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FAKULTÄT FÜR CHEMIE
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Abstract

The knowledge of dielectric response properties of the environment is

of paramount importance in many theoretical embedding methods and

studies of solutes and catalytic sites and processes in condensed phases.

In particular, the realistic embedding of active sites into solid/liquid

and liquid/liquid interfaces is a crucial point in the context of modeling

energy conversion (e.g., electrochemical, photochemical, power-to-X)

processes. Recently, the finding that the dielectric permittivity of liquids

near solid/liquid interfaces is far from being constant but deviates

strongly from the bulk value within several nanometers from the

interface has raised the interest in a more fundamental understanding

of the response properties near interfaces. As these questions are

hard to study experimentally, reliable theoretical models are required.

Here we describe a careful first-principles based reparametrization

of nonpolarizable molecular mechanics force fields for a class of

technological relevant organic chlorinated hydrocarbon solvents which

are immiscible with water. For the solvent 1,2-dichloroethane (1,2-

DCE) we also present a new polarizable force field based on the Drude

oscillator model. Its parametrization needs particular attention to avoid

unphysical couplings between the internal torsional degree of freedom

and the Drude oscillators, which could severely skew the response

properties. The performance of this new set of force fields is critically
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Abstract

assessed based on a comprehensive molecular dynamics study.

Despite the importance of the dielectric continuum response property of

liquids at a shared interface, simulations of interfacial dielectric proper-

ties have so far mostly considered the case of confined liquids at a rigid

solid-mobile liquid interface. Liquid-liquid interfaces are instead known

to be intrinsically fluxional in nature. This requires statistical procedures

devised to analyze molecular dynamics simulations for the computation

of the dielectric tensor fields to be adjusted accordingly. We present

a novel coarse grain approach to this problem which yields dielectric

profiles with features of similar sharpness as for the solid-liquid case –

if the statistical analysis is consistently referenced to the instantaneous

liquid-liquid interface. In contrast, simple statistical analyses based

on an average interface definition only result in broadened featureless

dielectric profiles across the interface region. Numerical results will

be presented for the prototypical water/1,2-DCE liquid-liquid interface,

using the reparametrized force-field for the organic solvent.
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Zusammenfassung

Dielektrische Umgebungseigenschaften sind für viele theoretische Ein-

bettungsmodelle von großer Bedeutung. Darüber hinaus bilden sie die

Grundlage für eine Vielzahl von Untersuchungen gelöster Stoffe und

katalytisch wirksamer Prozesse in der kondensierten Phase. Speziell

im Kontext der Modellierung von Energieumwandlungsprozessen ist

hierbei eine realistische und verlässliche Einbettung aktiver Zentren an

fest/flüssig oder flüssig/flüssig Grenzflächen essentiell. Besonderes die

kürzlich gemachte Beobachtung, dass die dielektrische Permeabilität

von Flüssigkeiten nahe der Grenzfläche zu einem Feststoff keineswegs

konstant ist, sondern vielmehr über mehrere Nanometer stark vom

entsprechenden Wert im Inneren der Flüssigkeit abweicht, unterstreicht

dabei die Notwendigkeit eines fundamentaleren Verständnisses. Der-

artige Phänomene sind rein experimentell jedoch schwer zugänglich,

sodass deren Untersuchung den Einsatz verlässlicher theoretischer

Methoden erfordert.

In diesem Zusammenhang widmet sich die vorliegende Dissertation

zunächst einer sorgfältigen Reparametrisierung eines ab initio-basierten,

nicht-polarisierbaren Kraftfelds zur Beschreibung technologisch relevan-

ter, mit Wasser nicht mischbarer chlorierter Kohlenwasserstoffverbindun-

gen. Für das spezielle Lösungsmittel 1,2-Dichlorethan (1,2-DCE) wird

darüber hinaus ein auf Drudes Oszillatormodell basierendes polarisier-
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Zusammenfassung

bares Kraftfeld entwickelt und parametrisiert. Hierbei liegt ein beson-

deres Augenmerk auf der Vermeidung unphysikalischer Kopplungen

zwischen den internen Torsionsfreiheitsgraden und den Drude Oszil-

latoren, da diese die dielektrischen Eigenschaften ernsthaft vefälschen

können. Die neuen Kraftfelder werden daher konsequenterweise mit

Hilfe umfassender Molekulardynamiksimulationen eingehend unter-

sucht und validiert.

Trotz der Bedeutung der dielektrischen Kontinuumseigenschaften zweier

Flüssigkeiten an einer gemeinsamen Grenzfläche haben sich bisheri-

gen Studien hauptsächlich auf Flüssigkeiten direkt an einer statischen

fest/flüssig Grenzfläche fokusiert. Flüssig/flüssig Grenzflächen hinge-

gen sind intrinsisch fluktuierend. Dies erfordert im Umkehrschluss

eine statistische Analyse zugrunde liegender Molekulardyamiksimula-

tionen, um die dielektrischen Tensorfelder entsprechend zu korrigieren.

In diesem Sinne wird ein neuer Ansatz vorgeschlagen, der dielek-

trische Profile von ähnlicher Abgrenzungsschärfe wie im fest/flüssig

Fall erzielt, sofern sich die statistische Auswertung konsistenterweise

auf die instantane flüssig/flüssig Grenzfläche bezieht. Dies unter-

scheidet die hier vorgeschlagene Methode von bisherigen Ansätzen,

welche auf der Definition von Durchschnittsgrenzflächen beruhen und

entsprechend lediglich verbreiterte, undetailierte dielektrische Profile

über Grenzflächen hinweg erzielen. Die Präsentation entsprechender

numerischer Resultate für die prototypische Grenzfläche zwischen

Wasser und 1,2-DCE, basierend auf dem zuvor reparametrisierten

Kraftfeld, schließt diese Dissertation ab.
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Chapter 1

Introduction

A liquid-liquid interface (LLI) arises between two immiscible liquids,

generally with water being one of the involved phases. Such an interface

constitutes an inhomogeneous environment where the asymmetry in the

intermolecular forces yield unique molecular dynamics and structures.

The thermodynamic and kinetic processes of molecules at the LLI play

a crucial rule in electrochemistry, biochemistry, technology and other

related fields.[1–5] For example, charged objects such as proteins and

lipid membranes embedded in the dielectric environment of water are

vastly influenced by the surrounding water.[6] These solvent structure

effects with respect to LLI are profoundly depending on the nature of

the interface. Molecular level investigation of liquid interfaces hence

become the focus of intensive scientific research in the past decades,

with many theoretical model simulations studying the dynamics and

thermodynamics of chemical reactions at the liquid interface.[7–22]

Herein the interfacial water orientations and structures primarily de-

termine the response properties of aqueous interfaces and play an

important role in the stability of colloidal suspensions, protein folding

and aggregation, and biomolecular recognition.[23–25] This is due to

the polar nature of the water molecules that makes water structure

strongly modify electrostatic interactions in interfacial systems. The
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1. Introduction

effect of water on electrostatic interactions is quantified by means of

the static dielectric permittivity tensor ε, which is spatially constant and

diagonal in bulk. However, in the vicinity of an interface, the effect

of the water is more intricate and strongly depends on the nature of

the interface, which especially makes the dielectric permittivity tensor

space-dependent.

As an important continuum response property of liquids at a shared

interface, the dielectric permittivity sensitively reflects the unique

microscopic characteristics in the interfacial region.[26–28] This response

property is of fundamental physical importance: on one hand because

it is the primary input feature for modeling the electrostatic potential

and energies in aqueous environments.[6, 29, 30] Thus a thorough

understanding of this property is a key ingredient for the correct

modeling of electrostatic effects. For example modeling protein elec-

trostatics requires dielectric properties of the surrounding solvents to

be known, as well as the dielectric “constant” of the protein itself

which is not a constant but a complex function reflecting the structure

and sequence of the protein.[31] On the other hand, the detailed

microscopic understanding of phase transfer or catalytic and (photo-)

electrochemical processes at complexes embedded in liquid interfaces

has to rely heavily on simulations,[32–35] for which the dielectric

response of the involved phases is one of the key properties.[36–39]

In experiment, terahertz spectroscopy experiments have shown that the

dielectric properties of water itself are modified within an interfacial

layer of molecular size.[40, 41] As illustrated in Figure 1.1, numerical

simulation results even show that the dielectric permittivity of liquids

near solid-liquid interfaces is far from being constant, and deviates

strongly from the bulk value within several nanometers from the

interface. This has raised interest in a more fundamental understanding

of the response properties near interfaces.

Despite the importance and widespread interest, simulations of inter-

2



facial dielectric properties have so far mostly considered the case of

confined liquid at a rigid solid/mobile liquid interface.[32–35, 42–47]

In contrast, LLIs are known to be intrinsically fluxional in nature,[1, 16]

and thus a significant and even more complex estimator for dielectric

response analyses. In spite of experimental progress in nonlinear

spectroscopic methods such as the vibrational sum frequency generation

and second harmonic generation to probe the structure of solid-liquid

and liquid-vapor interface systems,[48, 49] very little is known regarding

dynamics and mechanisms of the LLI activity. In this case theory plays

a pivotal role and can be well complemented by computer simulations.

Figure 1.1: Schematic representation of the solid-liquid interface
between water and a variety of hydrophobic or hydrophilic substrates
(left) with the parallel or perpendicular dielectric response (right).
Reprinted with permission from ref. [33]. c© 2013 American Chemical
Society.

For a physical understanding of the dielectric permittivity, in the

macroscopic approach, this dielectric response to an external and

static electric field is depending on the dielectric constant of the

system. While within microscopic statistical-mechanical theory, that is

within framework of linear response theory,[50] the dielectric response
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1. Introduction

depends on the dipole moment fluctuations in the system. The

macroscopic continuum electrostatics and the microscopic statistical-

mechanics can be related and present a direct relation between the

system’s dielectric constant and its dipole moment fluctuations that

can be estimated from a computer simulation. Here, to investigate the

dielectric response of the LLI system, we apply the statistical-mechanical

approach which connects the macroscopic continuum description of the

dielectric permittivity to the location fluctuation of the system’s dipole

moment via a microscopic statistical-mechanical description obtained

from MD simulations. This is illustrated in Figure 1.2 with an exemplary

MD snapshot of a dipole moment distribution in the LLI system. The

local polarization fluctuations are then calculated from a trajectory of

such snapshots for a series of separate system-divided slabs parallel to

the interface plane along the interfacial normal axis.

It is obvious that a prerequisite of this task is to identify the actual

location of the interface at every point. To this end, the vast majority

of earlier LLI simulations considered an averaged macroscopic plane

parallel to a face of the basic simulation box. This concept of the

Gibbs dividing interface plays an important role as a reference point for

investigating changes in water properties as a function of the distance

to the interface. The Gibbs dividing interface is generally defined as the

position where the density of the solvent is half of its bulk value. Once

the Gibbs dividing interface is determined, the structural organization

and dynamic features of a solvent can be analyzed in consecutive slab-

layers parallel to the Gibbs dividing interface. However a LLI actually

undergoes dynamic motions. The diffusive motion of molecules in the

liquids induces constant perturbations to the instant location of the

interface, both in time and spatially across the interface. The static

slab-averaging approach has correspondingly been criticized as ignoring

this thermal corrugated interface roughness of the interface, known

as capillary waves.[9, 51–55] According to capillary wave theory, the

4



interfacial region includes intrinsic and capillary wave terms.[53, 56–

59] The intrinsic component corresponds to the intrinsic profile of

the molecular density as a function of distance with respect to the

local instantaneous interface. The capillary wave term owes to the

thermally corrugated capillary waves broadening the interfacial width.

This results in the LLI not being flat but having a time-varying finite

roughness.

Thus calculating the response properties relative to the liquid interface,

one must remove the effect from capillary waves and evaluate the

corresponding intrinsic profile relative to the interface. This is a

challenging task as computational protocols to unambiguously identify

the fluctuating interface location on a molecular level are only just

evolving.[60–62] In MD simulations, different methods have been de-

veloped to identify the molecules at the capillary wave fronts of the

interface.[58, 59, 63–67] For example, the intrinsic sampling method

has been developed to study the intrinsic structure of water/alkane

interfaces,[58, 63] whereas the so-called identification of the truly interfacial

molecules algorithm has been applied to investigate the molecular

orientations of water at the vapor and organic interfaces.[64, 65] These

approaches mostly focused on combining the capillary wave theory

and the molecular view of MD simulations to extract intrinsic profiles

such as the density profile and through this identify the interfacial

molecules.[58, 63–65]

For the calculations of LLI’s response properties with respect to the

distance to the instantaneous interface location, the key point of

this thesis is to avoid to build upon the continuum capillary wave

theory and search for efficient and computationally feasible methods

to truly identify the liquid interface. The identification procedure is

based on a spatially coarse-grained density field calculated from the

atomic coordinates. After determining it, we then reference to this

instantaneous interface and describe order phenomena and molecular

5



1. Introduction

structure based on the vertical distance from its time-varying position.

The construction of the local instantaneous interface follows the ideas by

Willard and Chandler.[67] By doing so the spatial deformations of the

liquid phase boundary are projected out. Once the instantaneous inter-

face is located, slab-wise analyses are used to bin different regions with

respect to the instantaneous LLI to assess various response dynamic

and thermodynamic properties associated with the liquid interface such

as the density profile, electrostatic potential and dielectric permittivity

profile. To elucidate the dielectric response of the interface in more

detail, it is essential to analyze to what extent the two involved phases

are affected by the presence of the interface. Comparing with molecules

within a liquid confined at a solid substrate, the structures at the soft

LLI are more complicated due to the instantaneous characteristics of

the liquid interface. Detailed knowledge of the molecular orientational

profiles with respect to the instantaneous LLI will reveal the subtle

proximities of the molecules to the interface that are hidden by the

average Gibbs dividing interface, but which are a prerequisite for

understanding the mechanism of the interfacial dielectric response.

In this thesis, the LLI system between water and chlorinated hydrocar-

bons (CHCs) is studied to address some of the questions raised above.

CHCs, with one or two carbons and a varying number of chlorine atoms,

are rather nonpolar solvents with low boiling points and dielectric

constants that are immiscible with water. The LLI of CHCs in contact

with a liquid water phase is a particular case for the dielectric analysis

because the CHC phase can be “polarized” substantially in the vicinity

of the interface by the presence of the water phase. This effect has drawn

some attention in theoretical studies.[10, 22, 68, 69] In particular, 1,2-

dichloroethane (1,2-DCE) constitutes an interesting prototype molecule,

owing to the considerable difference in the dipole moments of its

gauche and trans conformers.[10, 22, 70–75] Both conformers occur in

a dynamic equilibrium in the liquid phase of 1,2-DCE and the trans

6



conformer’s dipole moment vanishes due to its inversion symmetry. In

theoretical studies of mechanical and thermal response properties of

the LLI between water and CHCs, MD simulations has already been

a reliable tool to understand the dynamics at an atomic level and link

the microscopic behavior statistically to macroscopic properties.[76–87]

The accurate calculation of thermodynamic and dynamic properties

via MD simulations nevertheless depends crucially on the reliability of

the employed molecular mechanics force field to describe the nature

of the interactions between all components in the simulation system.

To this end, currently available models for CHCs have weaknesses in

reproducing their dielectric response behavior. Thus we are aiming for

strategies to increase the accuracy but without increasing the number of

interaction sites to improve the CHC models in the description of the

dielectric response.

Part of this thesis work is thus to achieve a careful and balanced

first-principles based reparametrization of nonpolarizable (NP) and

polarizable molecular mechanics force fields for a class of chlorinated

hydrocarbon solvents. In general, for most of the CHCs we limit our-

selves to the NP OPLS-AA (optimized potentials for liquid simulations

- all atom) type of model, which is sufficiently accurate in modeling a

wide variety of the molecular CHC systems. However, the NP models

still have an inherent limitation in studying the dielectric constant of

nonpolar systems. This comes from neglecting electronic polarizations

to account for the dielectric response of the system in the presence of

a high-frequency oscillating field, namely the high-frequency or optical

dielectric constant ε∞.[88, 89] For water, the importance of accounting

for molecular polarizability in modeling aqueous phenomena has been

demonstrated long ago.[90] Incorporating electronic polarization is seen

as a major requirement for next generation force fields.[69] Thus for

1,2-DCE we also develop a polarizable force field based on the classical

Drude oscillator (DO) model in order to further improve the prediction

7



1. Introduction

of the physical properties in comparison to the NP model. The DO

model is an efficient tool to account for electronic polarizability without

incurring significantly increased computational costs.[91, 92] For the DO

model as well as for the NP force field reparametrization, we focus

in particular on improved DCE torsional potential energy profiles as

compared to quantum chemical (QC) calculations and partial charges

based on the RESP fit approach[93, 94] for an improved description of

the molecular dipole moments.

