
α > 0.4, however, we observe the appearance of localized, approximately water-sized
domains that have larger values of δλphob. These domains correspond to the fat tails
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Figure 5.4 Spatial maps of δλphob computed for points distributed along the plane of the
liquid-surface interface. For each value of α, the plotted values of δλphob, as indicated by
shading, have been averaged over a 1 ns trajectory. The molecular configuration of the
surface is identical for each of the panels. The color bar is designed to distinguish between
regions with interfacial molecular structure that is indicative of hydrophobic surfaces (green
shaded regions) and hydrophilic surfaces (purple and blue shaded regions).

in P (δλphob) that are plotted in Fig. 5.3.
Notably, even the most hydrophilic surface that we considered (i.e., the α = 1 sur-

face) includes many regions with interfacial molecular structure that is hydrophobic-
like. In fact, the signatures of this hydrophobic interfacial structure are evident in
over 25% of the interfacial area of the α = 1 surface. These regions are associated
with the peak behavior of P (δλphob), which as Fig. 5.3 illustrates, originates directly
from a systematic α-induced shift in the α = 0 distribution. This observation indi-
cates that the specific molecular structure that is adopted by water at a hydrophobic
interface resides in a basin of thermodynamic stability that is robust to moderate
surface-induced perturbations. We attribute the stability of this hydrophobic inter-
facial molecular structure to the strong influence of the bulk liquid hydrogen bond
network on the orientations of interfacial water molecules. A surface must overcome
this influence in order to cause significant changes in water’s interfacial molecular
structure.

The tendency for liquid water to adopt hydrophobic-like interfacial molecular
structure, even at hydrophilic surfaces, highlights the importance of this particu-
lar interfacial hydrogen bonding arrangement in aqueous solvation. For instance, this
particular interfacial structure determines the thermodynamic driving forces that un-
derlie the hydrophobic effect [135]. Thus, in order to mitigate hydrophobic effects
a surface must include a high density of surface sites whose interactions with water
molecules are sufficiently strong as to overcome the hydrogen bonding interactions
imposed by the adjacent bulk liquid.

Unlike many hydrated surfaces and large solutes, the surfaces we have considered
are completely rigid. Without this rigidity, the spatial heterogeneity exhibited in
Fig. 5.4 would be absent. For dynamic surfaces we expect that heterogeneity in
the distribution of δλphob, such as indicated by the fat tails in Fig. 5.3, would still be
evident. However, the presence of spatial heterogeneity, such as illustrated in Fig. 5.4,
would be limited to timescales characteristic of surface dynamics. If the time scale for
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surface reorganization is similar to that of interfacial water molecules, then evidence
of spatial heterogeneity would vanish. However, for most extended hydrated surfaces,
such as those of proteins or other biological macromolecules, surface reorganization is
coupled to conformational dynamics and is therefore slow relative to typical solvent
dynamics.

5.3.2 Interfacial Molecular Structure vs. Excess Chemical Po-
tential

In order to relate the aqueous interfacial molecular structure to the surface hydropa-
thy, we compare values of δλphob to quantity, ∆µex = µ

(int)
ex − µ(bulk)

ex , where µ(int)
ex and

µ
(bulk)
ex are the excess chemical potentials for inserting a hard-sphere solute near the

interface and in the bulk water, respectively. For a given location over a hydrated
surface, namely rsurf, the excess chemical potential near the interface can be specified
as

µ(int)
ex (rsurf) = −kBT lnPv(0|rsurf) , (5.5)

where Pv(0|rsurf) is the probability that no solvent molecule is observed within a
spherical cavity of radius R centered at rsurf + Rẑ (i.e., the cavity contacts with the
surface at rsurf). This probability is computed from the simulation as

