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ABSTRACT

MODELING OF LIQUID WATER AND IONIC SOLUTIONS BY

FIRST-PRINCIPLES SIMULATIONS

Jianhang Xu

DOCTOR OF PHILOSOPHY

Temple University, December 2020

Dr. Xifan Wu, Chair

Water is one of the most important materials and has enormous impacts on
life. Due to its delicate Hydrogen bond (H-bond) network, water shows various
anomalous properties which has not been fully illuminated. Advanced experimen-
tal methods, such as scattering experiments and various spectroscopy techniques,
have been developed and applied to study the nature of H-bond in liquid wa-
ter. On the other hand, ab initio molecular dynamics (AIMD) have been widely
adopted as an important theoretical tool to provide microscopic information of
water on a sub-picosecond timescale. Recent AIMD studies based on the strongly
constrained and appropriately normed (SCAN) exchange correlation functional
yield an excellent description of the structural, electronic, and dynamic properties
of liquid water.

In this dissertation, we will focus on studying the structural, electronic and dy-
namic properties of liquid water as well as the modeling of the hydration structures
of ions in aqueous solutions, using AIMD with potential energy surface provided by

the novel SCAN functional. In the first work we represent an accurately predicted



infrared spectrum of liquid water and show how the improvements are connected
to the description of the underlying H-bond network. The second work mainly fo-
cusing on modeling the nuclear quantum effects (NQEs) and isotope effect of liquid
water with a force field model based on artificial neural network, where qualitative
agreements with experimental observations are achieved. In the third work, we
study the isotope effect on the x-ray absorption spectra of liquid and attribute
observed differences to the structural distinctions between light and heavy water
as mentioned in the previous work. And in the last two projects, we systemati-
cally show the necessity of including NQEs of the hydrogen atom when modeling
chloride ionic solution. Prominent changes in the hydration structure as well as

electronic structure can be identified when NQEs are taken into consideration.
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CHAPTER 1

INTRODUCTION

Water is one of the most important materials and has enormous impacts on
life. Despite the simplicity of a three atoms molecule, water shows various anoma-
lous properties in its condensed phases, such as its density maximum at 4 C and
its complex phase diagram, which has not been fully understand. The complexity
of water mostly originates from the delicate Hydrogen bond (H-bond) network.
In this nearly tetrahedral structure, water molecules on neighboring sites are at-
tracted by highly directional H-bonds, which constantly break and reform on the
timescale of picosecond due to thermal fluctuations at ambient conditions. Not
surprisingly, the fundamental understanding of liquid water properties is at the
center of scientific interests. Various advanced experimental methods, such as
scattering experiments and various spectroscopy techniques, have been developed
and applied to study the nature of H-bond in liquid water. On the other hand,
ab initio molecular dynamics (AIMD) has been widely adopted as an important
theoretical tool to provide microscopic information of water on a sub-picosecond

timescale. Recent AIMD studies based on the strongly constrained and appropri-



ately normed (SCAN) exchange correlation functional yield an excellent descrip-
tion of the structural, electronic, and dynamic properties of liquid water. This
provides one a reliable way to model and study various physical properties of the
aqueous systems.

In this dissertation, we will focus on using AIMD with potential energy surface
provided by the novel SCAN functional to study the structural, electronic and dy-
namic properties of liquid water as well as the modeling of the hydration structures
of ions in aqueous solutions. Our results in this dissertation provide one with the
following important views: First, we confirm the reliability of our model by repre-
senting an accurately predicted infrared spectrum of liquid water and connecting
these improvements to the better description of the underlying H-bond network.
Second, we address the importance of quantum effects on the light weighted hy-
drogen atoms by adopting the Feynman path-integral (PI) method. And we show
that a force field model based on artificial neural network is capable to qualita-
tively capture the isotope effect of liquid water compared to neutron scattering
experiments and x-ray absorption experiments. Third, we systematically present
the necessity of including NQEs of the hydrogen atom when modeling chloride
ionic solution. A prominent structural changes can be identified when NQEs are
taken into consideration. Following is the outline of the rest of this dissertation.

In Chapter 2, we present some background knowledge included in this dis-
sertation. First, a brief introduction of density functional theory and AIMD is
given. Second, we provide some necessary information about water molecules and
H-bond network in liquid water. At last, we discuss about the history of modeling

liquid water systems by AIMD.