Figure 1.2: Snapshot of an instantaneous equilibrium configuration of
the water/DCE interface in the top panel and the representation of
the dipole fluctuations of the same simulation snapshot in the bottom
panel. Water molecular dipole moments are marked by blue arrows.
Red arrows are those of DCE molecules.

The work described in this thesis combines water/1,2-DCE LLI simula-

tions, where the reparametrized NP force field model for the organic

8



solvent published in Reference [i] is adopted. A computational coarse-

grained framework for the determination of the instantaneous LLI

locations is implemented, and this advanced interface identification

method is used to gain a description of the dielectric permittivity tensor.

In Chapter 2, the theoretical framework and computational methods are

briefly presented, where the formalisms needed to extract the dielectric

tensor from molecular dipole fluctuations are derived step by step.

Chapter 3 is concerned with the NP and DO force field parametrization,

providing useful and efficient procedures to parametrize effective MM

force fields focusing on the reproduction of the dipole moment and

distribution and dielectric constants. Implementing the new parameter

sets into the classical MD simulations and combining with the statistical

procedures from Chapter 2, we present a novel coarse graining approach

to analyze MD simulations for the investigation of the dielectric re-

sponse of the LLI as well as its mechanism in Chapter 4. Chapter 5

contains a summary and outlook.

9





Chapter 2

Theoretical Background

2.1 Dielectric Permittivity Tensor

The basic idea of the microscopic statistical mechanical theory for

the dielectric permittivity of a medium ε is to describe its collective

response to an applied and uniform electric field in a coarse-grained

manner by macroscopic continuum electrostatics.[26–28, 95–98] From

the microscopic viewpoint, the response is related to the fluctuations in

the system’s dipole moment, which are treated within linear response

theory.[50] From the macroscopic continuum viewpoint this same

response in the linear approximation is expressed by the dielectric

constant. The two expressions can be combined, providing a way to

extract the dielectric constant from a computer simulation, connecting

the macroscopic continuum description of the dielectric permittivity

to the location fluctuations of the system’s dipole moment via a

microscopic statistical mechanical description based on MD simulations.

For an isotropic bulk system, the dielectric permittivity εbulk can then

be determined from the fluctuation of the total dipole moment of the

system, as the following equation:[26–28, 95–98]

εbulk = 1 +
4π(< M2 > − < M >2)

3ε0VkBT
, (2.1)

11



2. Theoretical Background

where M (= ∑ µi) is the total dipole moment of the simulation

cell obtained by the summation over all individual molecular dipole

moments µi, ε0 is the vacuum permittivity, V is the sample volume and

kBT is the Boltzmann constant. < ... > denotes a statistical average over

all different configurations.

In homogeneous and isotropic media ε is a scalar, which we call the

static dielectric constant, while in an inhomogeneous and anisotropic

phase, ε becomes a second-rank tensor and depends on the position

within the medium.[32–35, 40, 42–47, 99] As an important continuum

response property of liquids at an interface, the dielectric permittivity

tensor sensitively reflects the unique microscopic characteristics in the

interfacial region.[6, 29, 30, 32–35] Yet, a theoretically sound strategy for

coarse-graining atomistic simulations of heterogeneous systems towards

a continuous dielectric tensor field which unambigously captures the

relevant local interface properties faces quite a few technical challenges.

In this work we restrict ourselves to the important but tractable case of

an anisotropic LLI system that is nonuniform only along the dimension

z, while translational invariance is still preserved in the x and y

directions. Thus all response functions such as the electric field and

the polarization density only depend on the z coordinates. Maxwell’s

equation (∇× E(z) = 0) implies

∇zEx(z) = ∇zEy(z) = 0, (2.2)

which leads to Ex(z) = Ey(z) = E‖ and Ez(z) = E⊥. The dielectric

permittivity tensor becomes diagonal with only two unique components,

parallel and perpendicular to the interface[43]

ε(z) =


ε‖(z) 0 0

0 ε‖(z) 0

0 0 ε⊥(z)

 . (2.3)

12



2.1. Dielectric Permittivity Tensor

2.1.1 Statistical Mechanics Description: Fluctuation Dis-

sipation Theorem

The dielectric constant for a homogeneous isotropic system can be

computed by the well-known Kirkwood fluctuation formula, Equ.

2.1. To estimate the dielectric function of the LLI, we consider the

microscopic description of the entire simulation box to consist of a

collection of slabs parallel to the LLI in which the molecular fluctuations

exist.[35, 43, 46] In this case the dielectric permittivity will depend

on the correlation between the total system’s polarization M and the

local polarization density m(r) in each statistical slab. For a volume

V, M =
∫

V m(r)dr. When applying an uniform external field F, the

induced polarization density will be

∆m(r) =< m(r) >F − < m(r) >0

=

∫
m(r)− < m(r) >0 exp[−β(U −MF)]dτ∫

exp[−β(U −MF)]dτ
,

(2.4)

where < ... >F and < ... >0 denote the statistical ensemble average with

and without the electric field F, β is the inverse temperature, U is the

total intermolecular energy and dτ is the phase space of integration. For

a small field F, we can linearize Equ. 2.4 to obtain

∆m(r) =

∫
m(r)− < m(r) >0 (1 + βM · F) exp[−βU]dτ∫

exp[−βU]dτ
. (2.5)

With the short-hand notation for the ensemble averages, the polarization

density becomes

∆m(r) = β[< m(r)M >0 − < m(r) >0< M >0] · F. (2.6)

The field F to which the system responds is constant in space, thus

F is associated with E depending on the boundary conditions.[35] To

simplify the expressions we define the local polarization fluctuation

hαβ(z) = [< mαβ(z)Mαβ >0 − < mαβ(z) >0< Hαβ >0] (2.7)

13



2. Theoretical Background

and the overall polarization fluctuation

Hαβ = [< M2
αβ >0 − < Mαβ >2

0], (2.8)

with α, β = x, y or z.

2.1.2 Continuum Electrostatics Description: Linear Re-

sponse

According to the dielectric linear response,[50] the dielectric permittivity

ε is based on the linear response of the the local change in the

displacement field D(r) to the change in the electric field E(r′). In linear

anisotropic media as the LLI system, these two terms are linked via a

nonlocal dielectric tensor εnl(r, r′) by

D(r) = ε0

∫
εnl(r, r′)E(r′)dr′. (2.9)

If we define the local dielectric permittivity ε(r) =
∫

εnl(r, r′)dr′, for a

homogeneous field E(r′) = E, Equ. 2.9 leads to

D(r) = ε0ε(r)E. (2.10)

With the susceptibility χ(r), from the linear and local responses[50], the

polarization density and total electric field are connected by

mα(r) = χαβ(r)Eβ(r). (2.11)

Since the displacement filed D(r) is defined by

D(r) = E(r) + 4πm(r), (2.12)

the dielectric permittivity tensor can be derived as

εαβ(r) = 4πχαβ(r) + δαβ. (2.13)

The total electric field inside the system is given by the above-mentioned

uniform external field F and the induced polarization field due to all

sources. That is

E(r) = F(r) + EP(r), (2.14)
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2.1. Dielectric Permittivity Tensor

EP
α (r) =

∫
Γαβ(r− r′)mβ(r′)d3r′, (2.15)

with the dipole-dipole interaction tensor Γαβ(r) = 1
r3 (

3rαrβ

r2 − δαβ). For a

periodic system that is nonuniform in only one dimension z, to integrate

the dipole-dipole tensor Γαβ(r), we followed the Refs.[27, 28, 43, 95]

via considering the system as a collection of infinitesimally thin and

uniformly polarized disks along the z-axis. Thus Equ. 2.15 can be

derived as

EP
α (z) = 4π(δαz[

Mz

V
−mz(z)]−

Mα

3V
). (2.16)

During the integration, the electric field is computed using the Ewald

summation method, only considering the contribution due to the vac-

uum boundary conditions, that is under dielectric boundary condition

with only the dielectric constant of the vacuum ε = 1. Combining Equs.

2.11, 2.14, and 2.16, the local polarization density can be obtained by

mα(z) = χαβ(z)[F(z) + 4π(δβz[
Mz

V
− Pz(z)])−

Mβ

3V
]. (2.17)

For the response to an external homogeneous electrical field F′, which

is not necessarily parallel to the z-axis,

∆mα(z) = χαβ(z)[F′ + 4π(δβz[
∆Mz

V
− ∆m(z)]−

∆Mβ

3V
)]. (2.18)

Since the LLI system is assumed nonuniform only in the z direction, the

susceptibility tensor χ(z) will be diagonal with the form

χ(z) =


χ‖(z) 0 0

0 χ‖(z) 0

0 0 χ⊥(z)

 . (2.19)

By combining the response computed from statistical mechanics (Equ.

2.6, 2.7 and 2.8 in Section 2.1.1) and continuum electrostatics (Equ.

2.18 in Section 2.1.2), we can obtain the relation between the local

susceptibility and correlations between the local polarization density
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2. Theoretical Background

and the total system’s dipole moment:

hαβ(z)F′ = χαβ(z)[F′ + 4π(δβz[
Hzγ(z)

V
− hzγ(z)]−

Hβγ(z)
3V

)F′]. (2.20)

Since all tensors H, h and χ in Equ. 2.20 are all diagonal, the equations

for the individual axes are decoupled. If E = F′, i.e. the case without

an external field, where the local field is only due to internal dipole

fluctuations (e.g. molecular reorientation), we can solve for χ‖ and χ⊥

χxx(z) = χyy(z) = χ‖(z) = h‖(z)(1− 4π
H‖
V

)−1, (2.21)

χzz(z) = χ⊥(z) = h⊥(z)(1 + 4π[
H⊥
V
− h⊥(z)])−1. (2.22)

The susceptibilities are related to those of the local dielectric permittivity

tensors by εk(z) = 4πχk(z) + 1, with k =‖,⊥. For ideal isotropy like in

a bulk liquid, the local polarization fluctuation mk doesn’t depend on z

anymore, resulting in hxx = hyy = hzz and ε⊥(z) = ε‖(z), by which we

recover Equ. 2.1.

2.2 Molecular Dynamics Simulations

For the work described in this thesis, all-atom classical MD is used to

simulate the microscopic dynamics. This is sufficiently acknowledged

to quantify the response properties and the molecular structure of

the liquid-liquid interface. MD simulations allow us to explore the

macroscopic properties of a system of molecules through microscopic

level simulations.[100, 101] The macroscopic properties and microscopic

simulations are connected via statistical mechanics: Newton’s equations

of motion (atomic positions and momenta) are integrated numerically

and the resulting trajectories analyzed by methods of statistical physics.

The basic idea is to compute the system’s classical time-evolution,

so the system will eventually pass through all possible microscopic

states corresponding to a given macroscopic state. Ergodic hypothesis
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2.2. Molecular Dynamics Simulations

states that the time averages in statistical mechanics corresponds to

the ensemble averages. Many methods exist to perform step-by-step

numerical integration; the Verlet algorithm being a common choice.[100,

102] The propagation of the coordinates should fulfill two conditions:

(i) accurate calculation of dynamical properties, especially over times

as long as typical correlation times Γα of properties α of interest; (ii)

accurately staying on the constant-energy hypersurface, for much longer

times Γrun � Γα, in order to sample the correct ensemble. It is

commonly acknowledged that MD simulations allow a total simulation

at time scales of nanoseconds to microseconds for systems of the order

of ∼ 104 atoms, which are necessary to converge the fluctuation estimate

for the dielectric constant calculation.

At the level of the classical atomic MD approximation, only nuclear

degrees of freedom are considered and the motions of the electronic

structure are ignored or treated implicitly. According to classical

mechanics, MD simulations are based on a classical potential energy

function that is parametrizing the quantum ground state potential

energy surface due to a given spatial arrangement of the nuclei. In

general, such force field includes the contributions of many terms

that represent the different types of interactions between the atoms in

the system. A typical explicit- or all-atom force field can be written

as[100, 101]

V(Ri) =∑
j

kl
j

2
(lj − l0

j )
2 + ∑

j

kθ
j

2
(θj − θ0

j )
2 + ∑

j

1
2

6

∑
n=1

kϕ
jn[1− cos(nϕj)]

+
N

∑
i,j=1

qiqj

4πε0rij
+

N

∑
i,j=1

εij[(
σij

rij
)12 − 2(

σij

rij
)6].

(2.23)

Here the first three sums are bonded (intramolecular) interaction terms

– bond stretching, angle bending and torsional rotation contributions

to the potential energy. Note that when neglecting the fast electronic
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2. Theoretical Background

degrees of freedom, the molecules are allowed to oscillate, and restoring

forces ensure that the system attains equilibrium values of bond lengths

and bond angles on average. The torsional profile is related to a

set of four connected atom sites, which is usually approximated by a

cosine series depending on the dihedral angle ϕ. The chosen expression

applied to cover the torsion rotation throughout this thesis is presented

in Chapter 3. The last two sums in Equ. 2.23 constitute nonbonded

(intermolecular) interactions – Van der Waals and electrostatic inter-

actions. To represent Van der Waals interactions, the probably most

commonly used form is the Lennard-Jones (LJ) 12-6 interaction, where

the interaction strength εij is the potential well depth and the interaction

radius σij is the distance at which the potential is 0. To calculate the LJ

potential parameters of two dissimilar atom sites, the Lorentz-Berthelot

combining rules are adopted in the present work, εij = (εiiε jj)
1/2 and

σij = (σii + σjj)/2. Due to the fact that the LJ potential decays rapidly

(r−6) for larger r, the interactions beyond a cut-off radius (general value

is ∼ 10− 15 Å) can be neglected without losing much accuracy. For the

treatment of the slowly decaying Coulomb interaction (r−1), two efficient

lattice sum methods approximate the Coulomb interaction beyond the

local cut-off radius: the Particle-Particle Particle-Mesh (PPPM) and

Ewald summation methods.[98, 103, 104]

The investigation of the mechanical and thermal properties of the

simulated system of interest via this empirical approach is crucially

dependent on an effective molecular mechanics force field of reliable

accuracy to describe all relevant dynamics terms. A vast majority of

work correspondingly focuses on the parametrization of classical MD

force fields, which faces the challenge of selecting functional forms

that are computationally efficient to capture the relevant intra- and

intermolecular interactions. Force field parametrization is hence a high

dimensional optimization or fitting process and gives rise to the problem

that the evaluation of one force field parameter set concerning the
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2.2. Molecular Dynamics Simulations

ensemble properties reaches a limit due to the enormous computational

cost. The general idea of the parametrization is to perform an empirical

calibration of the force field against experimental or first-principle data.

Often, this task is complicated by the limited availability of experimental

data and a restriction of first-principles data to isolated molecules.
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Chapter 3

Force Field Reparametrization

In this chapter, we present a protocol to parametrize force fields

for a prototypical class of chlorinated hydrocarbons, which connects

the initial reparametrization based on first-principle calculations with

classical condensed-phase molecular dynamics simulations for further

validation and refinement, with a goal to yield the dielectric constant in

good agreement with experimental data. Bulk liquid and liquid-vapor

systems are simulated to assess the reparametrized nonpolarizable force

field and Drude oscillator polarizable model against results from the

common OPLS-AA force field and experimental data. The computed

and compared target physical properties include density, isothermal

compressibility, thermal expansion coefficient, heat capacity, dielectric

constant, heat of vaporization and surface tension. The work described

in this chapter is reproduced with permission from Ref. [i]. c© 2017

American Chemical Society.