Pv(0|rsurf) =

〈
δ

(∑

i

H(R− |ri − rsurf −Rẑ|)
)〉

, (5.6)

where the angle bracket denotes an equilibrium average, δ(x) is a Dirac-delta function,
H(x) is a Heaviside step function, and the summation is taken over all liquid water
molecules for their positions, ri. For rsurf, the surface boundary was determined from
a Willard-Chandler interface [34] constructed for the molecules belonging to the solid
phase. Similarly, the probability of a cavitation was computed in the bulk, which
gave µ(bulk)

ex = 4.0 kBT for R = 2.5 Å.
Based on the values of δλphob(rsurf) and ∆µex(rsurf) for all surface positions, we

computed conditional probability distributions, P (δλphob|∆µex). Here, we identify
the positions of the surface with ∆µex < −kBT as being hydrophobic and those with
∆µex > kBT as being hydrophilic. As illustrated in Fig. 5.5, P (δλphob|∆µex < −kBT )
is dominant over P (δλphob|∆µex > kBT ) in the range of |δλphob| . 0.1, and thus
we interpret the values of −0.1 ≤ δλphob ≤ 0.1 as hydrophobic interfacial molecular
structure and values of |δλphob| > 0.1 as hydrophilic interfacial molecular structure.

5.4 Quantifying Surface Hydropathy from Water’s
Interfacial Molecular Structure

In this section we introduce the concept of intrinsic hydropathy (IH), which describes
the extent to which a hydrated surface alters the intrinsic molecular structure of the
liquid water interface. This quantity is determined by a competition between the



5.4. QUANTIFYING SURFACE HYDROPATHY 87

a b

�4

�3

�2

�1

0

1

2

3

�0.4 �0.2 0 0.2 0.4 0.6 0.8 1

ln
P

(�
�

p
h
ob

|�
µ

ex
)

��phob

�µex > kBT
�µex < �kBT

0

1

2

3

4

5

6

�0.2 �0.1 0 0.1 0.2 0.3 0.4

P
(�
�

p
h
ob

|�
µ

ex
)/

P
(�
�

p
h
ob

)

��phob

�µex > kBT
�µex < �kBT

Figure 5.5 (a) Plots of conditional probability distributions of δλphob given ∆µex > kBT
and ∆µex < −kBT . (b) Plots of the conditional probability distributions normalized by
P (δλphob). Although the panel b shows that the righthand crossing point between the curves
is δλphob ≈ 0.5, we set the upper bound of hydrophobic interfacial molecular structure to
be δλphob = 1.0 where P (δλphob|∆µex > kBT ) reaches the maximum and P (δλphob|∆µex <
−kBT ) is featured with some shoulder as shown in panel a.

constraints imposed on interfacial water molecules by surface-water interactions and
those imposed by the collective hydrogen bonding network of the surrounding liquid.
The outcome of this competition depends specifically on the subset of surface-water
interactions that affect the orientational preferences of interfacial water molecules.
Unfortunately, it is not straightforward to separate these specific interactions from
the total set of surface-water interactions, so quantifying their effective strength is
challenging. Here we address this challenge by considering the statistical mechanics
of interfacial hydrogen bonding.

We utilize a mean field model of aqueous interfacial hydrogen bonding at a uniform
surface that interacts with water through hydrogen bond-like interactions of tunable
strength. This model surface has a well-defined IH value, which is simply given by the
energy of a surface-water hydrogen bond. By tuning this energy we can determine
how water’s interfacial molecular structure depends on the value of the IH. We then
exploit this dependence to assign IH values to surfaces based solely on their influence
on water’s interfacial molecular structure.

In the following subsection we describe the mean field model of aqueous interfacial
hydrogen bonding. Then, we present the application of this model to quantifying the
IH of the disordered molecular surfaces described in the previous sections.

5.4.1 A Mean-Field Model of Interfacial Hydrogen Bonding
at an Interacting Surface

Here we describe a theoretical model for computing the orientational distribution
function of molecules at the interface between liquid water and an interacting sur-
face. This model is an extension of a similar theoretical framework, introduced in
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Ref. 117, for computing interfacial molecular structure at the liquid water-vapor in-
terface. In Ref. 117, we show that this model framework can accurately reproduce
the primary features of the molecular structure of the water-vapor interface, and here
we apply it to describe the water-surface interface. We specify interfacial molecular
structure in terms of the orientational distribution function for water molecules at
various distances from the liquid water interface. Within this model framework, this
distribution function is determined based on the orientational preferences of an in-
dividual probe molecule interacting with the average density field of the interfacial
environment via an empirical hydrogen bonding potential.