In Chapter 3, we study the infrared spectrum of water within the canonical
ensemble, based on the liquid structures modeled by AIMD by using maximally
localized Wannier functions as basis. In particular, we employ both Perdew-Burke-
Ernzerhof (PBE) functional within generalized gradient approximation (GGA)
and the state-of-art meta-GGA level approximation provided SCAN functional.
We demonstrate that the SCAN functional improves not only the water structure
but also the theoretical infrared spectrum of water. Our analyses in this chapter
show that the improvement in the stretching and bending bands can be mainly
attributed to the better descriptions of directional H-bonding and the covalency at
the inter- and intra-molecular levels, respectively. On the other hand, the better
agreements in libration and hindered translation bands are due to the improved
dynamics of the H-bond network enabled by a softer liquid structure towards the
experimental direction. Overall, the predicted spectrum by SCAN shows a much
better agreement with experimental data compared to the conventionally widely
adopted PBE functional at the GGA level.

In Chapter 4, we employ Feynman path-integral deep potential molecular dy-
namics (PI-DPMD) calculations to study both light (H,O) and heavy water (D,0)
within the isothermal-isobaric ensemble, where the deep neural network is trained
based on ab initio data obtained from the SCAN exchange-correlation functional.
As the lighter mass of hydrogen than deuteron, the properties of light water are
more influenced by nuclear quantum effect than those of heavy water. We identify
clear isotope effects in terms of hydrogen-bond structure and electronic properties
of water that are closely associated with experimental observables. The molecular

structures of both liquid H,O and D,0O agree well with the data extracted from



scattering experiments. And the delicate isotope effects on radial distribution
functions and angular distribution functions are well reproduced. Our approach
demonstrates that deep neural network combined with SCAN functional based
AIMD provides an accurate theoretical tool for modeling water and its isotope
effects.

In Chapter 5, we study the isotope effects in x-ray absorption spectra of lig-
uid water by a many-body approach within electron-hole excitation theory. The
molecular structures of both light and heavy water are modeled by model as dis-
cussed in previous Chapter. The experimentally observed isotope effect in x-ray
absorption spectra is reproduced semiquantitatively in theory. We show that, as
compared to the spectrum in light water, the blueshifted and less pronounced pre-
and main-edge in heavy water reflect that the heavy water is more structured
at short- and intermediate-range of the hydrogen-bond network. In contrast, the
isotope effect on the spectrum is negligible at post-edge, which is consistent with
the identical long-range ordering in both liquids as observed in the diffraction
experiments.

In Chapter 6, we employ PI-AIMD calculations to probe the nature of solva-
tion of chloride ion in aqueous solution. NQEs are shown to weaken hydrogen
bonding between the chloride anion and the solvation shell of water molecules. As
a consequence, the disruptive effect of the anion on the solvent water structure
is significantly reduced compared to what is found in the absence of NQEs. The
chloride hydration structure obtained from PI-AIMD agrees well with information
extracted from neutron scattering data. In particular, the observed satellite peak

in the hydrogen-chloride-hydrogen triple angular distribution serves as a clear sig-



nature of NQEs. Our results suggest that NQEs are likely to play a crucial role
in determining the structure of saline solutions.

In Chapter 7, we theoretically predict the energetics of a solvated chloride anion
and liquid water based on many-body perturbation theory at the static GoWy level,
where the ionic solution is modeled as discussed in Chapter 6. The electronic
structure results in energetics are in excellent agreement with experiment. In
particular, we find that the good agreement between the computed density of
states and experimental photoelectron spectra is largely due to the NQEs that
effectively weaken the interaction between the Cl- anion and its hydration shells.
This result confirms that NQEs are important in order to accurately predict the

electronic structure of the aqueous solvation of ions of the Hofmeister series.



CHAPTER 2

BACKGROUND

In this first part of this chapter, we give some brief reviews of the theoretical
framework that is utilized throughout this work. Since theory itself is not the
object of this dissertation, only basic concepts will be discussed in this chapter,
without touching the complex mathematical derivation of these theorem. In the
second part, we give some introduction about properties of water molecules and
liquid water as well as a brief overview of modeling liquid water with ab inito

molecular dynamics.