3.1 Introduction

Chlorinated hydrocarbons (CHCs) are a very large and diverse group of

organic molecules characterized by their hydrocarbon skeleton with at

least one chlorine chemically bonded to it. This class of compounds has
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3. Force Field Reparametrization

seen widespread use in numerous application fields that are of great

economic, practical, and environmental importance[106, 107] and has

hence drawn attention also in theoretical studies. As low-dielectric

solvents, CHCs can be “polarized” substantially by a high-dielectric

surrounding like water.[10, 22, 68, 69] In particular 1,2-dichloroethane

(1,2-DCE) constitutes an interesting prototype model molecule, owing

to the considerable difference in the dipole moments of its gauche

and trans conformers.[10, 22, 70–75] This twofold dependence of the

dipole moment on its electronic charge deflection and torsion angle

potential makes the investigation of the dipole distribution of 1,2-DCE

a challenging task when contacting a highly polarizing water phase. In

theoretical studies of mechanical and thermal properties of the CHCs,

MD simulations have been a reliable tool to understand the behavior of

the organic liquids at the molecular level and to link the microscopic

behavior statistically to macroscopic properties.[10, 68, 74–87]

The accurate calculation of thermodynamic and dynamic properties of

organic systems via MD simulations depends crucially on the reliability

of the effective molecular mechanics force field to describe all relevant

intramolecular and intermolecular interactions. Nonpolarizable (NP)

force fields have been widely used to date and succeed in describing

the relevant dynamic terms. This class of force field is also named

as additive force field because the point charges are fixed centrally on

each of the atomic nuclei. Over the past decades, several additive force

fields such as OPLS-AA (Optimized Potentials for Liquid Simulations

- All Atom)[81], GAFF (Generalized Amber force field)[82, 83], and

CHARMM[85] have been developed for solutes and solvents to model

solution systems by MD. For instance the group of Jorgensen[70, 70, 76,

81, 84] showed that the OPLS-AA force field is generally well suited

for the simulation of a wide variety of nonaqueous solvents. Caleman

et al.[83, 87] presented an extensive MD-based study to provide a

force field benchmark for organic liquids comparing the OPLS-AA and
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GAFF models. Target properties like density, enthalpy of vaporization,

heat capacities, surface tension, isothermal compressibility, volumetric

expansion coefficient, and the bulk dielectric constant of a set of

organic liquids are compared with experimental data, showing that

most properties are in reasonably good agreement, with the notable

exception of the dielectric constant which exhibited a rather large

deviation from the experimental values. The systematic procedure

applied by Frank to parametrize force fields for molecular fluids can

achieve correct dielectric constants but only fully rigid MD models are

included.[74] While rigid models are computationally more efficient,

only flexible force fields will be able to capture the intramolecular

dynamics faithfully, which is most probably better suited to simulating

the physical and dielectric properties. Hence a class of CHC molecules

in this Chapter are represented by the flexible force field, considering

all atoms explicitly, which are chloroform (CHCl3), dichloromethane

(CH2Cl2), 1,1-dichloroethane (1,1-DCE), and 1,2-dichloroethane (1,2-

DCE). For the MD simulations of organic liquids, OPLS-AA force

field is regarded as the major force field due to its simplicity and

computational efficiency. This force field has already reproduced the

thermodynamic, structural and dynamical properties of the CHCs with

equivalent levels of detail. Given our current knowledge about the

CHCs, however, the original OPLS-AA force field is known to have

difficulties in predicting sufficiently correct values of the bulk dielectric

constants.[83] The dielectric constant of a medium is a macroscopic

concept, which reflects the unique microscopic properties of a material.

The systematic improvement of the dielectric constant computed from

MD simulations with the reparametrized CHC models is thus one of the

key points of this thesis.

NP models, like OPLS-AA, are still commonly used due to the rela-

tively simple potential functions, cheap computational costs and their

remarkable success in modeling many molecular systems. In general,
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3. Force Field Reparametrization

attempting to improve an efficient force field, we should search for

strategies to increase its accuracy without increasing the number of

interaction sites.[74, 79, 108] Here, we limit our endeavors to the class

of NP force fields for the reparametrization of all CHCs. However,

the NP force field has its inherent limitations in the treatment of

the electrostatic interactions, because the fixed partial charges make

the additive force field incapable of describing the explicit induced

polarization experienced by the surroundings. Due to MacKerell et

al., NP models in general overestimate the molecular dipole moment

from first-principle gas-phase calculation on the order of more than

20%.[109] It is currently common for MD simulations to investigate polar

solvents or systems, which respond essentially to the electrostatic fields.

The importance of the polarizability in modeling aqueous phenomena

has also been demonstrated,[90] which makes electronic polarization a

basic requirement in the next generation of force fields.[69] Due to the

fact that the NP models for CHCl3 and CH2Cl2 are performing quite

well to reproduce the target physical properties, there is no need for

an increased model complexity in these cases.[i] We are interested in

1,2-DCE as a prototypical model for the added complexity incurred

by a soft internal degree of freedom and the related considerable

difference in the dipole moments of its gauche and trans conformers.

Thus we develop a polarizable 1,2-DCE model based on the classical

DO model[91, 92] in order to further improve the prediction of the

physical properties in comparison with the NP model. The DO model

is simply based on the additive force field and keeps the pairwise

features of the functional forms, thus without a significant increase of

the computational cost.[91, 92] The common strategy for this model to

explicitly account for the electronic polarization is to attach a Drude

oscillator to its core atom via a harmonic spring to simulate the induced

polarization due to the influence of an electric field.

In the present work our goal is via an effective and efficient strategy
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to optimize the correct dielectric constants for CHCs. The dielectric

constant is mostly related to correct molecular dipole moments and

the proper molecular dipole distributions in the condensed-phase

from classical MD simulations. Hence the adopted procedure is to

optimize the molecular dipole moment by refitting the molecular charge

distribution as well as refining the molecular dipole distribution related

to the molecular conformational distribution via fitting the molecular

torsion potential profiles. We keep the internal (bond and angle) terms

the same as in the original OPLS-AA force field. The nonbonded terms

in principle are modified and validated from condensed-phase fitting to

the experimental data, which is not in the scope of this chapter. Thus for

the NP force field reparametrization, we fit the torsion potential energy

parameters to the quantum mechanic (QM) calculations and adjust the

partial charges based on the RESP fit approach[93, 94] to achieve better

agreement with experimental values, focusing on the reproduction of

the dielectric permittivity. Regarding the DO model development, we

adopt the approach designed by Lamoureus and Roux[91] introducing

the polarization to the carbon atom site. Within this approach a self-

consistent field (SCF) procedure is avoided by treating the polarizability

as an additional classical degree of freedom in the extended Lagrangian

mechanics.[110, 111]

This chapter is organized as follows. First, the method to derive the

reparametrization is briefly described, followed by the details of the MD

simulation. Second, the analysis procedures used to compute the target

properties of the improved model are outlined. Third, we present the

resulting properties of the improved CHC models and comparisons with

available experimental data[112–114] as well as within the framework of

the Caleman et al.[83, 87] OPLS-AA force field. The last section gives a

conclusion.
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Figure 3.1: Dipole moment (left, dipole profile) and torsional potential
energy (right, potential energy profile) of a single 1,2-DCE molecule
as a function of its Cl-C-C-Cl dihedral angle. The quantum chemical
reference of the dipole profile is calculated with GAUSSIAN 03 using the
6-311G∗ basis set.[115] The quantum chemical reference of the potential
energy profile is calculated with GAUSSIAN 03 at B3LYP aug-cc-pVDZ
level.[115] The potential energy of the most stable conformer is set to
zero.

3.2 Theory and Method

The OPLS-AA force field by Caleman et al.[83, 87] is used as a

starting point for our reparametrization. The standard bond stretching,

angle bending and nonbonded Lennard-Jones parameters are initially

assigned from the OPLS-AA. The present work then focuses on the

improvement of the torsional angle coefficients (where applicable) and

atomic partial charges within the flexible NP force field. The objective is

to produce simple and efficient OPLS-AA type CHC models that yield

improved bulk dielectric constants while at least retaining or possibly

improving the computed values for all other relevant physical properties

of the solvents. The same approach is then followed to parametrize a

polarizable model for 1,2-DCE (1,2-DCE-DO, “DO” for Drude oscillator),

now including polarizable carbon atoms to further improve molecular

bulk properties. As target properties of the liquids besides the bulk

dielectric constant, we focus on equilibrium values for the density, heat
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capacities, isothermal compressibility, and the volumetric expansion

coefficient. Properties of the CHC liquid-vapor interfaces such as the

heat of vaporization and surface tension are evaluated in addition. All

calculated results are compared with the available experimental data

collected in Table 3.4.

3.2.1 Nonpolarizable Reparametrization

Atomic Charges

The atomic partial charges for the different interaction sites are fitted

using the RESP method.[93, 94] The molecular electrostatic reference

potential is computed using GAUSSIAN 03 with the 6-311G* basis

set[115], in order to be in line with the original parametrization of the

OPLS force field[81]. For 1,2-DCE-NP reparametrization, the short MD

trajectories, which adopt the initial RESP atomic charge distributions,

reveal an overestimation of the gauche population. This comes from

the increased electric field caused by the overestimated gauche dipole

moment. Thus the atomic charges of 1,2-DCE need a refitting to

achieve better agreement with the respective dipole moment profile

as a function of the Cl-C-C-Cl torsion angle. For this purpose, the

negative charge of the 1,2-DCE-NP carbon is slightly increased (-0.0075)

while the charge of the chlorine is slightly decreased (+0.0075), which

result in the gauche conformer model of the 1,2-DCE-NP having a lower

over-all dipole moment. The left panel of Figure 3.1 illustrates the

calculated dipole moment profile of 1,2-DCE as a function of the Cl-

C-C-Cl dihedral angle using the initial RESP charge sets and the final

refitted partial charges in comparison with the first-principle reference

profile, which demonstrates the conformational geometry dependence

of the molecular dipole moment. The large deviation of the cis regime

(0-30◦) with respect to the first-principle reference has slight impact

on the liquid simulations, since the relevant high potential energy
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barrier almost completely prevents the population of this conformer.[73]

The same charge modification is applied to the two different carbon

atoms of the 1,1-DCE model. That is slightly increasing the charge

split of the bond between the two carbons with the same value used

in the C-Cl charge split of 1,2-DCE but without further fitting, in

order to increase its over-all dipole moment and the dielectric constant.

For CHCl3, the carbon charge is set to zero to avoid the artificial

behavior. Additionally, the models for CHCl3 and CH2Cl2 with the plain

RESP[93, 94] charges do not represent the target properties well enough,

requiring slight adjustments of the atomic partial charges based on

short MD simulations to achieve better agreement with the experimental

values. The final atomic charges for all interaction sites of the CHCs are

collected in Table 3.1.

Torsion Potential Parameters

After fitting the atomic charges, the torsion potential parameters are

optimized to reproduce the exact energy profiles based on the quantum

mechanical calculations. For 1,1-DCE and 1,2-DCE using OPLS-AA

force field, the torsional potential energy profiles depending on dihedral

angles, ϕi, are described by cosine series of the Fourier form[76]

Etorsion =∑
i
[
1
2

V1,i(1 + cos ϕi) +
1
2

V2,i(1− cos 2ϕi) +
1
2

V3,i(1 + cos 3ϕi)

+
1
2

V4,i(1− cos 4ϕi)].

(3.1)

In order to make the transferability of the torsion potential parameters,

we just fit a parameter set for each dihedral angle both work for 1,1-

and 1,2-DCE. Here taking the 1,2-DCE as an example, its torsional

interaction is reproduced by a total of 12 torsion parameters Vk,i. Since

it is not possible to isolate one single Vk,i to evaluate its impact on

the potential energy of the different configurations, the execution of a
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decoupled and consecutive fitting process is not readily possible. Thus

the fitting process turn out to be a high-dimensional situation, resulting

in the simple optimization methods to be unsuitable. The differential

evolutionary algorithm (DEA) is hence adopted in this chapter. This

optimization method is widely used due to its simplicity and success in

tackling high-dimensional problems.[116] Different from other generic

evolutionary algorithms, the efficiency of the DEA is focused on the

steps to generate the trial vector to make sure it contains as least one

initial parameter. Details should go to the References [116] and [117].

The torsion parameters Vk,i are fitted to the quantum chemical energy

profiles using the DEA included in the Python package INSPYRED

1.0[117] with a goal to minimize the difference of those from the

classical MD calculations. The torsional cut through the quantum

chemical reference potential energy surface is evaluated at 19 different

1,2-DCE conformer geometries with GAUSSIAN 03 at the B3LYP-aug-

cc-pVDZ level[115], scanning the respective dihedral angle from 0 to

180 degrees with the rest parts of the molecule kept fixed during

the scan. This torsional potential energy profile is showed in the

right panel of Figure 3.1. For a molecule in gauche configuration, its

dihedral angle is characterized by an interval from 30 to 90, while a

molecule with dihedral angle between 150 and 210 is declared trans.

From the figure, it can be seen that the fitted parameter set reproduce

the accurate of the potential energy from first-principle computations,

where it is worth noticing that the calculated activation energy of

torsion angle rotation from gauche to trans (EA = 10.100kJmol−1) is in

agreement with other theoretical studies applying the same level of first-

principle calculations.[118, 119] This energy difference is considered to

be larger than the thermal energy at the room temperature (kBTNA =

2.479kJmol−1)[73], making the conformational conversion a rare event.

Thus for each of the target conformer geometries a single molecule

MD simulation is conducted, progressively cooling down the system
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while simultaneously restraining the respective dihedral angle and

eventually extracting an effective torsional potential energy value for the

respective conformer. The conformer geometries are further weighted

properly to keep the focus on the two main conformers (gauche and

trans) and the relative height of the lower one of the two rotational

energy barriers. This protocol is also applied for the polarizable model

development in order to keep the two fittings on equal footing. Out

of an ensemble of parameter sets generated by this protocol with

comparable fit quality for the energy profile, the one set is chosen that

reproduces the experimentally observed trans/gauche ratio best within

an MD simulation. The resulting numerical coefficients for this torsion

potential energy are listed in the Table 3.2.

3.2.2 Polarizable Reparametrization

A majority of molecular mechanics force fields for MD simulations are

based on additive force field where the partial charges are fixed to

each atom. As mentioned above, however, these NP models are not

capable of fully capturing the molecular response to external fields due

to their lack of a polarizable electron density. Thus more complex

force fields are needed to adapt the charge distribution to overcome

the limitation. One way to take the explicit electronic polarization

into account approximately is given by the Drude oscillator model.[69,

89, 120–122] This model accounts for the induced polarization by

introducing an almost massless Drude particle (DP) that is harmonically

attached to a massive core (DC). The sum of the masses of the DC-

DP pair should equal the mass of the modeled atom. Analogously,

DC and DP carry different partial charges summing up to the charge

of the target atom. The positions of these particles are relaxed into

their local minimum energy position in a self-consistent field (SCF)

manner, which has to be solved at each MD time step, making the

computational cost increase noticeably.[91] What makes the DO model
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Table 3.1: Atomic charges for the interaction site of the chlorinated
hydrocarbon molecules. q denotes the atomic charge. Reproduced with
permission from ref. [i]. c© 2017 American Chemical Society.

Molecules Interaction site q(e)

CHCl3 C 0.0000
H 0.2100
Cl -0.0700

CH2Cl2 C -0.2140
H 0.2075
Cl -0.1005

1,1-DCE C(H3C-) -0.1615
H(CH3-) 0.0950

C(Cl2HC-) -0.0525
H(Cl2CH-) 0.1920

Cl -0.1315

1,2-DCE-NP C -0.0515
H 0.1160
Cl -0.1805

1,2-DCE-DO DC 2.1911
H 0.1160
Cl -0.1805
DP -2.2426
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computationally tractable in MD simulation is the treatment of the

Drude oscillators as classical dynamic variables in the context of the

extended Lagrangian methods.[110, 111] This is achieved by allocating

a small mass mD to the DP from the initial atom and applying separate

thermostats to the relative motion of the DPs around their DCs and

the center of mass of the DC-DP pairs.[110, 111] In the current model

with a polarizable carbon, mD is chosen to be small, mD = 0.4g/mol,

and the force constant kD of the harmonic restoring potential is set

to be quite large, kD = 4180kJ/mol/Å2, for all Drude oscillators in

order to maintain the kinetic decoupling of the DC-DP pair motion. In

addition, two separate Langevin thermostats are applied to thermalize

the reduced degrees of freedom of the Drude oscillators to keep the

atomic system close to the chosen temperature and the degrees of

freedom of the DP at 1 K.[110, 111] The recent implementation of

Thole atomic damping in the Large-Scale Atomic/Molecular Massively

Parallel Simulator (LAMMPS) simulation package is used to reduce

the short-range attraction of the respective Drude-core-atom interaction,

where the parameter li is set to the suggested value of 2.6 Å for all

simulations.[92] The reparametrization procedure for the development

of the 1,2-DCE DO model also focuses on improving the molecular

dipole moment by refitting the partial charges through the polarizability

and the resulting trans/gauche distribution by optimizing the torsional

parameters.

Atomic Polarizability

A direct determination of the Drude charges via RESP fitting is not

meaningful. Instead, the charge split is determined by means of the

respective atomic polarizability α which is related to the force constant

kD and the Drude charge qD by

α =
1
2

q2
D

kD
. (3.2)
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The 1,2-DCE molecule is built from two equivalent CH2Cl subgroups,

contributing equally to the total polarizability. Not taking into account

the hydrogen atoms as potential polarization sites, the DO model

development in this study considers either the carbon or the chlorine

of each CH2Cl subgroup as polarizable sites. It is worth noticing that

the DO model that assigned the polarizability to the chlorine atoms

completely fails to reproduce the correct dielectric constant of bulk

1,2-DCE, with a computed ε = 20.39, and exhibits a strong coupling

between the DO degrees of freedom and the torsion. The experimental

atomic polarizability α = 1.67Å−3 is thus assigned to the carbon atom

sites.[113] The resulting partial charges for the different interaction sites

of the 1,2-DCE-DO are collected in Table 3.1.