As illustrated in Fig. 5.6, the model includes a single probe molecule located at
distance a from the position of a planar liquid interface. The interfacial environment
is described with a density field that is anisotropic in the direction perpendicular to
the interface but uniform in the directions parallel to the interface. The interfacial
density field is composed of two separate elements: a water density, ρw(a), that is
computed form atomistic simulation and a surface density, ρs(a), that represents the
distribution of interacting sites on the extended model surface. As depicted in Fig. 5.6,
we approximate this distribution as being Gaussian with characteristics that reflect
the molecular roughness of a given hydrated surface.

The probe molecule is described as a point particle with four tetrahedrally coordi-
nated hydrogen bond vectors, denoted b1, b2, b3, and b4 (see Fig. 5.6). The length of
these vectors corresponds to the average hydrogen bond distance, dHB = 2.8 Å [75],
so that each vector points to the preferred position of a hydrogen bond partner. In
addition, each bond vector is assigned a directionality, with b1,2 and b3,4 representing
hydrogen bond donors and acceptors, respectively. The orientation of this probe par-
ticle is specified by the vector ~κ = (cos θ1, cos θ2), where θ1 and θ2 specify the angles
made between the donor bond vectors and the surface normal pointing away from the
bulk.

The interactions of the probe molecule with the elements of the interfacial density
field are governed by an empirical hydrogen bonding potential that depends on the
probe molecule’s position, a, orientation, ~κ, and hydrogen bonding configuration, as
specified by a set of binary variables, {n(ν)

k }. This potential is given by,

E(~κ, a, {n(ν)
k }) =

4∑

i=1

[
εwn

(w)
i (a,bi) + εsn

(s)
i (a,bi)

]
, (5.7)

where εw denotes the effective energy of a water-water hydrogen bond, εs represents
the effective energy of a surface-water hydrogen bond, and n(ν)

i indicates the hydrogen
bonding state of the ith bond vector to either water (i.e., ν = w) or the surface (i.e.,
ν = s). Specifically, n(ν)

i = 1 if the probe molecule has formed a hydrogen bond of
type ν along bi and n

(ν)
i = 0 otherwise. Here we treat each n(ν)

i as an independent
random variable with statistics given by,

n
(ν)
i =

{
1, with probability P (ν)

HB(ai) ,

0, with probability 1− P (ν)
HB(ai) ,

(5.8)
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Figure 5.6 Schematic depiction of the mean-field model showing a probe molecule with
tetrahedrally coordinated bond vectors (white for donor, blue for acceptor) at a distance
aprobe from the position of the instantaneous interface (solid blue line). The probe molecule
within the liquid phase (blue shaded region) can have hydrogen bonds to either neighboring
solvent molecules or nearby solute (green shaded region) through the bond vectors. A plot
of the interfacial density profile of liquid water, ρw(a), obtained from the MD simulation
with SPC/E water, is shown along with that of an empirical solute density profile, ρs(a),
where gray and blue dotted lines indicate the termination points of bond vectors b1 and b3

respectively.

where ai = a−bi ·n̂ denotes the terminal position of the ith bond vector, n̂ is the unit
vector normal to the plane of the interface, and P (ν)

HB(ai) specifies the probability to
form a hydrogen bond at position ai with either water (i.e., ν = w) or surface (i.e., ν =

s). We assume that this probability takes the simple form, P (ν)
HB(ai) ∝ ρν(ai), where

the proportionality constant is chosen to reproduce average number of hydrogen bonds
in the bulk liquid. We also assume that these statistics are subject to a constraint
that each bond vector can form only one bond (i.e., bi cannot simultaneously bond
with water and surface).

The water-water hydrogen bond energy is fixed at a value of εw = −1.77 kBT at
T = 298K, based on our previous parameterization of this model for the liquid water-



90 CHAPTER 5. WATER’S INTERFACIAL MOLECULAR STRUCTURE

vapor interface of the SPC/E water (see Sec. 3.4.2). The surface-water hydrogen bond
energy, εs, is thus a parameter that we vary in order to describe surfaces with different
chemical characteristics. We define the properties of ρs(a) based on the analysis of
simulation data. Specifically, for a given model surface we computed the density of
surface molecules relative to the position of the intrinsic water interface. We then fit
the leading edge of the resulting density profile to a Gaussian. This procedure yielded
a range of means, as, and variances, σ2

s , that ranged approximately from as = −2.1Å
to −1.1Å and σs = 0.4Å to 0.6Å for values of α = 0 to 1, respectively. Specific
parameters for each value of α are described in Sec. 5.4.3.