2.1 Theoretical background

2.1.1 Born-Oppenheimer approximation

Systems of man-body condensed matter physics usually contain a combination
of both nuclei and electrons. In principle, one can describe the status of the system

with a combined Hamiltonian for Ng electrons and Ny nuclei,

~

H = [T + Te + Uee(¥) + Unn(R) + Uenl: (2.1)



The Born-Oppenheimer (BO) approximation recognizes the large mass difference
between the nuclear and electron, including the difference in the time scale of
nuclear motions and electronic motions. The BO approximation rationalizes the
approach which treats the electrons and nuclei part separately , where the former
instantly follow the movement of the latter [Born and Oppenheimer, 1927]. Math-
ematically, the BO process can be simplified as an expression of the total wave

function as the product of electronic term and nuclear term,
U(f;R;t) e(F;R) n(R;1); (2.2)

where ,(R;t) is the nuclear wave function, o(¥; R) is the electronic wave function
that depends on the nuclear positions, and the cross terms are ignored. As a result,

the static electronic Schrodinger’s equation

~

He e(F; R) = Ee e(F; R) (2.3)
and the Schrodinger’s equation for the nuclear motion (time dependent)
: im0 .

can be treated and solved separately. Note that the BO approximation stands

well in our target system, that is liquid water.

2.1.2 The Hohenberg-Kohn theorem

In order to solve for physical properties, such as total energy and band gap, of a
N-electron system, the most intuitions way is to utilize the Schrodinger’s equation
with N-electron wave function (Fp;Fp;::l; Fy). However, since all electrons are

coupled with each other, one can only get analytical solutions for the simplest



systems. As number of electrons N increases, the computational cost increase
exponentially. It is almost impossible to solve a system with a large N. To address
this issue, Thomas and Fermi independently bring out a model that assumes that
the total energy of a given system can be described as a function of the electron

density in the late 1920s, which takes the form:

E(n(r)) = T(n) + Uen () + Uee(N)
VA Z i L (2.5)

=C« n(pide+ eV (F)dr+ % ”jf)—”gj())drdﬁ
Due to the fact that such model ignores Pauli exclusion principle and the cor-
relation between electrons, the Thomas-Fermi theory is very limited in accuracy.
This method only works fine for simple metals and has been shown to give poor
predictions in atomic and molecular systems.

Inspired by Thomas-Fermi theory, Thomas-Fermi theory, Hohenberg and Kohn
brought up and proved two fundamental theorems in 1964 [Hohenberg and Kohn,
1964], which later became the cornerstone of the density functional theory (DFT)
[Sholl and Steckel, 2009]. The first theorem states that: The ground-state en-
ergy from Schrodinger’s equation is a unique functional of the electron density
Nn(¥). This theorem indicates a one-to-one correspondence between the ground-
state wave functions and the ground-state election density. That is to say, all
properties of a N-electron system, including but not limited to energy wave func-
tions, can be uniquely determined by the ground-state electron density through a
functional. The second theorem is: The electron density that minimizes the energy

of the universal functional F[n] is the true electron density corresponding to the

full solution of the Schrodinger equation. Based on this theorem, the energy of the



N-electrons system can be written as,

z ZZ

E[n)= v(f)n(r)dr + E

n(F)n(¥’)
2 jF fj

0 .
7 dedf’ + F[n]: (2.6)

If the exact form of the universal functional is known, one can solve for the ground-
state of any given N-electrons system by the minimization of the energy functional
of the three-dimensional density function E[n] throughout variational method un-
der the restriction N[n] " n(f)dfr = N. Unfortunately, these two theorems do

not explicitly give the form of universal functional F[n].

2.1.3 The Kohn-Sham equation

Soon after the publication of the Hohenberg-Kohn theorem, Kohn and Sham
proposed an approximation for the universal functional of the density [KKohn and

Sham, 1965]. They expressed the universal functional as
F[n]  Ts[n] + Ex[n]; (2.7)

where Ts[n] is the kinetic energy of a fictitious system of non-interacting electrons
with electron density n(¥) and Exc[n] is the exchange-correlation energy of an in-
teracting system with density n(f). The expression to approximate the exchange-
correlation energy is another important topic in DFT and will be discussed later
in section 2.1.4.
By the Kohn-Sham method, one can find the exact ground-state energy Exs[Nn(¥)]

as a function of the electron density of a fictitious system. The system includes N
non-interacting electrons who see an effective potential Vegs(¥) and have the same

density N(¥) as the real interactive electrons’. The ground-state energy takes the
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form:

YA
Exs[n] =  d®rv(F)n(¥) + U[n] + Ts[n] + Exc[n]; (2.8)

where V(¥) is the external potential of nuclei, U[n] is the Hartree electron interact

energy:

1 z z n(¥)n(¥)
Un=- dr dr——"rn=S (2.9)
2 it T
Ts[n] is non-interacting Kinetic energy:
1 > 3 1 o
Ts[n] = 3 d°r L(F)( ir ) a(¥); (2.10)

=1
and Eyc[n] is the approximated exchange-correlation energy . The electron density

is defined by:

(2.11)

where (Fp; Kp; i1 By ) is the wave function of the real electrons and ~ (¥) are wave
functions of the fictitious non-interacting electrons.
In order to obtain N(¥), one can address the non-interacting orbitals () first,

by solving the one-particle Schrodinger equation like Kohn-Sham equation:

[P Vere(F)] aF) = a alF) (212
where
Vers (F) = V(F) + Vi (F) + Vxe([N]; F) (2.13)

The first term of Veeg(¥) is the external ionic potential,

XX Z
V(F) = R (2.14)
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that defines the interaction between electrons and the atomic nuclei. The second

term is the Hartree potential

Vh(F) = nle) d3rj:(1c;j; (2.15)

which describes the Coulomb repulsion between electrons. As the electron den-
sity is calculated based on all electrons, this term will lead to a self-interaction
where the electron will have Coulomb interactions with itself. This nonphysical
interaction and other energy shift due to the non-interacting electron approach
can be corrected by a proper model of the last potential term Vy.. It defines the
exchange-correlation contributions the chemical potential of the fictitious single

electron system, and can be calculated based on the functional derivation of Eyg,

Exc .
n(r)

(2.16)

Vxe =

It is worth mentioning that the eigenvalues 5 and eigenstates ,(¥) of the Kohn-
Sham equation are constructed mathematically. In principle, the physical mean-
ings of 5 and a(f) are not well defined. The sum of the Kohn-Sham eigenvalues
should not be directly treated as the total energy of the system.

With the Kohn-Sham equation, one can solve a N-electron system self-consistently.

The self-consistent iteration to solve a system can be summarized as follows:

i) Begin with an initial guess for the single electron wave functions.

ii) Use equation 2.11 to calculate the electron density n(¥) based on the single

electron wave functions.

iii) Use equation 2.13 to calculate the KS potential Veee([N]; ¥) from n(¥).

iv) Solve the KS equation 2.12 and get the single electron wave functions  (¥).
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v) Check the convergence. If the preset convergence threshold is achieved, then

stop. Otherwise, go back to step ii and repeat.

vi) Calculate physical properties with the obtained wave functions, such as posi-

tion, nuclear motion, or classical force F = (f?E

2.1.4 Exchange-correlation functionals

So far, we have demonstrated an outline of solving a N-electron system with
the Kohn-Sham method. To solve the Kohn-Sham equations, one need the specific
the form of the exchange-correlation function Ey.. However, the exact definition of
Eyc still remains unknown. In the following content, we will show some commonly

used approximations of Ey. in DFT.

Local Density Approximation (LDA)

Along with the Kohn-Sham equation, Kohn-Sham proposed an approximation
of treating the Exc(¥) [Kohn and Sham, 1965]. For a inhomogeneous system,
where n(¥) varies slowly, one can treat the local exchange-correlation potential
as the exchange-correlation potential in homogeneous electron gas with the same
electron density. With this approximation the exchange-correlation energy can be
written as

Z
Exc[n] =  n(¥) x[n(¥)]dF; (2.17)

where y[N(¥)] is the exchange-correlation energy per electron of a uniform electron
gas with density n. Furthermore, one can always treat the exchange term and

correlation term independently c[n(¥)] = x[N(¥)]+ ¢[N(¥)]. As uniform electron
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gas is a well studied system [Dirac, 1930], its exchange term can be described as
)ins: (2.18)
The correlation term, however, needs to be carefully treated to amend the afore-
mentioned self interaction error. And the analytical form of correlation term was
proposed by Perdew and Zunger in the 1980s [Perdew and Zunger, 1981].