Torsion Potential Parameters

It is common that the reference is not directly from first-principle

calculations. According to Justin et al.[123], the Drude oscillator

model developing approach contains model choices which are based on

experience, for example they arbitrarily used a tunable parameter with

the related atomic polarizability to achieve significantly better result

during empirical optimization. Herein our approach is to minimize

the changes needed to go from the well-performing NP model to

the polarizable version. Thus a slightly modified approach to fit the

dihedral parameter is applied to the polarizable model with the already

fitted 1,2-DCE-NP model as a starting guess. It is important to mention

that even though the potential energy profile for a single molecule

might be reproduced correctly, the final conformational distribution

can still varies to a large extent for the resulting condensed phase.

Thus an additional modification of the dihedral parameters based on

a set of MD simulations proves necessary for a proper reproduction of

the conformational trans/gauche ratio. For the final set of parameters

the obtained average dipole moment is close to the quantum chemical
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reference.[73] The refitted dihedral parameters with the established

partial charge set that can provide the proper reproduction of the

conformational distribution in the bulk liquid simulation are selected.

They are listed in Table 3.2.

Table 3.2: Coefficients of the torsion potential energy for 1,1-DCE and
1,2-DCE. Reproduced with permission from ref. [i]. c© 2017 American
Chemical Society.

Molecules Dihedral angle V1 V2 V3 V4

1,1-DCE H-C-C-H 1.5000 0.2960 0.1910 0.1080
H-C-C-Cl 0.2300 0.9120 0.3590 0.0000

1,2-DCE-NP H-C-C-H 1.5000 0.2960 0.1910 0.1080
H-C-C-Cl 0.2300 0.9120 0.3590 0.0000
Cl-C-C-Cl 1.4490 0.4960 0.1270 0.0000

1,2-DCE-DO H-C-C-H 1.5000 0.0000 0.1603 1.2498
H-C-C-Cl 0.6960 0.6973 0.2454 0.6100
Cl-C-C-Cl 1.5000 0.2546 1.0054 0.0614

3.3 Computational Procedure

After equilibration, production MD simulations are performed to com-

pute thermodynamic and dynamic properties for all optimized models

of the CHCs: CHCl3, CH2Cl2, 1,1-DCE and 1,2-DCE, in order to assess

the quality of the reparametrized force fields. The evaluated properties

are density, volumetric expansion coefficient, isothermal compressibility,

constant volume and pressure heat capacity, dielectric constant, heat

of vaporization and surface tension. Two sets of simulations are thus

required, corresponding to a “bulk liquid” system and a “liquid-vapor”

system for each CHC. The remaining details for the bulk liquid and
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liquid-vapor simulation sets are given in the following paragraphs.

3.3.1 Simulation of Bulk Liquid Systems

For the equilibrium properties of each CHC, we prepare five indepen-

dent bulk liquid systems. The lengths of the X, Y, Z edges of the

cuboid simulation box are 22, 22, and 68 Å, respectively. The simulation

cells contain 248 CHCl3, 312 CH2Cl2, 244 1,1-DCE, 252 1,2-DCE-NP, and

252 1,2-DCE-DO molecules to reproduce bulk densities of the respective

liquids at room temperature. The settings for the bulk liquid simulations

are given above.

Density ρ

An average density ρ = MT/ < V > is obtained from additional

1 ns constant pressure simulations after the equilibration phase for

each CHC. Densities are collected every 0.1 ps by monitoring the

instantaneous volume V with the total mass MT. Here and in the

following, the < ... > denotes a statistical average over different

configurations of the system.

Volumetric Expansion Coefficient αP, Isothermal Compressibility kT,

Heat Capacity CP and CV

We use the fluctuations in the NPT ensemble to calculate the volumetric

expansion coefficients αP, isothermal compressibility kT and heat capac-

ity CP at constant pressure for all CHCs. For the calculations of αP, kT,

and CP, additional NPT simulations are performed after equilibration

at different temperatures T for all CHCs. Each simulation is run for 1

ns, sampling the target properties every 0.1 ps during these production

runs. For the computation of the target properties from fluctuations, we
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refer to Ref.[101] using the following equations:

kT =
1

kBT < V >
(< V2 > − < V >2)NPT

αP =
[< V ·U > − < V > · < U > +P(< V2 > − < V >2)]NPT

kBT2 < V >

CP =
ikBN

2
+

1
kBT2 [(< U2 > − < U >2) + 2P(< V ·U > − < V > · < U >)

+ P2(< V2 > − < V >2)]NPT,

(3.3)

with temperature T, pressure P, volume V, Boltzmann constant kB, the

potential energy U, the number of molecules N, and the number of

degrees of freedom i. Since none of the CHC molecules are restraint, we

have i = 6. To evaluate the constant volume heat capacity CV , additional

NVT simulations are performed after equilibration at temperature T for

all CHCs. Each system is simulated for 1 ns and samples are collected

every 0.1 ps. The constant volume heat capacity CV is calculated from

the fluctuations in the NVT ensemble:

CV =
ikBN

2
+

1
kBT2 [(< U2 > − < U >2) + 2P(< V ·U > − < V > · < U >)

+ P2(< V2 > − < V >2)]NVT.

(3.4)

Dielectric Constant ε

The static dielectric constant, ε, is related to the fluctuations of the

system’s total dipole moment M in the computational box. Here we

take into account the contribution from the high-frequency dielectric

constant when calculating the static dielectric constant. Thus, the

dielectric constant can be determined from the following fluctuation

formula[88, 89, 95],

ε = ε∞ +
4π

3
< M2 > − < M >2

ε0VkBT
. (3.5)
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Here ε∞ denotes the high-frequency or optical dielectric constant,[88, 89],

V is the volume of the simulation box, kB is the Boltzmann constant and

M is the dipole moment of the total simulation cell. The high-frequency

optical dielectric constant ε∞ relates to the molecular polarizability,[88,

124]which can be measured from the classical fluctuations of induced

dipoles of the simulation box. Here we adopt the procedure proposed

by Lamoureux et al.[88, 89] that is estimating the ε∞ from the dipole

fluctuations of the system only refer to the movement of the Drude

oscillators, through regularly extracting the fixed nuclear configurations

from MD simulations according to Langevin dynamics at temperature

1 K as for the low-temperature thermostat used in the extended

Lagrangian MD simulations:

ε∞ = 1 +
4π

3

< M2 >( f ) − < M >2
( f )

ε0V( f )kBT
. (3.6)

< ... >( f ) indicates an average over induced-dipole fluctuations only.

After performing this equation to dozens of configurations of the system,

the high-frequency ε∞ is calculated with a value of 1.54. For NP model

ε∞ is set to 1 since no electronic degrees of freedom are explicitly

modeled in this case. Thus Equ.3.5 covers both standard and polarizable

models that is covering both the low-frequency and hight-frequency

dielectric constant of a system. The system’s total dipole moment M (=

∑ µ) is obtained by the summation over all molecular dipole moments

in the simulation cell. As it has been observed before[83, 125, 126], the

fluctuation term (< M2 > − < M >2) tends to converge quite slowly

(see below). Thus 12 ns long simulations in the microcanonical (NVE)

ensemble are carried out to ensure that the computed values are well

converged, treating the initial 2 ns as equilibration, with the following

10 ns used to record 10001 sample configurations at an interval of 1 ps

for analysis.
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Table 3.3: Sizes of the cubic liquid-vapor simulation boxes for the
different CHC systems, only showing the edge length in the X
dimension. Each system contains N = 1000 molecules. Reproduced
with permission from ref. [i]. c© 2017 American Chemical Society.

System CHCl3 CH2Cl2 1,1-DCE 1,2-DCE-NP 1,2-DCE-DO

X(Å) 52.0 49.0 52.5 51.5 51.5

3.3.2 Simulation of Liquid-Vapor Interfacial Systems

The liquid-vapor interfacial systems are more complex to simulate in

comparison to the bulk systems. Additionally, the surface tension is a

property well-known to be rather problematic to reproduce with an NP

force field.[127, 128] For the calculation of the liquid-vapor interfacial

systems, five cubic simulation systems containing 1000 molecules are

prepared respectively. The lengths of the cubic edge of the respective

simulation boxes are summarized in Table 3.3. These lengths are

selected to reproduce the same densities of the liquids as in the above

bulk liquid simulations at room temperature. To obtain the liquid-

vapor interfaces, the size of each simulation box in the Z direction

is extended by a factor of 4, creating vacuum regions at the top and

bottom side (periodic boundary conditions) of the CHC slabs. This

generates a system with two liquid-vapor interfaces parallel to the XY-

plane. Each system is simulated for 5 ns, with the initial 4 ns treated

as the equilibration phase. During the final nanosecond, samples are

collected for the target properties every 0.1 ps. All simulations are run

in the NVT ensemble using a larger cut-off radius rc = 15 Å. All other

settings are consistent with the above simulation details.

38



3.4. Simulation Details

Heat of Vaporization ∆Hvap

The heat of vaporization ∆Hvap can be calculated from the difference

between the potential energy of an ideal gas and the liquid state.

Without considering additional corrections, the simplest approximation

is given by ∆Hvap(T) ≈ (Hgas − Hliq)/N + RT3, with Hgas and Hliq

being the potential energy of the N molecules in gas phase and liquid

phase, respectively, and R being the gas constant. Hgas is taken from the

potential energy of N molecules in a gas phase simulation while Hliq is

deduced from the potential energy of each system in the liquid-vapor

simulation.

Surface Tension r

The surface tension is computed from the pressure tensor following the

mechanical method of Kirkwood and Buff[129] by the integration of

the difference between the normal pressure-tensor component Pn(z) =

Pzz(z) and tangential components Pt(z) = (Pxx(z) + Pyy(z))/2 along the

z direction (perpendicular to the liquid-vapor interface). The resulting

formula reads r(t) = Lz/2(Pz(t) − (Px(t) + Py(t))/2), where Pn is the

pressure tensor in the direction n and Lz is the length of the simulation

region along the z direction.

3.4 Simulation Details

All simulations are carried out by classical molecular dynamics using

the LAMMPS simulation package.[130] The intermolecular interaction

potential used in this study is Lennard-Jones (LJ) site-site potentials

plus Coulomb interactions. The standard Lorentz-Berthelot rules,

εij = (εiiε jj)
1/2 and σij = (σii + σjj)/2, are used to derive the LJ

potential parameters between unlike atom-types, where εij and σij are

the energetic and size parameters of the LJ interaction between sites i

and j, respectively. The nonbonded LJ interactions are treated using a
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regular spherical cut-off (cut-off radius rc = 10Å) while the long-range

Coulomb interaction is evaluated using the Ewald[103, 104] summation

method with a relative error of 10−6. During the entire simulation,

periodic boundary conditions (PBC) are applied in all three directions.

The integration time step is 1 fs. After initial energy minimization to

remove unfavorable interactions, all atoms in each system are randomly

assigned initial velocities based on a gaussian distribution to produce

the desired simulation temperature. Then each system is equilibrated

for 1 ns in the canonical (NVT) ensemble and subsequently for 3 ns in

the isothermal-isobaric (NPT) ensemble at 1 atm and 298.15 K. Analysis

programs are either taken from the Pizza.py toolkit[131] or written in-

house.

3.5 Result and Discussion

In the following, the equilibrium properties, including density, volu-

metric expansion coefficient, isothermal compressibility, heat capacity,

dielectric constant, heat of vaporization, and surface tension obtained

from the above-described MD simulations are presented. The models

from the present work are labeled as OPLS-NP and OPLS-DO to indicate

either the standard nonpolarizable or polarizable Drude oscillator

models reparametrized based on the original OPLS-AA force field. Table

3.4 compares the above physical properties of the CHCs compute using

our new models with values obtained from the original OPLS-AA

force field by Caleman et al.[83, 87], here labeled as OPLS, and also

with experimental data[112–114]. As already mentioned, the statistics

entering the dielectric constant are not easily converged and require

simulations on the nanosecond time scale. We evaluate the dielectric

constant as a function of simulation length for the CHC models (see

Section 3.5.2). To control the influence of the system size on the dielectric

constant, we additionally calculate ε from three independent simulations
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with varying numbers of molecules for 1,2-DCE-NP and 1,2-DCE-DO,

respectively. The results are identical to the values given in the table

for the smaller systems. To extend the range of the applicability of our

force field model, we also compute the isothermal compressibility and

dielectric constant not only at room temperature but as a function of the

temperature for this class of the CHCs (see below).

3.5.1 Simulation Results Table

To clearly show the better performance of our new reparametrized

models in producing the physical properties, we plot the deviations of

the target properties calculated using our new parameter sets and the

original OPLS force field with respect to the experiment data in Figure

3.2. All the used values can be found in Table 3.4. As Table 3.4 and

Figure 3.2 show, the results obtained with our reparametrized models

are in overall good agreement with the available experimental data. Our

reparametrization leads either to an improved agreement with a range

of experimental properties, or matches them roughly equally well as

the previous OPLS-AA models. Additionally, it is important to stress

that for the dielectric constant and surface tension, the reparametrized

models reproduce the experimental value much more accurately than

the original OPLS-AA force field. The improvement of the dielectric

constants is achieved by assigning improved atomic partial charges

yielding better agreement with the respective molecular dipole moments

and, for the more flexible molecules, a more accurate conformational

distribution obtained by the reparametrization of the torsion potential

coefficients.

We obtain 32.3% and 30.8% of trans conformer for 1,2-DCE-NP and

1,2-DCE-DO model, respectively, which are consistent with the exper-

imental value of 34.9%[132] and in good agreement with an ab initio

MD calculation (32.2%)[73]. Both new models clearly outperform the
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original OPLS-AA force field in this respect, which results in 9.7%. The

most notable properties, which are not improved over the standard

OPLS-AA and are still off the experimental values in the NP models,

are the density and the heat of vaporization, which might be the price

to pay for improving the dielectric performance. There seems to be a

clear trade-off for what can be achieved with a NP model, where we opt

for a rather balanced treatment of important solvent properties. Some

improvement with respect to the underestimated density might also be

possible using larger simulations thus reducing statistical fluctuations

and possible PBC effects. It is also noted that nonideal gas corrections

in the estimates of the heat of vaporization might improve the agreement

with experiment. In both cases we adopt a more conservative approach

(e.g. traditional approximation in Section 3.3.2 for ∆Hvap) to render our

results more easily comparable with former parametrizations.

The introduction of polarizable sites, which increase the flexibility of

the respective model, could improve the density and thermal com-

pressibility since both long-range attraction and short-range repulsion

are influenced by the additional Coulomb potential terms.[133] The

density ρ and thermal compressibility kT obtained within the 1,2-

DCE-DO model are indeed noticeably improved over the 1,2-DCE-NP

model, illustrating the expected correlation of these two properties and

confirming the assumption that the introduction of the polarizability

would yield improved ρ and kT. For the liquid-vapor interfacial

simulations of 1,2-DCE, the Drude oscillator model also leads to a

significant improvement of agreement with experiments for quantities

∆Hvap and r, compared to 1,2-DCE-NP model without losing the

agreement for other properties. The heat capacities CP and CV are

hardly influenced, showing that no energy is artificially deposited in the

degrees of freedom modeling the electronic polarizability. The dielectric

constant ε of 1,2-DCE obtained with the OPLS-DO model is in general

agreement with the experimental reference, however not as good as
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Figure 3.2: Deviations of the properties obtained by using the improved
OPLS-NP and OPLS-DO models with respect to the experiment value,
comparing to those of the standard OPLS all atom parametrization.
(Other labels consist with Table 3.4.)

with the OPLS-NP model. Since the system is assumed to be isotropic,

< M >2≈ 0 and the overestimated value of ε according to Equ. 3.5

implies that the term < M2 > /V of the polarizable system is increased.

This can be explained by the fact that the dipole moment fluctuations

in the denominator of (< M2 > − < M >2)/V increase owing to the

broadened gauche dipole moment regime and at the same time also the

density increases.