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

PMF(~κ|a) =
〈
e−βE(~κ,a,{n(ν)

k })
〉
b
/Z(a), (5.9)

where 〈· · · 〉b denotes an average over all possible hydrogen bonding states (i.e., varia-
tions in the n(ν)

i ’s), β = 1/kBT , and Z(a) =
∫
d~κ
〈
e−βE(~κ,a,{n(ν)

k })
〉
b
is the orientational

partition function for the probe molecule at position a. By evaluating the average
explicitly based on the constrained statistics of n(ν)

i as specified above, the numerator
of Eq. (5.9) can be written as,

〈
e−βE(~κ,a,{n(ν)

k })
〉
b

=
4∏

i=1

[
1 + P

(w)
HB

(
ai)(e

−βεw − 1
)

+ P
(s)
HB

(
ai)(e

−βεs − 1
)]
. (5.10)

Together, Eqs. (5.9) and (5.10) can be used to compute the orientational molecular
structure of the liquid water interface. To facilitate comparison of this mean field
model to the results of atomistic simulation, we project the distribution PMF(~κ|a)
onto a reduced dimensional distribution,

PMF(cos θOH|a) =

∫
d~κPMF(~κ|a)

[
1

2

2∑

i=1

δ(cos θi − cos θOH)

]
, (5.11)

where the summation is taken over the two donor bond vectors, cos θi = bi · n̂/|bi|,
and δ(x) is the Dirac delta function.

5.4.2 Quantifying Intrinsic Hydropathy from Atomistic Sim-
ulation Data

The characteristics of PMF(cos θOH|a) depend on the value of the surface-water hy-
drogen bond energy, εs. Similarly, the characteristics of Psim(cos θOH|a) computed
from simulations with the molecular surfaces described in the previous section (and
depicted in Fig. 5.1 depend on the value of α. By comparing PMF(cos θOH|a) and
Psim(cos θOH|a) we can relate values of α to associated values of εs. This relationship
thus allows us to assign a value of IH to a given surface based on atomistic simulation
data.
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Figure 5.7 Plots of the reduced orientational distributions for a specific surface with dif-
ferent polarities, (a) α = 0 and (b) α = 1, where color shading indicates the value of
probability density. Each panel compares the result from the MD simulation (left) to that
from the mean-field model (right). Model parameters used for the above plots are ε∗s = 0 kBT
and ε∗s = −1.55 kBT for α = 0 and α = 1, respectively.

To make a quantitative comparison between Psim(cos θOH|a) and PMF(cos θOH|a, εs),
where we now include the conditional dependence on εs for the mean field model, we
compute a fitness function Γ(εs) based on the Kullback-Leibler divergence.[76] This
fitness function is given by,

Γ(εs) =

∫
da

∫
d(cos θOH)Psim(cos θOH|a) ln

[
Psim(cos θOH|a)

PMF(cos θOH|a, εs)

]
, (5.12)

which quantifies the similarity between the orientational molecular structure of a sim-
ulated system and that of our mean field model at a given value of εs. By minimizing
Γ(εs) we can therefore identify the value of εs that most closely mimics the effective
surface-water interactions of the simulated system. The value of εs that minimizes
Γ(εs), denoted by ε∗s , we thus take to represent the IH of the surface. Figure 5.7
shows a comparison between Psim(cos θOH|a) and PMF(cos θOH|a, ε∗s ) for simulations
with α = 0 and α = 1. This comparison reveals that our simple model is capable of
capturing the sensitivity of interfacial molecular structure to changes in surface-water
interactions.