With the local density approximation, the variation of the exchange-correlation

energy can be written as
n
Zx Ulide n; (2.19)

and the correspond exchange-correlation potential is

LDA

wPAR] = L] +ne 1 (220

which can be used in the self-consistent iteration of solving the Kohn-Sham equa-

tion.

Generalized gradient approximation (GGA)

For systems, where electron density varies fast in space, the LDA will not stand.
A natural thought is to include higher order terms of electron density to capture
the fast variation of the exchange-correlation energy. Similar to LDA, GGA models
the local exchange-correlation energy as a function of the local electron density

N(¥) as well as the gradient of local electron density ¥rn(f),
YA
Exc[N] = n(¥) xc[n(F); rn(r)|dr: (2.21)

Moreover, the dependence of density gradient ¥n(¥) is often achieved by adding

a enhancement factor Fxc based on the LDA, that is
z
Exc[n] = n(¥) LPAN(E)Fxc[n(¥); rn(e)]de: (2.22)
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Intensive studies have been focusing on the field which leads to a wide pool of
existing GGA functionals, such as the BLYP [Becke, 1988; Lee et al., 1988] and
the PBE [Perdew et al., 1996a, 1997] functional. During last decades, the GGA
level functionals is the most widely adopted exchange-correlation functionals and

have been used in the modeling of varieties of systems.

meta GGA

Following the similar approach, higher accuracy in modeling exchange-correlation
energy can be achieved by taking more density related information into account
as a variable of 4. By adding second order gradient An and (or) orbitial kinetic
energy densities = jr ij?, one can obtain higher level meta-GGAs exchange-
correlation functionals, such as the TPSS [Tao et al., 2003] and SCAN [Sun et al.,

2015] functional, where

Exc[n] = n(¥) x[n(¥); rn(x); An; |dr: (2.23)

As will be shown later, SCAN functional has a great performance in capturing
covalent bond, hydrogen-bond, as well as including inter-medium range dispersion
[Sun et al., 2016]. As a result, we adopt the SCAN functional in most of the

studies in this dissertation.

Hybrid functional

Based on the “adiabatic connection” formula, that “connect” the non-interacting
Kohn-Sham system to the interacting real physical system, Becke showed the gen-
eral frame work of the hybrid theory [Becke, 1993b]. Generally, hybrid functional

takes the form of mixing exchange energy from Hatree-Fock (HF') theory [Hartree
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and Hartree, 1935] and exchange-correlation energy from DFT,
ERY =EQFT +ao(EFF  EDPFT): (2.24)

Particularly, in the case of PBEO [Perdew et al., 1996b], a 25% mixing rate is
adopted. The study shows that the hybrid functionals PBEO improves the accu-
racy of predicting molecular properties like binding energy. Furthermore, as the
exact exchange energy is expressed as a function of Kohn-Sham orbitals instead
of the electron density, the calculation of hybrid functionals tends to increase the

calculation burden by a considerable amount.

2.1.5 Ab initio molecular dynamics

Under the framework of BO approximation, one would investigate movements
of nuclei after obtaining proper treatments of the static electronic system. In this
section, we will focus on modeling the dynamics of nuclei with the instantaneous

ground state of electronic captured by DFT [Tuckerman, 2002].

Classical nuclei approximation

Recall from equation 2.1 and 2.4, the motions of nuclei on the ground electronic

surface are described by

[Tn+ Unn + Ee] n(R;1) = ih% A(R; 1) (2.25)

Due to the large mass, the wave function of the nuclei tends to be very localized
in real-space. As a result, the nuclei are usually treated as classical particles by

taking the form

n(R;t) = A(R; t)e!SRO=: (2.26)
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This will result in the classical Hamiltonian-Jacobi equation

Do p|2

s

T (2.27)

I
The equation of motion can be calculated by

-7

Ri
According to the Hellman-Feynman theorem [Feynman, 1939], the second term in

the lower equation can be expressed based on the ground state of electronic wave

functions as

NE«(R) =h (R)jriH:(R)j «(R)I; (2.28)

which can be calculated on the fly by adopting the DFT approach. In practical
applications, Verlet algorithm [Verlet, 1967]

At?
Ri(t+ At) = 2R (t) + Ry (t  At) + M—IF. (2.29)

is often adopted to propagate the nuclear coordinates with error on the order of
A4,