3.5.2 Dielectric Constants as a Function of Simulation

Time and System Size

We evaluate the effects of different simulation parameters such as the

trajectory length and the system size during the determination of the
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Figure 3.3: Static bulk dielectric constant ε as a function of the sampling
time for the CHCs studied. All the simulations have been already
equilibrated prior to these runs. Reproduced with permission from ref.
[i]. c© 2017 American Chemical Society.

static dielectric constant at 298.15 K. Figure 3.3 shows the estimates for

the dielectric constant as a function of the sampling time for different

CHCs. From Figure 3.3, it is clear that a properly converged value can

only be achieved after about 6 ns. In general, the fluctuation properties

are more difficult to predict than the simple averages, which means that

longer equilibration and production simulation durations are needed.

For the current work we settle on simulations with 10 ns production

time length to obtain consistent estimates of dielectric constant.

To study the dependence of the computed dielectric constant on the

system size, we focuse on the 1,2-DCE models, since this system exhibits

the most subtle effects due to its internal degree of freedom which
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Figure 3.4: Static bulk dielectric cosntant ε as a function of the system
size for 1,2-DCE-NP and 1,2-DCE-DO models. The number of molecules
N1, N2, N3, N4 in the four different simulation systems are 63, 126, 189
and 252, respectively. Reproduced with permission from ref. [i]. c© 2017
American Chemical Society.

dominates the molecular dipole moment. As Figure 3.4 shows, no

monotonous dependence of the dielectric constants for both nonpolar-

izable and polarizable 1,2-DCE molecules on the system size can be

established. This result agrees well with Gereben’s work[125], but

is unfortunately different from Morrow’s finding[134] that the static

dielectric constant increases with increasing system size and slowly

converges to the theoretical of the infinite system size within the

periodic boundary condition. Preliminary results in a different context

seem to indicate that much larger system sizes might be required to

enter the regime of smoother convergence. Furthermore systematic

coarse-graining of models on a molecular scale to yield dielectric
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continuum models definitely needs to be studied more thoroughly.[125]

For the purpose of this reparametrization we settle on the larger systems

with the number of molecules stated above in Section 3.3.1.

3.5.3 Temperature Dependence of Isothermal Compress-

ibility kT and Dielectric Constant ε

Figure 3.5: Temperature dependence of isothermal compressibility kT
for the CHC models. The black dashed lines are the polynomial fitting
curves for each liquid shown. The cyan-circle marked outliers of the
CHCl3 model at 328 K, CH2Cl2 model at 303 K and 1,2-DCE-NP model
at 303 K and 318 K are removed from the fit. All models capture the
trend of increasing kT with increasing temperature. Reproduced with
permission from ref. [i]. c© 2017 American Chemical Society.

We evaluate the isothermal compressibility and static dielectric constant

as a function of temperature for the CHCs to investigate how well

47



3. Force Field Reparametrization

Table 3.5: Parametrization of temperature dependence of isothermal
compressibility in a polynomial form kT = A + BT + CT2. N is the
number of data points included in each fit. Reproduced with permission
from ref. [i]. c© 2017 American Chemical Society.

Molecules N Tmin Tmax A B C

CHCl3 9 283.15 323.15 9.319e+00 -7.238e-02 1.548e-04

CH2Cl2 7 283.15 318.15* -2.949e+00 5.964e-03 3.305e-05

1,1-DCE 10 283.15 328.15 9.164e+00 -7.035e-02 1.517e-04

1,2-DCE-NP 8 283.15 328.15 7.727e+00 -5.679e-02 1.173e-04

1,2-DCE-DO 10 283.15 328.15 1.228e+00 -9.403e-03 2.948e-05

*Tmax for CH2Cl2 is limited by the boiling point.

Table 3.6: Parametrization of temperature dependence of dielectric
constant in a polynomial form ε = A + BT + CT2. N is the number of
data points included in each fit. Reproduced with permission from ref. [i].
c© 2017 American Chemical Society.

Molecules N Tmin Tmax A B C

CHCl3 10 283.15 328.15 5.627e+00 1.551e-02 -6.606e-05

CH2Cl2 8 283.15 318.15* 4.717e+01 -1.975e-01 2.292e-04

1,1-DCE 10 283.15 328.15 3.061e+01 -8.209e-02 4.260e-05

1,2-DCE-NP 10 283.15 328.15 6.764e+01 -3.437e-01 5.146e-04

1,2-DCE-DO 10 283.15 328.15 2.582e+02 -1.529e+00 2.396e-03

*Tmax for CH2Cl2 is limited by the boiling point.
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Figure 3.6: Temperature dependence of the static bulk dielectric constant
ε for the CHC models. The black dashed lines are the polynomial fitting
curves for each liquid shown. All models capture the trend of decreasing
ε with increasing temperature. Reproduced with permission from ref.
[i]. c© 2017 American Chemical Society.

our reparametrized models capture the temperature dependence in the

equilibrium bulk over a range of relevance in applications. Additional

simulations are run at temperatures from 283.15 to 328.15 K, in 5 K

increments (see Table 3.5 and 3.6), where temperatures above 320 K are

already beyond the boiling point of the bulk liquid CH2Cl2 and thus

not included for this molecule. All other settings are consistent with the

above bulk liquid simulation details. The isothermal compressibility

and dielectric constant are fitted to a 2nd-order polynomial in T

temperatures (as is also used in the Handbook of Chemistry and

Physics[113]) over the above range of temperatures in order to permit

interpolation and regularization. The resulting coefficients are given
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in Tables 5 and 6 for isothermal compressibility and dielectric constant,

respectively. The interpolation polynomials are also used in order to

compare the simulations to experimental data. Corresponding plots of

the isothermal compressibility kT(T) and dielectric constant ε(T) as a

function of temperature and their fits for each CHC with respect to the

experimental results are presented in Figure 3.7 and 3.8.

As Figures 3.5 and 3.6 show, within the range of relevant temperatures,

all models exhibit the same physically reasonable behavior: kT(T)

increases with increasing temperature while ε(T) decreases with in-

creasing temperature, which is also in agreement with the experimental

values[113] and the original OPLS-AA force field[83]. It has to be noted

that all models not only capture the trend of ε(T), with the exception of

CH2Cl2 close to its boiling point, but also reproduce the experimental

slope of this trend rather well over a range of 40 K according to the

plots in Figure 3.6. The respective temperature dependence of ε and kT

for each CHC with the polynomial fitting are showed in Figure 3.7 and

3.8. The experimental temperature dependence of ε in the Handbook of

Chemistry and Physics[113] is also showed in Figure 3.8.

3.6 Conclusion to Chapter 3

In this chapter, MD simulations are performed to assess the validity of

reparametrized OPLS-AA based force field models in predicting solvent

properties of a set of important CHCs. The new parameter sets yield a

range of physical properties of these CHCs in excellent agreement with

the available experimental data at ambient conditions. Additionally, it

is possible to reproduce the temperature dependence of the isothermal

compressibility and dielectric constant. The nonpolarizable force field

reparametrizations directly use the original OPLS-AA force field as the

starting point and improve the atomic partial charges and thereby the

molecular dipole moments via the RESP approach based on quantum
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Figure 3.7: The isothermal compressibility kT(T) as a function a
temperature with its polynomial fitting for CHCs. Reproduced with
permission from ref. [i]. c© 2017 American Chemical Society.
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Figure 3.8: The static dielectric constant ε(T) as a function a temperature
with its polynomial fitting for CHCs. Reproduced with permission from
ref. [i]. c© 2017 American Chemical Society.
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chemical computations. Systematically improved torsional potential

energy surface cuts for the internal degree of freedom in the flexible 1,1-

and 1,2-DCE molecules are achieved by adjusting the torsional potential

parameters to match corresponding quantum chemical calculations and

cross-validated by checking rotational conformer distributions in classi-

cal MD simulations. Improvements for the dielectric constants could be

achieved due to this systematic approach which considers a new atomic

charge set that yields a better model for the respective molecular dipole

moments in tight combination with a more accurate representation of

the conformational distribution obtained by reparametrization of the

torsion potential coefficients. For the 1,2-DCE molecule, we also develop

a polarizable DO model to better capture the more intricate response

properties of this molecule whose dipole moment is determined by the

torsional degree of freedom. The most promising model for 1,2-DCE

assigns polarizability to the carbon atom site. A careful modification

of the torsion potential coefficients starting from the nonpolarizable

parametrization proves to be crucial, which allows the DO model to

remedy some problems with correlations among physical properties

observed in the reparametrization of the NP force field.

This chapter presents a simple but effective systematically first-principles

based refitting protocol for the derivation of improved parameter sets for

the CHC MD models to reproduce accurate dielectric constants without

sacrificing well-reproduced physical properties of existing models. The

methodology developed here might be useful in deriving and improving

further force fields for (organic) solvents relevant in applications that are

sensitive to response properties.
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Chapter 4

Intrinsic Liquid-Liquid Interface

In this chapter, we present a methodology to extract the static dielectric

permittivity profile from the molecular fluctuations of the water/1,2-

DCE (DCE) liquid-liquid interface by using molecular dynamics simula-

tions, which is based on the coarse grained theoretical framework of the

Willard-Chandler instantaneous interface rather than the average Gibbs

dividing interface. The examined analyses include molecular density,

the dielectric permittivity profile and the molecular orientation profile.

This work also provides an explanation of the mechanisms underlying

the overshooting parallel dielectric and averaged perpendicular dielec-

tric responses.

4.1 Introduction

For modeling the electrostatic potential and energies in aqueous en-

vironments, continuum electrostatics methods such as the Poisson-

Boltzmann and Generalized Born equations are typically used[6, 29, 30].

In these, the dielectric permittivity, as a primary input quantity for

models based on continuum electrostatics, is of fundamental physical

importance. The dielectric permittivity sensitively reflects the unique

microscopic characteristics of the medium and dramatically influences
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the electrostatic interactions in aqueous solutions. A thorough under-

standing of this property is a key ingredient for correctly modeling

the electrostatic effects. In a homogeneous scenario the dielectric

permittivity ε is a constant, while in an anisotropic medium ε becomes

a second-rank tensor and spatially dependent in the medium[42–44].

The computation of the effective dielectric function of an inhomoge-

neous medium presents many theoretical challenges. While the bulk

dielectric response of fluids is well understood, experiments, analytic

theories and atomistic simulations confirm that the dielectric response

is strongly modified interfaces[32–35, 40, 42–47, 99]. For example,

recent terahertz spectroscopy experiments have demonstrated that at a

lipid/water interface a thin water layer exists with modified dielectric

properties[40]. Thomas et. al presented ab initio simulations to elucidate

the orientational structure of water at the water/vapor interface and

demonstrated that these molecular water arrangements are directly

related to the interfacial dielectric properties.[135] For an interfacial

system , its dielectric response can be described by two local profiles,

ε⊥(z) and ε‖(z) (see Chapter 2). Bonthuis et al.[33–35] extracted

dielectric profiles from interfacial water simulations and showed that

the dielectric response of the surface water layer exhibits an oscillatory

behavior as a function of the distance to the rigid solid surface.

Despite the importance and widespread interest, simulations of inter-

facial dielectric properties have so far mostly considered the case of

confined liquids at a rigid solid/mobile liquid interface.[32–35, 42–47]

The interface between two immiscible electrolyte solutions (ITIES) is

known to be intrinsically fluxional in nature due to the presence of

capillary waves[1, 8, 9, 15, 16, 136]. As an inhomogeneous environment,

the liquid-liquid interface (LLI) is of ubiquitous interest in many

fields and is therefore of relevance to technological and biological

interfacial phenomena.[10–14, 17–20, 66, 137–144] The asymmetry of the

anisotropic liquid-liquid medium in the intermolecular forces produces
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unique molecular structures and dynamics. This makes the computation

of the local components of ε in the anisotropic liquid-liquid medium

even more complicated, requiring further theoretical investigation. Let

us note that to the best of our knowledge, no work on the dielectric

permittivity tensor for a LLI has been reported before. As a prototypical

system, the water/DCE interface has been investigated intensely in the

past, via both experimental and computational/theoretical modeling

approaches[1, 10–13, 15–20, 145]. To investigate its dielectric behavior,

we generalize the approach by Stern and Feller to this prototypical

LLI system that is nonuniform in one dimension, adopting their theo-

retical framework to extract both parallel and perpendicular interfacial

dielectric response functions from large-scale MD simulations.[43] The

basic idea of this theoretical framework is to connect the macroscopic

continuum description of the dielectric permittivity to the local fluc-

tuation of the system’s dipole moment via a microscopic statistical-

mechanical description obtained by MD simulations. This MD approach

allows us to study molecular motions of liquid interfaces and becomes a

particularly useful method to investigate detailed interfacial structures

and dynamics at atomic resolution[100].

From the majority of MD liquid interface simulations, it has been

shown that any study purporting to show the trends across the

interface needs to account for the anisotropy appropriately.[32–35, 42–

47] Studying the dynamics and structures of the interface is essential for

the understanding of the respective interfacial chemistry and physics. It

is a long-standing challenge to obtain detailed insights into the liquid

interfacial structure at the molecular scale. Most typical profiles of the

physical properties of interfaces have used the average Gibbs dividing

interface as a reference. The Gibbs dividing interface is an idealized

and rather static average interface separating two immiscible liquid

phases[8–10]. But the LLI actually undergoes dynamic fluctuations, and

thus is a time-varying rough region that is neither flat nor stationary
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at the molecular level. The shape and location of the interface change

with time. The effect of deformations and drifts that the real dynamic

interface undergoes will be obscured by the simplistic average Gibbs

dividing interface approximation. Lack of reliable information on the

microscopic ITIES structure will therefore be a main obstacle toward

understanding the true molecular nature of the interfacial properties.

Statistical procedures devised to analyze MD simulations to examine

the dielectric behavior of the interface have to be adjusted accordingly,

which requires a molecular level insight into the true interfacial structure

and needs to capture the temporal variation of the interface location.

Here we establish a dynamic frame of reference in which liquid

structure at molecular length scales is described in terms of distance

from the time-varying position of the instantaneous interface. We

refer to this instantaneous interface as the intrinsic interface, which

is a significant improvement over prior work that considered the

average Gibbs dividing interface[67]. In this case, we perform a

spatial transformation defining the vertical distance relative to the local

instantaneous interface rather than relative to a fixed Cartesian plane.

By doing so the spatial deformations of the liquid phase boundary

are projected out. This novel approach yields dielectric profiles with

features of similar sharpness as for the rigid solid/liquid case if the

statistical analysis is consistently referenced to the instantaneous LLI.

Simple statistical analyses based on an average interface definition on

the other hand only result in broadened featureless dielectric profiles

across the interface region.

The dielectric response at the interface is evidently the outcome of

the interfacial molecular arrangements and orientations due to the

anisotropy. The presence of the inhomogeneous interface will strongly

affect the molecular arrangements for both phases and thus their

physical properties as a function of the distance to the interface. Ex-

perimental measurements such as optical second harmonic generation
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and sum-frequency generation at liquid interfaces have shown that

water molecules near a charged surface exhibit a strong orientational

order.[146] Similar interfacial molecular orientations have been already

observed in many interface simulations.[64, 147–149] Michael and

Benjamin[149] found a decrease in the number of hydrogen bonds per

molecule from the bulk region to the interface of water/nitrobenzene.

This means that interfacial molecules arrange themselves and behave

in a layered way. We perform a bivariate orientation distribution

analysis of the unique orientation of each interfacial molecule, where

we measure its orientation with respect to the specific local frame of

the instantaneous interface. With the help of the instantaneous interface,

we can detect collective interfacial molecular alignment. Our results

show that both water and DCE interfacial molecules form a tightly

packed layer oriented parallel to the interface, with reduced mobility

in the perpendicular direction. Beyond this layer, DCE molecules

quickly restore their bulk structure, while water molecules exhibit

structural anisotropies that extend further into the bulk region. These

molecular orientation distributions correspond to the overshooting

dielectric response at the interfacial region.

This chapter presents a computational framework for the determination

of the interfacial structures at the molecular level, and an advanced inter-

facial structure method for the description of the dielectric permittivity

tensor to provide a deeper understanding of the LLI. First we give a

thorough derivation of the formulation adopted to calculate the parallel

and perpendicular dielectric permittivity tensor from MD simulations

in Section 4.2.1. Second we illustrate the procedure to identify the

instantaneous liquid-liquid interface from the MD trajectory in Section

4.2.2. Following is the description of the details of the MD simulations.

Third we investigate the molecular distributions, the dielectric responses

and the orientation profiles of the simulated LLI system in the reference

frame of the instantaneous interface and compare with those referenced
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to the average Gibbs dividing interface. A final section concludes this

chapter.