In Fig. 5.8 we plot the dependence of ε∗s on α. For α < 0.4 we observe that ε∗s ≈ 0,
indicating that for these cases surface-water interactions exert a negligible influence



92 CHAPTER 5. WATER’S INTERFACIAL MOLECULAR STRUCTURE

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

�
✏⇤ s

/
k

B
T

↵

��✏w

Figure 5.8 A plot of the optimized parameter for the effective surface-water interaction
against the surface polarity shown with error bars, where the green solid line is a guide to
the eye and the red dashed line indicates the optimal parameter for the interaction between
the liquid water molecules, εw = −1.77 kBT .

on the structure of water’s interfacial hydrogen bonding network. For α ≥ 0.4, ε∗s
increases monotonically with α, reaching a value of nearly εw when α = 1. The
difference of ε∗s from εw when α = 1 may be surprising because the surface has a
force field and structure that is identical to that of bulk liquid water. The difference
between ε∗s and εw arises because the surface is rigid, so the effective hydrogen bonding
interactions between the surface and water lack the entropic stabilization associated
with hydrogen bond network flexibility.

We observe that ε∗s and 〈δλphob〉 exhibit a similar dependence on α, indicating
the strong relationship between IH and variations in interfacial molecular structure.
Notably, the behavior of ε∗s reveals a clear threshold that is not apparent in 〈Uw-s〉,
plotted in Fig. 5.2. Evidently, when α is small, changes in 〈Uw-s〉 with α do not
contribute to changes in the structure of the interfacial hydrogen bonding network.
Rather they contribute to changes in the spatial profile of the intrinsic water inter-
face, such as the mean and variance of the interfacial heights. Thus, the properties
that control aqueous interfacial solvation are determined by an interplay between the
intrinsic properties of the interfacial liquid and the fluctuations in interfacial density
that arise due to entropically-driven variations in the position of the intrinsic liquid
interface.

By combining simulation tools for quantifying interfacial molecular structure with
insight gained through a simple model of interfacial hydrogen bonding, we have high-
lighted that hydrophilic interfacial structure emerges through a competition between
surface-water interactions and the collective water-water interactions of the bulk liq-
uid. Using the mean field model, we evaluated the contribution of surface-water
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interactions to the emergence of hydrophilic interfacial structure in terms of the effec-
tive hydrogen bond energy, ε∗s . This specific energetic component can be interpreted
as a novel scale for the surface hydropathy; one that reports directly on the ability of
the surface to modify water’s preferred interfacial hydrogen bonding structure. With
this measure, the influence of a hydrophilic surface on a water interface can be neatly
separated into its structural and spatial (e.g. changes in capillary-wave behavior)
components.

5.4.3 Density Profiles for Model Surfaces

As described in the main text, we computed the density profiles of the molecules in
liquid and surface, namely ρw(a) and ρ(int)

s (a), relative to the position of the intrinsic
water interface, following the procedure described in Sec. 2.1. These density profiles
change significantly as the surface polarity, α, increases from 0 to 1. As illustrated
in Fig. 5.9, the density profile for the surface gets closer to that for the liquid water
upon the increase in α, which indicates more adsorption of the solvent molecules to
the surface of larger polarity. For the mean-field model, we use a Gaussian function
as an effective surface density profile, which is fitted from the leading peak of ρ(int)

s (a)

(more specifically, the region of a ≥ arg maxa{ρ(int)
s (a)}). The Gaussian-fitted density

profile is parametrized as ρs(a)/ρb = ρ0e
−(a−as)2/2σ2

s , where ρb is the bulk density of
liquid water, such that the set of parameters, (as, σs, ρ0), well represents the mean
characteristics of the first molecular layer of a given surface. Table 5.1 lists a set of
parameters for a specific model surface of the polarity ranging from α = 0 to 1. Note
that the Gaussian mean and width, as and σs, show the trends of increasing along
with α.
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Figure 5.9 Plots of density profiles for different values of surface polarity. ρw(a) is rendered
by blue line. ρ(int)

s (a) and ρs(a) are rendered by green dotted and solid lines, respectively.
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Table 5.1: Parameters for the Gaussian-fitted density profile, ρs(a), for a specific
model surface with varied polarity.

α as (Å) σs (Å) ρ0
0 -1.99762 0.411275 1.18779
0.1 -2.07123 0.428661 1.47521
0.2 -1.94063 0.428272 1.2517
0.3 -1.82815 0.426502 1.2016
0.4 -1.64603 0.394326 1.23684
0.5 -1.56485 0.410636 1.28688
0.6 -1.52418 0.449296 1.36765
0.7 -1.38108 0.458931 1.30655
0.8 -1.34561 0.508773 1.33211
0.9 -1.24132 0.527848 1.282
1 -1.14727 0.539936 1.27362
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