With the aforementioned approach, one can solve the time-dependent Schrodinger
equation of physical system of the Ng electron and Ny, nuclei within the BO scheme.
First, one can calculate the ground state electronic structure for the initial nuclear
coordinates with DFT. Then, the nuclear coordinates can be updated by the Verlet
algorithm. And one can follow the above two processes to study the time evolu-
tion of the whole system. Such algorithm is known as the Born-Oppenheimer
molecular dynamics (BOMD). As BOMD requires updating the ground state of
electronic structures for each molecular step, it is a very computational cost con-

suming method.
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Car-Parrinello (CP) algorithm

To reduce the requirement of computational cost, one can use the unified Car-
Parrinello approach to propagate the electronic and nuclear degrees of freedom at
the same time [Car and Parrinello, 1985]. This is accomplished by introducing
a fictitious dynamics for electrons via defining orbital ‘velocities’ ; and a ficti-
tious electron ‘mass’ parameter . The fictitious orbital ‘kinetic energy’ can be
expressed as

Torbital = hij il (2.30)

i
The orbital movements can be adding into a extended dynamical system with the
Lagrangian

>x< .. 1 X . >

L= h ij ii+5 MiR? Ee[ ;R] Unn(R)+  Ay(h3j ji ) (2.31)
i | ij

where Ajj is a set of Lagrange multipliers to ensure the orthonormal condition

of CP orbitals and h jj j1 = jj is satisfied as a constraint along the trajectory.

Based on the Euler-Lagrange equation, the equations of motion of the extended

system can be expressed as

MiR? = 1E[ :R]

0E[ ;R]
h ij

(2.32)
jii= + Ajjj i
where E[ ;R] = Unn(R) + E¢| ; R], which can be used to calculate the dynamics
of the system. The above discussions give a brief picture of the CP algorithm.
We stop the discussion here without providing further details. Although the CP

approach remains influential, calculations based on BOMD are now widely used,

due to the growth of the computational power in recent years.
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Path integral (PI) method

For the systems with light nuclei, such as hydrogen atoms, it might be necessary
to address the quantum motion of the light nuclei. This can be addressed by the
Feynman path integral method [Feynman and Hibbs, 1965]. The general idea of PI
method is to replace the quantum partition function of distinguishable particles
with a classical partition function [Ceriotti et al., 2010b, 2016]. For simplicity,
we take the canonical ensemble as an example. In the canonical ensemble the

partition function can be written as
VA
Z = dRhRje PjRi: (2.33)
For any given value of n, one can re-express the partition function by
VA
1= Y I P
Z=— dRihRije "JRI; (2.34)
L}
where = =n. Even though this expression is exact, one need to approximate the
quantum Hamiltonian H in practical applications. At any given approximation of
H, the computed quantum value will converge in the limit when tau ¥ 0.
The most commonly used approximation is based on the second-order Trotter

expansion

0); (2.35)

with the error of order 2. Such approximation leads to a classical Hamiltonian
of N copies of the system, where the corresponding atoms are connected with
harmonic spring, which is also known as ‘ring polymer‘. The Hamiltonian of the

Jth copies is expressed as

Hj(R;P) = UP(R;P) + U(R; P); (2.36)
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where

Dol Pi2 1 . .
U(RP) =" (G, MR RE ) (237)

is the Hamiltonian of an harmonic oscillator with ! = 1= h, and U(R;P) is the
external potential felt by nuclei. This enables one to sample the quantum partition
function with a classical manner with molecular dynamics (PIMD).

Similar algorithms as used in the classical nuclei approximation, such as Ring
polymer molecular dynamics (RPMD) [Craig and Manolopoulos, 2004; Habershon
et al., 2013] and centriod dynamics (CMD) [Cao and Voth, 1994; Jang and Voth,
1999] , can be adopted to model the time evolution of the system. For most
of work in this dissertation, we adopt the RPMD approach. With RPMD, one
splits the Hamiltonian into a free ring polymer part and a external potential part
as shown in equation 2.36. Because the time evolution of the first part can be
easily done with the normal mode representation of the harmonic oscillator, it
is a natural thought to propagate the two parts separately. The procedure of
RPMD can be describe as follows: First, one propagates the system under the
influence of the external Hamiltonian for At=2 interval. Second, one transforms
the system from bead representation to the normal mode representation by a
orthogonal transformation. Third, one calculates the exact time evolution of the
system for At under the ring polymer Hamiltonian. Fourth, one transforms the
system back to bead representation. Fifth, one propagates the system under the

influence of the external Hamiltonian for another At=2 interval.
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Thermostats