4.2 Theoretical Framework

4.2.1 Dielectric Permittivity Tensor

According to Chapter 2, for the anisotropic LLI system, the space-

dependent dielectric permittivity tensor can be determined from the

dipolar linearized version of the molecular fluctuations.[35, 43, 46]

Figure 1.2 shows the dipole fluctuations of one snapshot from the MD

simulation of a water/DCE LLI. Note that the red points are either the

dipole moments pointing perpendicular to the paper plane or the almost

zero dipole moments of the trans-DCE conformers. The parallel and

perpendicular polarization correlation functions are denoted as

hα(z) = (< mα(z)Mα > − < mα(z) >< Mα >)/dV, (4.1)

where dV is the volume of each statistical slab; mα(z) is the polarization

density for each slab at position z, mα = ∑slab µα with α =‖,⊥. We

analyze the water and DCE polarization contributions according to

mα = mwater
α

+ mDCE
α

. The total polarization density is an integral

over the entire simulation box, Mα =
∫ z

0 mαdz. We define the total

polarization correlation as Hα =< M2
α >0 − < Mα >2

0. The parallel

dielectric permittivity tensor component which vaires along the z-axis,

ε‖(z), is related to the average lateral polarization correlations:

ε‖(z) = 1 +
1

kBTε0
h‖(z)(1−

H‖
V

)−1, (4.2)

where kBT denotes the thermal energy and ε0 is the vacuum permittivity.

The perpendicular dielectric permittivity profile is

ε⊥(z) = 1 +
1

kBTε0
h⊥(z)(1 + [

H⊥
V
− h⊥(z)])−1. (4.3)
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For comparison, the perpendicular polarization correlation function

h⊥(z) can be expressed as a function of ε⊥(z),

h⊥(z) = kBTε0
[1 + H⊥(z)/V][ε⊥(z)− 1]

ε⊥(z)
. (4.4)

In the interface situation, where all the fields and observables are

nonuniform in the z direction, the parallel and perpendicular expres-

sions Equ. 4.2 and Equ. 4.3 will be intrinsically different, which will

be discussed in the following in detail. The key finding is that a local

expression of the permittivity involves correlations of the local and total

polarization, not of the local polarization alone.

Figure 4.1: Schematic representation of the interface structure in the
same snapshot from a MD simulation: (a) the instantaneous interface;
(b) the average Gibbs dividing interface.

4.2.2 Definition of the Intrinsic Interface

To quantify the molecular properties associated with soft interfaces, we

need to reference to the location of the interface. Capillary waves smooth

out the structure of fluid interfaces, making the detailed analysis of

the interfacial structure difficult.[9] Most computer simulation investi-

gations performed to date have focused on the computation of average

density profiles, ignoring the characterization of the intrinsic structure
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of the interface. This approach is justified from a macroscopic point

of view in which the interface is just the slowly evolving region where

two bulk phases are in contact. From the point of view of a system,

e.g. a catalyst particle, embedded into the interface, which experiences

the response of its rather local environment on shorter time and length

scales, the average description is too simplistic. Recent theoretical

developments have improved the situation, making possible the detailed

investigation of the interfacial intrinsic structure at an unprecedented

level of detail.[58, 63–65, 67] We then can take out the varying nature of

the oscillations around the average Gibbs dividing interface.

We all know this liquid interfacial configuration by nature is time-

dependent because of the molecular motions. Thus the respective inter-

face location definition must accommodate the molecular roughness of

the interface. To identify this time varying position of the instantaneous

LLI, we adopt a procedure proposed by Willard and Chandler[67] for

a liquid-vapor interface system, which we adapt for our LLI system.

This procedure uniquely defines a molecularly rough interface based

upon a spatial coarse-grained representation of the discrete molecular

positions. It can be used to describe time dependent phenomena,

because this procedure can be applied to any arbitrary ith particle

at any position ri in time t: ρ(r, t) = ∑i δ(r − ri(t)). This equation

indicates the instantaneous density field at space-time point (r, t). Here

we adopt coarse-graining to form a set of more manageable fields.[67]

Coarse-graining is achieved by convoluting the instantaneous density

field of each water molecular position r0 in the simulation cell with a

normalized Gaussian.

ϕ(r; ξ) = (2πξ2)−d/2 exp(−r2/2ξ2), (4.5)

where r = |r − r0|, ξ is the coarse-graining length, and d stands for

dimensionality. In our system, the water molecule yields a better ap-

proximation for the instantaneous interface since it is smaller than DCE
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and more adequately described by a single spherical Gaussian density.

We use ξ = 2.5Å as suggested before, which is approximately the

molecular diameter of water.[67]. Compared to capillary wave theory,

this molecular diameter is similar to the empirical parameter used to

truncate the capillary wave spectrum and it would be meaningless to

define the instantaneous interface with a resolution higher than the

molecular diameter.[56–59] We reference the spherical Gaussian density

function with respect to the molecular center of mass (c.o.m) of the water

molecule and normalize to 1, which yields an approximate probability

density for a water molecule in the simulation box. Combining with

ρ(r, t) the coarse-grained density field is obtained

ρ̄(r, t) = ∑
i

ϕi(r; ξ). (4.6)

The coarse-grained density field ρ̄ can be interpolated on a spatial

grid covering the simulation cell. To define the instantaneous interface

location, we use the so-called “10-90” criterion[21, 53, 150] for the

water/DCE LLI. That is determining the interface as points in space

where the density is 90% of the bulk water density. To extract this

iso-density interface, we chose an efficient algorithm called Marching

Cubes algorithm[151]. Marching Cubes is a 3D iso-surface construction

technique, which produces a triangle mesh by computing iso-densities

from discrete data. By connecting the patches from all cubes on the

iso-surface boundary, we obtain a triangulated surface representation.

Figure 4.1 illustrates the obtained instantaneous LLI from one snapshot

of a MD simulation, with the horizontal averaged Gibbs dividing

interface for comparison. Only a slab of water molecules and the upper

instantaneous interface as a blue wavy surface are showed.

The distance for each time-varying molecular configuration to the iso-

density interface ∆ri(t) is defined as the distance from the molecular

c.o.m to the projected point on the continuous instantaneous interface.

The projected point is obtained by projecting the respective c.o.m along
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the z-axis onto the instantaneous LLI. We base all statistic binning on

this distance when calculating the response properties. In this way

we can take out the smoothing effect of the capillary waves and thus

obtain the required nanoscopic length and timescales of the interfacial

response properties. This approach is advantageous because there is

no need for the the calculation of the response properties across the

interface to identify the exact locations of each interfacial molecule, thus

the Willard-Chandler interface as a coarse-grained approach is efficient

and effective over prior works. Additionally it is independent of an

interfacial reference plane or presumed symmetry, since for the long

range dynamic behavior the two instantaneous interfaces (with respect

to the upper and lower water phase boundaries, see Figure 4.1) are

not correlated. This will makes the dielectric profiles with respect to

the different instantaneous interfaces intrinsically different, as we will

discuss in detail in Section 4.3.
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4.2.3 MD Simulation Details

The interface is constructed by joining two preequilibrated liquid slabs

of DCE and water. After energy minimization to remove the unphysical

energy contributions due to overlaps of the molecules at the boundary

of the two liquid phases, the interface system is further equilibrated for 1

ns in the canonical (NVT) ensemble and 3 ns in the isothermal-isobaric

(NPT) ensemble at 1 atm and 298.15 K. Here DCE is modeled using

the nonpolarizable force field reparametrized in Chapter 3, which has

shown to be effective at matching the bulk dielectric property. Water

is simulated using the flexible SPC model[126]. The nonbonded (LJ)

interactions are treated using a regular spherical cutoff (cutoff radius

= 10Å). The long-range Coulombic interaction is evaluated using the

Ewald summation method with a precision of a relative value 10−6. All

simulations except those within Figure 4.15 are performed in rectangular

boxes with dimensions, Lx = Ly = 22Å and Lz = 90Å. The liquid slab

thicknesses, ≈ 68Å for DCE and ≈ 22Å for water, are chosen to avoid

correlations between different interfaces. After proper equilibration,

we run a 10 ns long trajectory in the microcanonical (NVE) ensemble

to make sure that the measurements are reasonably converged and

averaged over sufficient time lengths. The integration time step is 1 fs.

In the 10 ns long production, 10001 sample configurations are recorded

with an interval of 1 ps for analysis. All simulations are carried out using

the LAMMPS simulation program package with periodic boundary

conditions applied in all three directions.[130] The translational motion

of the c.o.m is removed every time step. Analysis programs are taken

from either Pizza.py toolkit[131] or written in-house.

4.3 Results and Discussion

The work described here is aimed at the integration of continuum

modeling with molecular informations provided by MD simulations, in
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Figure 4.2: The distribution of dipole moment magnitudes for the
water/DCE LLI system (left panel) with water molecular dipoles shown
as black histogram while DCE as blue histogram. The histograms of
molecular dipole moment magnitudes have been averaged over whole
trajectories. The trans/gauche ratio of the total DCE phase is 0.465.
The right panel shows the fluctuations of the trans/gauche ratio (black
curves and left axis) and average absolute molecular dipole moment
(blue curves and right axis) of the total DCE phase within each LLI’s
MD snapshot as a function of the simulation time.

order to investigate the dielectric response of the water/DCE LLI. Here

the respective experimental number density is Nwater
ρ = ρwaterVtotal

Mwater Nslab =

33.43/nm3 for water and NDCE
ρ = ρDCEVtotal

MDCE Nslab = 7.65/nm3 for DCE at

T=298.15 K and P=1 bar. A novel aspect of our analyses is that the

specific dielectric profiles are measured using the theoretical framework

introduced in Section 2.1 of Chapter 2 with respect to the instantaneous

interface defined in Section 4.2.2. Specifically we measure the molecular

density profiles, the dielectric permittivity profiles, and the molecular

orientation profiles reference to the instantaneous interface. Herein

slab analyses are used to bin different instantaneous curved layer

regions in order to calculate all these response properties of the

heterogeneous LLI. We first define slabs based on the vertical distance

from the instantaneous LLI and then perform statistics within these time-

dependent fluxional slabs over the whole MD trajectory. The differences
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between the coordinates based on the instantaneous interface and the

average Gibbs dividing interface are also examined.

4.3.1 Dipole Distribution Profile of LLI

The left panel of Figure 4.2 shows histogram distributions of the

dipole moment magnitudes for water and DCE. The conformational

trans/gauche ratio for DCE in the LLI system is showed in the right

panel, which is consistent with first principle calculations.[73, 145]

Herein the perfect cis conformer with 0◦ is almost nonexistent due

to the energy barrier, which can be seen in Figure 3.1. In particular

trans in the narrowest sense would only be 180◦, which would be

statistically meaningless. Thus in analogy to the bulk calculation in

Chapter 3, DCE molecules with dihedral angles in [30◦, 90◦] are declared

gauche conformers whereas a trans conformer is characterized by a

dihedral interval of [150◦, 210◦]. All other rotamers (with a percentage

of 0.189% over the whole trajectory) are excluded with respect to the

trans/gauche ratio. The present ratio is a little bit smaller than the

bulk DCE conformational ratio 0.477 (calculated from the trans ratio

0.323 in Chapter 3), which means there are more gauche conformers in

the water/DCE LLI than in bulk DCE. This is in agreement with the

assumption that the DCE phase can be “polarized” when it is in contact

with a water phase.

The right panel of Figure 4.2 shows the respective fluctuation of the

trans/gauche ratio and the average magnitude of the DCE molecular

dipole moment as a function of the simulation time. The average

molecular dipole moment of DCE have been sufficiently converged with

a constant value ∼ 2.4D over simulation time. The stationary state

of ratio fluctuations shown in the figure confirm that the sampling

time is sufficient to fully equilibrate the trans/gauche ratio in the LLI

system. And the configuration samples taken every picosecond (ps)
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Figure 4.3: Molecular number density as a function of distance from
the respective instantaneous interface along the z-axis (blue and black
solid lines refer to water and DCE components, respectively; left
axis), normalized by the experimental molecular number density of
Nwater

ρ and NDCE
ρ . Contributions of the gauche (cross) and trans (plus)

DCE conformers are also showed, scaled by NDCE
ρ of the overall DCE

molecules. The oscillations of the DCE density profile are mostly due
to the gauche conformer. The zero dashed line is set at the central
water phase. Negative values indicate positions below the central water
and are measured with respect to the lower instantaneous LLI (the
left light grey region), while positive values are relative to the upper
instantaneous LLI (the right light grey region).
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can be regarded as independent microscopic states for sampling the

conformational transitions.

4.3.2 Molecular Distribution Profile

To characterize the distribution of the truly interfacial molecules along

the interface perpendicular axis, we have estimated the molecular

density profile for the respective water and 1,2-DCE phases. Meaningful

statistics within the interfacial analyses have to correspond to the closest

interface. Figure 4.3 shows two analyses for both simulated phases with

respect to the lower and upper instantaneous LLIs for the respective

molecular density profile. The profiles are joined in the bulk of the

central water phase at the position (= 0) indicated by the dashed line

shown in Figure 4.3. The negative distance values are referenced to

the lower instantaneous LLI while positive values are relative to the

upper LLI. The lower and upper LLI regions are marked by the light

grey stripes. It is obvious that for a periodic interfacial simulation the

interface may change the position parallel to its normal axis (here the

z axis) because of collective translational motions, which would result

in an averaged broadened interface. In order to avoid such artifacts,

we removed the translation of the c.o.m at every time step during the

simulation. As seen in the figure, the density profiles of water and

DCE correspond to each other and are in agreement with the time-

averaged interfaces at around z = ±12 Å. The fluctuations in the

interface location in the z direction vanish because of the time average.

In the two interfacial regions, the density profile of the gauche DCE

conformer exhibits peaks, including an enrichment of gauche DCE near

the interface, while the trans DCE density is correspondingly found to

be smaller than in the bulk phase. This result suggests that the water

phase induces a strong polarization of DCE molecules in the vicinity

of the interface, which is consistent with the assumption that the low

dielectric DCE phase can be “polarized” substantially near the interface
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by the presence of the water phase. This finding is in agreement with

earlier simulation results using the average Gibbs dividing interface[22].

And it should be mentioned here that the molecular density profile

in Figure 4.3 is similar to that calculated reference to the average

Gibbs dividing interface. This is because the molecular density is

physical property that is comparatively easy to converge, which is

hardly showing response to the molecular orientations near the true

instantaneous LLI.

4.3.3 Parallel Dielectric Permittivity Tensor

The local dielectric permittivity tensors along the z axis are calculated

with respect to the instantaneous LLI. Due to the isotropy within the

xy-plane, only the parallel dielectric permittivity tensor ε‖(∆z) in the x

direction (εxx(∆z)) as a function of the distance normal to the upper and

lower instantaneous interface is showed in Figure 4.4. From this figure,

the parallel dielectric profiles εxx(∆z) reveal a clear distinction between

DCE and water phases with their respective approximate bulk dielectric

values. In contrast to the average Gibbs dividing interface, which

only shows the featureless parallel dielectric response displayed in the

bottom panel of Figure 4.4, we observe enhanced dielectric responses

within the instantaneous interfacial regions. It can be seen from the

top two panels of Figure 4.4 that the overshooting dielectric response

acquired at the interfaces on the water side propagates into the bulk

water phase, and a relatively high permittivity tensor component in the

vicinity of the interfacial DCE region approaches the average bulk DCE

dielectric value within a few Angstroms.

The dielectric permittivity tensor components with large deviations

from the experimental bulk values at the interface are not statistical

fluctuations but imply a very high degree of molecular order in the

vicinity of the interface. Support for this argument follows from the
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Figure 4.4: Parallel dielectric profiles (ε‖(∆z), top panel) with respect to
the distances normal to the lower and upper instantaneous interface
respectively. The zero locations are approximately the reference
instantaneous interfaces. Parallel dielectric permittivity as a function
of z referenced to the average Gibbs dividing interface (ε‖(z), bottom
panel). The dashed lines show the central water phase, corresponding
to the zero dashed line in Figure 4.3.
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molecular orientation profiles in Figure 4.7 and 4.9, which we will get

back to in Section 4.3.4. It is known that in the isotropic bulk liquid,

water or DCE molecules are randomly orientated, but they will have a

non-uniform distribution at the interface due to the asymmetry in forces

experienced by other types of molecules within the interfacial region.

Figure 4.5: Schematic orientation of the water and DCE molecule the
instantaneous liquid-liquid interface. The definition of the angles θ and
ϕ in the local atomic coordinate frame for water and DCE molecules are
showed. The vectors are the instantaneous interface normal vector~n, the
molecular dipole vector ~µ, the molecular normal vector ~m for water and
the carbon-carbon axis vector ~c for DCE; the new defined vector ~d for
trans DCE.

The local dielectric responses due to the statistics referenced to the upper
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and lower interface reference, respectively, can be aligned as the top

panels of Figure 4.4 shown. Each of the profiles is slightly asymmetric

because of the microscopic asymmetries in parallel polarization correla-

tions hxx(∆z) (Equ. 4.1) due to the respective interface references. It is

evident that the fluctuations in the two instantaneous interfaces do not

occur in parallel, therefore spontaneously formed asymmetries between

both interfaces can survive up to a typical time scale of nanoseconds.

For meaningful statistical analyses of interface effects, the response

properties or any other slowly decaying properties must be calculated

with reference to the closest interface. The distance between such

interfaces in a simulation needs to be large enough to avoid correlations

between them as well as to reach the true bulk behavior somewhere

between them.

4.3.4 Molecular Orientation

So far we have investigated the dielectric response properties of the

interface separating the water from DCE phase. It is also interesting

to analyze to what extent the two phases are affected by the presence of

the interface. Compared to the liquid molecular structure confined by a

solid surface, molecular structures at soft LLI are even more complicated

phenomena that must be associated with the intrinsic characteristics

of the liquid interface. The molecular structure in the vicinity of

the interface is strongly influenced by the interface’s time-dependent

position. The detailed knowledge of the molecular orientational profiles

with respect to the above defined intrinsic LLI will be discussed in the

following. This is a prerequisite for understanding the true nature of

the heterogeneous LLI.

To fully describe the orientation of a molecule in one conformation, we

require two independent vectors to define a local molecular coordinate

system. Here for water, these two independent vectors are the normal
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vector to the molecular plane ~m and the molecular dipole vector ~µ. For

gauche DCE, they are the carbon-carbon (C-C) axis ~c and its molecular

dipole vector ~µ. Then we take these molecular coordinate systems and

reference them to the locally defined instantaneous LLI to give a full

description of the orientational statistics of molecules. We calculate the

bivariate joint distribution of two independent orientational variables,

which are two isolated angles θ and ϕ used to determine the molecular

orientation, as shown in Figure 4.5. For water, θ is the angle between

its molecular dipole vector ~µ and the interface normal vector ~n; ϕ is the

angle between the molecular normal vector ~m and the projection of ~n

onto the plane perpendicular to ~µ. The projection ~n⊥ is calculated as

|~n⊥ >= |~n > −<~n|~µ >

‖~µ‖2 · |~µ > . (4.7)

For gauche DCE, θ is the angle between its molecular dipole vector ~µ

and the interface normal vector ~n; ϕ is the angle between the carbon-

carbon (C-C) axis ~c and ~n⊥, defined the same way as for the water

molecule. Due to the molecular symmetry of the water and DCE

molecule, the normal vector to the molecular plane in water as well

as the C-C vector in DCE are only defined up to a change in sign (i.e.

+- vector). This is clearly an approximation if vibrations (e.g. O-H or

C-Cl stretches) deform the molecules and break their ideal symmetry (in

both cases C2v). Due to timescale and energy separation between such

vibrations[22, 152, 153] and the torsion (c.f. Figure 4.2), we assume this

approximation to be valid throughout. Thus water and DCE molecules

can always be orientated in such a way that restricts the angle ϕ to the

interval [0◦, 90◦]. The molecular orientation analyses of H2O and DCE

molecules are performed at various distances measured with respect

to the lower instantaneous LLI. The bivariate orientation distributions

for the angles θ and ϕ, H(cos θ, ϕ), are calculated for all molecules

falling within a particular distance away from the interface to create

the intensity histograms.
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Figure 4.6: Top panels: correlation histograms of trans DCE within an
interfacial region from 0.5 Å to 2.5 Å relative to the lower instantaneous
LLI (z = 0 Å). Top left panel shows the correlation between the C-C
vector ~c and dipole vector ~µ, while top right panel shows that between
the C-C vector~c and the new defined vector ~d. The horizontal axes of the
histograms represent cos α = <~n|~c>

‖~c‖ . The vertical axe of the top left panel

represents β = arccos(<~n|~µ>‖~µ‖ ), whereas it represents β = arccos(<~n|
~d>
‖~d‖

)

in the top right panel. The grey thick dashed line in the top right panel
is a perfect Sine function of angle β. Areas of low intensity appear in
dark blue, and highest intensity in dark red. The black curve in the
bottom panel shows population distributions lie within the intensified
red and white realm (see the top right panel) as a function of cos α. The
blue curve in the bottom panel shows the normed relative population
ratio (see text) as a function of cos α. The dashed lines in the top right
panel indicate the analyzed windows for the integral. 75
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For the case of the DCE molecule in the trans configuration, using the

molecular dipole vector ~µ and the C-C vector ~c like for the gauche DCE

to describe the rigid body geometry with respect to the instantaneous

interface becomes problematic as shown in Figure 4.6. The analysis

yields a strong geometric correlation of the angle α between the vector ~n

and ~c and the angle β between ~n and ~µ within a slab having a thickness

of 2 Å. The slab is defined based on the vertical distance from the lower

instantaneous LLI (z = 0 Å). In the top left panel of Figure 4.6, the

randomly distributed white regions are noise or error fluctuations of

the correlation. This is because the dipole vector ~µ of the trans DCE

has almost zero magnitude and is therefore not a stable descriptor for

molecular orientation. Any kind of bond angle changes will tilt this

tiny dipole vector into completely different directions, which results in

large orientational noise. In this case, we cannot separate the influence

of the C-C axis orientation and the strongly varying orientation of the,

in magnitude, almost vanishing dipole vector. We need to define a new

vector for the trans case that is closest to what the dipole vector is for

the gauche conformer.

As Figure 4.5 schematically shows, we define a new vector ~d for trans

DCE as
~d = ~c× (~l1 ×~c−~l2 ×~c), (4.8)

where vectors ~l1 and ~l2 are respectively the C1-Cl1 and C2-Cl2 axis

vector. Here instead of taking the sum of the normal vector ~l1 ×~c of

the plane (Cl1C1C2) and ~l2 ×~c of plane (C1C2Cl2) to obtain an almost

vanishing sum vector, we take the difference and multiply it by the

vector ~c to obtain a robust descriptor for the trans conformer’s rigid

body motion which coincides with the dipole vector in the case of the

gauche conformer. This vector ~d lies within the plane containing the C-C

axis and bisecting the torsional angle. It is stable against all bending

angle and bond length deviations from the molecular ideal symmetry.

Then we perform the same rigid body geometry analysis within the
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same slab for trans DCE by calculating the correlation of the newly

defined vector ~d and vector ~c, which is showed in the top right panel

of Figure 4.6.

Figure 4.7: Molecular orientation histograms of H2O for the water/DCE
LLI system with respect to the lower instantaneous interface region. The
location of each of the regions which are represented by these histogram
is given by their distance from the LLI in Å. The instantaneous interface
is located at 0 Å with positive distances toward the water phase. Each
histogram shows the bivariate angle distribution for cos θ (horizontal
axes, cos θ = <~n|~µ>

‖~µ‖ ) and ϕ (vertical axes, ϕ = arccos(< ~n⊥|~m >)).
Regions of high intensity are marked as dark red, and low intensity
are dark blue. A completely white histogram would correspond to a
distribution which attains the perfect average homogenous bulk state at
each point.

Due to the symmetry in the choice of the vectors used in Equ. 4.8 to

define the vector ~d, where all involved vectors could each equally well

point in two opposite directions, both angles α and β lie in the range [0◦,

90◦]. Basing on this panel, we can see that the majority of distributions

are focused in the intensified red and white realm.
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The black curve in the bottom panel quantitively shows the population

distributions within the intensified red and white realm as a function

of cos α. Moreover, we calculate the ratio of the population focused in

the red and white realm to the integral of populations in the dashed

windows in the light blue region (see the top right panel). This ratio as

a function of cos α is showed as the blue curve in the bottom panel. The

black and blue curves demonstrate that the majority of trans molecules

falls in the region as the Sine curve marked in the top right panel,

and the highest probability is focused in the region corresponding to

H(cos α ≈ 1.0, β ≈ 90◦). This strong correlation indicates that the

vector ~d and vector ~c are perpendicular to each other. Thus we can

conclude that the vector ~d is well defined for trans DCE as a basis for the

molecular orientation analysis to distinguish its influence from those of

vector ~c. For gauche DCE, since its molecular dipole vector ~µ is already

well defined, there is no need to define a new vector.

Then the molecular orientation correlations of H2O and DCE molecules

are calculated for all molecules falling within a particular distance from

the instantaneous interface to create histograms as shown in Figures 4.7

and 4.9. The distance of each slab with respect to the LLI is marked (in

Å) on the top, with the interfacial location set at 0 Å. All histograms

are normalized by the respective experimental number density of water

(Nwater
ρ = 33.43/nm3) and DCE (NDCE

ρ = 7.65/nm3) at T=298.15 K and

P=1 bar. The relative water molecular number densities of each slab

normalized by Nwater
ρ are showed on the top of each histogram in water

orientation profiles, whereas showing the trans/gauche ratios ω and

the relative DCE number densities of each slab normalized by NDCE
ρ

on each DCE histogram’s top. The horizontal axes of each histogram

represent cos θ values, and the vertical axes represent the angle ϕ. These

histograms illustrate how the orientations of H2O and DCE change

when moving from the interface further into the respective bulk phase.
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H2O Orientation Profile

The increased density at cos θ = 0 in Figure 4.7 indicates that on the

water side of the LLI the water molecular dipoles have a clear tendency

to lie parallel to the instantaneous interface. These water molecular

structural effects appear to be directly related to the interfacial dielectric

response in Figure 4.4. This is also suggested by the experiment of

atomic force microscopy to measure the dielectric permittivity profile of

the water at the charged mica surface, where the polarization variation

is related to the reorientation of the water molecular dipoles and thus

results in a variable water dielectric permittivity at the interface.[154]

However, molecular ordering behavior at the LLI is rather different from

that at the mica or solid-liquid interface, which makes the mechanism

of the interfacial dielectric response intrinsically different.

The solid-liquid interface has the well-known excluded volume effect,

which results in a density depletion gap at the surface. In experiments

at a water-mica interface[154] and simulations for the hydrophobic

diamond-water interface[33], oscillations of the water molecular density

were observed for such interfaces. According to Bonthuis, this density

oscillation is similar in shape to the parallel dielectric profile, see Figure

1.1.[33] In the LLI simulation, however, there are no water density

oscillations, as shown by the blue water density curve in Figure 4.3,

which perfectly flat in the interfacial regions. Thus the oscillating

parallel dielectric response observed at the LLI in Figure 4.4 cannot

be explained by variations in the density profiles, which is intrinsically

different from the case of the solid-liquid interface.

For an atomically flat rigid solid surface, the Gibbs dividing interface

provides a perfect description. In the vicinity of a solid surface,

molecules cannot rotate or reorient as freely as in the case of the

instantaneous LLI. This yields a layer of water molecules directly at

the interface with molecular normal vectors predominantly parallel to
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Figure 4.8: Relative population within the regions of preferential
molecular orientation marked by the semi-ellipse for water (blue line,
left axis) and rectangular box for DCE (red line, right axis) in the
respective orientation profiles. The details to define these regions can
be found in the main text. The population of each slab with respect to
the instantaneous LLI is normalized by the respective molecular number
density.

the interface normal vector. Their molecular dipoles are highly ordered

parallel to the rigid interface. Since the water molecules in the first layer

cannot reorient freely, the dielectric response directly at the interface is

lower than the bulk value. Additionally, the hydrogen bond network

to molecules in the next layer is partially broken, yielding a second

layer in which the water molecules and thus their dipoles can reorient

more freely which translates into a larger dielectric response for the

bulk. Thus the water dielectric permittivity profile oscillates at the

interface. But in the case of the LLI, water and DCE molecules can

easily accommodate each other. The preferential orientations in Figure
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4.7 are not simply due to confinement by the rigid surface but result

from subtler collective polarization effects in the neighboring liquid

phases which follow the spatial fluctuations of the instantaneous LLI.

For the parallel dielectric permittivity profiles ε‖ at the LLI, it seems

that the preferential alignment of water molecular dipoles parallel to

the interface can explain the observed effects if these molecular dipoles

are reorienting. This will result in a bigger net effect, which produces

the large dielectric response (peak with ε‖ = 120− 140) observed in the

water phase in the vicinity of the interface (see top panels of Figure 4.4).

We note that due to the difference in the mechanism leading to this peak,

there is no accompanying region of the lowered ε‖ closer to the interface

which has been observed in simulations of solid-liquid interfaces.

Figure 4.7 shows that the orientational oder is vanishing from the

interface further into the bulk phase. If we calculate the population

distribution of the intensified regions, corresponding to the semi-ellipse

marked region in Figure 4.7, for each histogram, we can quantify

the relative water orientation distribution in Figure 4.8. Close to

the interface, the intensified semi-ellipse region corresponds to water

molecules that exhibit a preferential orientation relative to the interface.

It is defined with the center of the ellipse at (0, 0), where the semi-axis in

the cos θ direction is 0.62 and along the ϕ axis is 27.9 (degrees). Here all

the histograms are generated based on the slab statistics, which contain

different averaged numbers of molecules. We therefore normalize the

populations of each histogram to the experimental number density

Nwater
slab /Nwater

ρ . The DCE relative populations are calculated in the same

way with the normalization factor NDCE
slab /NDCE

ρ .

Figure 4.8 (blue curves and the left axis) quantitively shows the pre-

ferred water orientation distribution decaying from the interface value

towards the random orientation characteristics of the bulk. Starting from

the interface to the bulk water phase, the preferential orientation of

water is lost quickly at first and asymptotically approaches a plateau,
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Figure 4.9: Molecular orientation histograms of DCE near the
water/DCE LLI with respect to the lower instantaneous interface z = 0
Å(top panel). Positive distances indicate locations further into the
DCE phase. Each histogram is a bivariate angle distributions for cos θ

(horizontal axes, cos θ = <~n|~µ>
‖~µ‖ ) and ϕ (vertical axes, ϕ = arccos(<

~n⊥|~c >)). Regions of high intensity are marked as dark red, and low
intensity are dark blue. Bottom panel shows the molecular orientation
histograms of DCE near LLI after removing the Sine statistical effect (see
text) while all other settings are the same for the top panel. A completely
white histogram in the bottom panel corresponds to a distribution which
attains the perfect average homogenous bulk DCE state at each point.
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with a value of 0.3, which corresponds to the ratio of the integration

domain to the area of the whole histogram (Ssemi−ellipse/SAll = 30.2%).

The plot shows that the orientation within the region around 10 Å

and further away from the interface is the same as the bulk random

orientation. The decay observed in Figure 4.8 parallels the water density

profile in Figure 4.3, which at ∼ 10 Å is eventually approaching the bulk.

DCE Orientation Profile

The resulting orientation profile for DCE in Figure 4.9 indicates that

the first layers of the organic phase exhibit a preferential orientation for

the molecular dipoles to point toward the bulk organic phase. Due to

the molecular alignment, we again observe a relatively high dielectric

permittivity in the vicinity of the interface in the DCE phase (dash-line-

rectangle marked region of the top panel in Figure 4.4).

The dark blue region in the orientation histograms in the top panel of

Figure 4.9 seems to indicate that ϕ = 0◦ does not occur. This means that

the probability of finding the C-C axis in alignment with the interfacial

normal vector is negligible. This effect is solely due to varying weights

of the integration area for points on the surface of a sphere which scales

as the Sine of the polar angle. To elucidate this effect, we take the

integral over cos θ in [-1, 0],
∫ 0
−1 Hd cos θ, for histograms in the top panel

of Figure 4.9. The dashed lines in the fourth histogram indicate the

analyzed windows for the integral. Figure 4.10 shows that the resulting

integrals as a function of ϕ all behave like a normal Sine function (black

dashed curve).

In all plots of the top panel of Figure 4.9, the integration area effect,

that is the Sine integration effect, dominates the whole color scale of the

histograms, making a detailed analysis difficult. We therefore normalize

the histograms by the integration area, removing the bins for which

sin ϕ ≈ 0, to avoid numerically problems due to division by zero.

83



4. Intrinsic Liquid-Liquid Interface

Figure 4.10: Integrals
∫ 0
−1 Hd cos θ as a function of the angle ϕ with

respect to the histograms in the top panel of Figure 4.9. All the integrals
are normalized by the respective total population within each histogram.

After removing the Sine integral effect on top of the histograms, we

obtain the histograms in the bottom panel of Figure 4.9, which allow

us to examine the molecular orientations of DCE with respect to the

lower instantaneous LLI. As the panel shows, it is much more clear

that the predominant orientation is rapidly lost towards the bulk phase

when increasing the distance to the instantaneous LLI. In analogy to

the water orientation analysis, we calculate the relative population of

the left-half histogram region in the bottom panel of Figure 4.9. We

obtain a quantitative result of the relative intensified DCE orientation

distribution in Figure 4.8. The integral area is marked by a dashed
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rectangular box, as shown in the first histogram in the bottom panel.

There are exactly as many vertical stripes of the 2D histogram in the

marked region as in the rest of the respective histogram. The blue curve

and right axis corresponding to DCE in Figure 4.8 quantitatively shows

the loss of orientation observed in Figure 4.9.

Due to the considerable difference in the dipole moments of the

two conformers of DCE, it is necessary to separate the individual

orientational contributions of the gauche from the trans case to the

total DCE histograms. Figure 4.11 shows the orientation profiles of the

gauche and trans DCE referenced to the lower instantaneous LLI, with

the average number of molecules < N > shown on the top of each plot.

All histograms are normalized by the experimental number density of

DCE (NDCE
ρ = 7.65/nm3 for DCE at T=298.15 K and P=1 bar).

In Figure 4.11, a completely white histogram in the gauche DCE

orientation profile (top panel) corresponds to a value of ∼ 0.65,

which is approximately the percentage of the population of the gauche

conformers in the DCE bulk liquid. This corresponds to a distribution

attaining the perfect average homogenous DCE bulk state at each point.

For the trans DCE orientation profile (bottom panel), a completely white

histogram with a value of ∼ 0.35 is also regarded as the perfect average

homogenous bulk state of DCE. From the top panel, it is obvious that

the orientation profile of DCE in Figure 4.9 is dominated by the gauche

conformer. This dominant gauche population is consistent with the peak

of the molecular density profile of DCE in the interface region in Figure

4.3.

To extract the subtle trans DCE orientation effects, we consider the

relative population of the left half region of each histogram for the

gauche and trans orientation profile, which are marked by the dashed

rectangular box in Figure 4.11. They correspond to the respective

preferential orientations relative to the instantaneous LLI. Here same as
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Figure 4.11: Orientation profiles of the gauche (top panel) and trans
DCE (bottom panel) with respect to the lower instantaneous LLI. The
respective conformer and the average number of molecules in each layer
is showed on the top of each plot. The distances of each histogram from
the instantaneous LLI are also showed on the top in Å with the location
of the LLI set at 0 Å. Regions of high intensity are marked as dark red,
and low intensity are dark blue.

86



4.3. Results and Discussion

Figure 4.12: Relative population within the intensified region marked by
the dashed rectangular box for gauche (blue line, left axis) and trans DCE
(red line, right axis) in the respective orientation profiles in Figure 4.11.
The definition of these regions are same as for the local DCE population.
The population of each slab with respect to the gauche or trans profile
is normalized by the overall number of DCE molecules within the same
layer. The inset graph shows the trans/gauche ratio as a function of
vertical distance to instantaneous LLI.

the normalization notation in Figure 4.8, all histograms are normalized

by the respective gauche and trans molecular numbers in slabs relative

to the experimental gauche and trans molecular number density, which

are Ngauche
slab /Ngauche

ρ and Ntrans
slab /Ntrans

ρ respectively. Here Ngauche
ρ =

NDCE
ρ · ωgauche and Ntrans

ρ = NDCE
ρ · ωtrans, with ωgauche and ωtrans

calculated from the experimental trans/gauche ratio ω = 34.9%.

In Figure 4.12, the quantitative analyses of the orientation distribution

for gauche (blue line) and trans DCE (red line) demonstrate that the

preferred orientations of gauche and trans DCE vanish in an almost
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identical manner from the interface into the bulk. It should be noticed

here that the trans DCE should not show a preference by itself due to its

vanishing dipole moment. The orientational effect in the trans profile is

due to internal rotations between gauche and trans DCEs. This means

that the trans orientation is because of molecules which are oriented

while in the gauche state and then rotate internally to become a trans

DCE without overall reorientation occurring quickly enough to loose

the orientational order. The trans/gauche ratio in the inset graph of

Figure 4.12 is rapidly increasing from the value within the interfacial

layers to a value of ∼ 0.47, which is approximately the calculated value

of the bulk trans/gauche ratio in Chapter 3. This quantitively confirms

that there are more gauche conformers in the water/DCE LLI than in the

bulk DCE, which is also in accordance with the peak of the molecular

density profile of DCE in the interface region in 4.3.

4.3.5 Perpendicular Dielectric Permittivity Tensor

Contrary to the parallel dielectric permittivity profile, the perpendicular

dielectric responses rather seem like fluctuating around a mixed average

dielectric permittivity value as seen from Figure 4.13. Comparing with

the perpendicular dielectric profile with respect to the average Gibbs di-

viding interface (bottom panel) only showing an average dielectric value,

our perpendicular dielectric profiles referenced to the instantaneous LLI

furthermore capture enhancements within the interface regions, as seen

in the top panels of Figure 4.13. This tells us that the molecular structure

along the z-axis within the small length scale of the instantaneous

interface has a strong ordering behavior. The average perpendicular

dielectric permittivity does not come unexpectedly as the perpendicular

dielectric permittivity tensor is generally acknowledged to be rather

difficult to extract. This is due to the reason that very small changes

in the polarization correlation function h⊥(∆z) can lead to tremendous

changes in the numerical calculation of ε⊥(∆z).
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Figure 4.13: Perpendicular dielectric profiles (ε⊥(∆z), two top panels)
with respect to the distances normal to the lower (blue) and upper
(black) instantaneous interface. The zero locations are approximately
the reference instantaneous interfaces. The bottom panel shows for
comparison the perpendicular dielectric permittivity as a function of
z referenced to the average Gibbs dividing interface. The black and blue
dashed lines show the respective upper and lower LLI, corresponding
to the zero locations in the two top panels. 89
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It is important to mention that the dielectric response is dominated by

the polarization correlation functions as shown in Equ. 4.1. Therefore, in

Figure 4.14 we plot the correlation function hzz(z) itself, along with the

values corresponding to various dielectric constants obtained from Equ.

4.4 as a reference. Different from the observation for the perpendicular

polarization correlation profile for the case of the solid-liquid interface

where h⊥(∆z) passes through zero several times[32, 35], the profile of

h⊥(∆z) never passes through zero in this study. Therefore, the inverse

term ε−1
⊥ (∆z) does not exhibit singularities and extensive negative parts,

which confirms Equ. 4.3. Even though following exactly Equ. 4.3 and

other previously employed expressions[35, 42, 46], we still fail in the

extraction of the orthogonal component of the dielectric permittivity

tensor, which is in line with previous findings[42, 43, 46].

The reason why we obtain an average perpendicular dielectric permit-

tivity tensor may comes from the current widely used continuum theory,

which we introduced in Chapter 2, not theoretically well-established for

the specific heterogeneous LLI system. Especially from our result of the

perpendicular permittivity profile, the approximation of the constant

field in the respective high-dielectric and low-dielectric phases may

be questionable. This assumption will be investigated by the varying

perpendicular dielectric permittivity of the central water phase with

different thickness of the water phase and. This will be discussed in

the following.

Since our simulation system is only anisotropic in the z dimension, we

extend the water and DCE phases to elucidate how this anisotropy

affects the perpendicular dielectric response in the respective central

phase. We perform a series of LLI simulations, keeping the original

box size in x and y dimensions as well as the thickness along z of

the DCE phase (≈ 68 Å), only changing the thickness of the water

phase. The studied thicknesses are approximately 11, 22, 88, 154, 220,

250 Å, which will change the distance of the center of the water phase
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Figure 4.14: The polarization correlation function hzz(∆z) as a function
of the distance normal to the lower instantaneous interface, along with
that corresponding to various dielectric constants from Eq. 4.4

to the LLI as a result. Here we calculate the dielectric permittivity of

the central slabs of the water phases using the procedure described in

Section 4.2.1, but only taking the water molecular dipole contributions

into account. The extracted dielectric permittivity tensors are given in

Figure 4.15. It shows the value of the parallel dielectric permittivity

tensor components εxx and εyy and the perpendicular permittivity in

the z direction εzz of the central water phase as a function of vertical

distance to the interface in a series of LLI simulations. The parallel

dielectric permittivity tensor components all reproduce the approximate

bulk water dielectric constant, while εzz calculated in the same central

layers first increases significantly with increasing the thickness of the
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simulated water phase in the z direction and then reaches a plateau after

the thickness grows beyond 20 nm. This finding is not due to the limited

system sizes of the MD simulations. It is important to mention that if we

take out the central water region from the simulated water phases, and

analyze this water box as if it was a simulation of the pure water. We can

obtain the expected normal water dielectric constant. But for the same

water/DCE LLI simulation, we only get average perpendicular dielectric

profile in Figure 4.13 and a much lower perpendicular dielectric tensor

component for water in Figure 4.15. This indicates that there are

problems with the assumptions invoked in the treatment of the statistics

for the calculation of the perpendicular dielectric permittivity tensor for

the specific heterogeneous LLI system.

Let’s revisit the theory in Chapter 2, where we assume the perturbation

field is due to the same molecular motions as the reaction field. Basing

on the fact that dielectric permittivity is frequency dependent, this

assumption only works when the perturbation field oscillate at the

same frequency at which the medium can respond. For our specific

water/DCE LLI, there are two different types of molecules with two

intrinsic different molecular dipole reorientation frequencies. In such

a system, ε responds to frequencies of the reorientation of molecular

dipoles. If the response and the field cannot perfectly overlap, ε does not

respond for all dipole oscillations, which will result in a lower dielectric

permittivity. For the bulk or solid-(one) liquid simulations, there is

only one type of molecule and one dipole reorientation frequency,

which means the assumption of identical simulation and response

frequency is naturally fulfilled. But for the anisotropic LLI system,

this approximation may have been broken. In addition, it should be

mentioned that even though varying the thickness of the DCE phase

in a related set of simulations, the perpendicular dielectric constant of

the central DCE phase always stays around 10, which is approximately

the dielectric constant of the pure DCE liquid. This finding seems to
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Figure 4.15: Perpendicular dielectric permittivity at the center of the
water phase as a function of the thickness of the water phase in
water/DCE LLI simulations. The small inset graph shows the parallel
dielectric tensor components in the same situation.

indicate that the water phase has no impact on DCE’s static dielectric

constant. This microscopically indicates that water molecules vibrate

faster than DCE molecules, which results in a varying induced electric

field with frequency that will be averaged out over the time scale

seen by a DCE molecule. Thus DCE molecules never see the constant

displacement field and keep its static field. Given the comparatively

slow vibrations, DCE molecules will have a particular orientation. This

will generate a static electric field in the water phase seen from the

inertial system of a water molecule. The impact of this electric field

on water changes with the distance to the interface, which is large
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at the interface and is decreasing with increasing distance from the

interface further into the water central phase. However to formalize this

spatial dependence of the dielectric permittivity tensor would be tricky

because of the undetermined volume format in terms of the electric field.

Even so, the above analysis is at least a hint for the understanding of

the perpendicular dielectric permittivity profile of heterogeneous LLI

systems.

4.4 Conclusion to Chapter 4

In conclusion, we have presented a methodology to extract the static

dielectric permittivity profile from the correlations between the system’s

dipole moment fluctuations and the local polarization density for

a water/DCE LLI that is nonuniform along the z axis. All these

correlations are calculated from classical MD atomic coordinates. The

novel aspect of our analyses is an appraisal of the difference between

the coordinates based on the coarse grained theoretical framework of an

instantaneous interface and one based on the average Gibbs dividing

interface, which is examined by the molecular density, the dielectric

permittivity profiles and molecular orientation profiles respectively. At

the LLI, occasional penetration of the interfacial molecules into each

other’s phase leads to the interfacial layers roughening and a broadened

interfacial region. This effect of the ”fingering” phenomenon is enough

to smear out any response properties within the vicinity of the interface.

For studies that purport to show the response of physical properties

of moieties (e.g. nanoparticles) embedded in such interfaces, we need

to take the anisotropy between the two liquid phases into account

appropriately. For meaningful statistical analyses of interface effects on

the response properties, they always have to be referenced to the closest

interface and the distance between such interfaces in a simulation needs

to be large enough to reach true bulk behavior.
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4.4. Conclusion to Chapter 4

Our MD simulation results of the water/DCE LLI demonstrate that the

long-range response properties such as the dielectric permittivity tensor

with respect to the instantaneous interfaces having intrinsic responses,

which can not be dealt with through the average Gibbs dividing

interface reference. Referencing to the instantaneous interface, we

obtain an enhanced parallel dielectric permittivity tensor at the interface.

The mechanism behind this overshooting response is the interfacial

molecular orientation. In the vicinity of the water/DCE LLI, molecules

show nonuniform orientation and result in an oriented molecular dipole

density because of the nonuniform molecular environment. We can

conclude that the preference of the molecular arrangements of the two

involved phases of the LLI are consequences of the effect induced by

the charge distributions of the respective molecules in the vicinity of the

interface. This makes the dielectric permittivity tensor not as simple as

the isotropic case. The finding is confirmed experimentally by atomic

force microscopy to measure the interfacial water dielectric permittivity

profile, where the variable permittivity profile suggested a reorientation

of the water molecule dipoles in the presence of the interface.[154]

We expect our observation to extend a clear understanding about the

dielectric behavior of the LLI and may provide detailed insights into

a further theoretical investigation on the mechanism of the important

subject of the dielectric permittivity for the liquid-vapor, solid-liquid or

confined liquid simulations.
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Chapter 5

Summary & Outlook

In conclusion, the work throughout the course of this thesis presents an

example of an effective fitting approach for the derivation of geometric

parameters for a set of important CHCs to reproduce accurate dielectric

constants without sacrificing the well-reproduced properties of the

existing OPLS-AA models. The improvement of the dielectric constants

is achieved due to the fact that the atomic partial charges and thereby

the molecular dipole moments are improved via the RESP approach

based on first-principle computations; systematically improved torsional

potential energy surface cuts for the internal degree of freedom in

the flexible DCE molecules are constructed by adjusting the torsional

potential parameters to match corresponding first-principle calculations

and cross-validated based on rotational conformational distributions

from short MD simulations. For the prototype model molecule 1,2-

DCE, we also develop a polarizable model based on the classical Drude

oscillator model by assigning the polarizability to the carbon atom

site, in order to capture the electronic polarization incurred by a soft

internal degree of freedom explicitly. What should be noted here is

that the development of the 1,2-DCE-DO model gave rise to challenges

concerning the torsional potential coefficients fitting approach. Instead

of a direct first-principles-driven parametrization of the polarizable
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model, a careful modification of the torsion potential coefficients starting

from the NP parametrization proved to be crucial. This allows the

DO model to remedy some problems with correlations among physical

properties observed in the reparametrization of the NP force field.[123]

The efficient and effective force field reparametrization methodology

developed here might be useful in deriving and improving further force

fields for molecules relevant in applications that are sensitive to response

properties.

Using the new reparametrized force field, we analyze the dynamic

properties of the water/1,2DCE liquid liquid interface by molecular

dynamics simulations. We present a relation between the dielectric

permittivity tensor and the correlations between the system’s total

dipole moment and the local polarization fluctuations. The general

description of the dielectric response using the average Gibbs dividing

interface will lose valuable information of the interfacial structure,

hence a striking calculation within the course of this thesis is that

we have established the calculation of this dielectric profile with a

coarse grained theoretical framework of the instantaneous interface.

This approach allows us to eliminate the fluctuations of the interface

location caused by capillary wave thermal fluctuations. This way we

can obtain statistics extracted from MD simulations with significantly

higher accuracy than in previous works based on the usual average

interface. Our computer simulations of the instantaneous LLI show the

parallel dielectric permittivity profile to exhibit large deviations from

bulk behavior in the interfacial region. Via the bivariate distributions of

the molecular orientations in the vicinity of the LLI, we can conclude

that this overshooting response upon approaching the interface owes

partial preferential molecular orientation effects in the vicinity of the

LLI.

As an Outlook, for the perpendicular dielectric permittivity profile,

although we expect it to relate to the interface statistics as much
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the parallel dielectric profile does, our preliminary simulation results

demonstrate that the interface effect is a much more long-range property

than one might think. Apparently it much exceeds the actual thickness

of the interface layers of some tens of nanometers. The systematic

procedure to extract the perpendicular dielectric permittivity profile for

the anisotropic LLI needs to be better established though to validate this

notion. For example, the constant displacement field approximation

is highly questionable for the inhomogenous simulation system that is

nonuniform in the dimension in which the displacement field lies.[33]

Furthermore, from our theoretical modeling point of view, the dielectric

response of the polarized water/1,2-DCE-DO interface would be a

promising topic with our developed polarizable model, such as the

polarization field analysis and dielectric permittivity response property

within this simulation system.
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