In the above discussions, we propagate the system without energy exchanges,
that is the microcanonical ensemble, where the number of particles N, the volume
V and the total energy are constant (NVE). On one hand, one may want to
compare the MD result with experimental observations, which typically occurs
with a constant temperature T in the canonical ensemble (NVT) or even with a
constant pressure in the isothermal-isobaric ensemble (NpT). On the other hand,
one expects to accelerate the exploration of the possible configurations in the phase
space without bias during the MD simulation. The above issue can be addressed
by applying thermostats during MD. One of the most wide adopted thermostats
is proposed by Nose and hoover [Nosé, 1984; Hoover, 1985]. In Nose’s work, the
model of time evolution in NVT ensemble are achieved by construct a extended
Hamiltonian including a time-scale variable S, its conjugate momentum ps and a

fictitious mass Q,

X< p? p2
S .
M, 82 + 20 + gkTlns: (2.38)

H = () +

Nose have proved that this microcanonical distribution with the augmented set
of variable is equivalent to describe variables Q;p=s in the canonical ensemble
[Nosé, 1984]. Hoover updated the concept by defining the thermodynamic friction
coefficient ps=Q and redefining p Mg [Hoover, 1985], then equations of

motion of the system can be expressed as

p=F p (2.39)
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where F is the external force and X is the degrees of freedom of the system. Noting
that Hoover also showed that by introducing the reduce coordinates X =V %,
the ‘external pressure’ Peyxt and the relaxation time , the method applied to

describing the isothermal-isobaric ensemble for D dimensional system.

2.2 Water in liquid phase

In the previous section, we have shown an introduction to the theoretical back-
ground of this dissertation. Next, we will briefly introduce the target system:

liquid water to the reader.

2.2.1 Properties of liquid water

Water molecule

Bonding pair Lone pair

A A R

104.5° +
Figure 2.1: Atoms and electron pairs of a water molecule

The atomic composition of water was first established thorough the experi-
ments of Cavendish and Lavoisier in the 1780s. Since then, extensive studies have
been done/worked on analysis structural, energetic information of water molecules
[Eisenberg and Kauzmann, 2005]. Nowadays, one knows that water molecule is
a polarized molecules consist of 2 hydrogen atoms and 1 oxygen atoms with 2

covalent bonds as shown in Figure 2.1. It is symmetric with two mirror planes
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and a 2-fold rotation axis (point group Ca,) Also, it has 4 valence electron pairs.
Two of them locate along the covalent bond between the hydrogen and oxygen
atom, which are bonding pairs. The other two, that locate at the opposite side of

oxygen atom, are called the lone pairs.

Hydrogen bond

Despite its simple structure as a three-atom molecule, water is of great com-
plexity in its condensed phase, where the electropositive site near hydrogen atom
and the electronegative site close to oxygen atom tend to attract each other and
forms hydrogen bond (H-bond), whose energy is around 10 kJ/mol, about one

order weaker then the covalent bond.

Figure 2.2: Schematic diagram for tetrahedral structure of H-bond. Figure is ex-
tracted online from http://wwwl.Isbu.ac.uk/water/water_hydrogen_bonding.html

Typically, in hexagonal ice, each water molecule both donate (where its hy-
drogen atom point to oxygen atom in other water molecule) and accept (where
its oxygen atom is pointed by hydrogen atom in other water molecule ) two H-

bonds. These H-bonds forms tetrahedral structures as show in Figure 2.2. In the
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case of liquid water, these H-bonds constantly breaks and reform under thermal
fluctuations at the time scale of picoseconds [Zhang et al., 2011a]. With a frac-
tion of water molecules have broken H-bonds, liquid water tends to form a more
disordered structures. Some of the weakened H-bonded water molecules are able
to occupied the interstitial region of the tetrahedral network, which increase the

density of liquid water as compared to ice.

Structural parameters

To capture and describe characteristics of the disordered structure of liquid
water, various of structural parameters have been used. H-bond statistics, such
as the averaged donate (accept) H-bond numbers of a water molecule, are often
used to evaluate the strength of H-bond [Chen et al., 2017; Zheng et al., 2018|.
Tetrahedral order parameters [Chau and Hardwick, 1998|, defined by angles (or

distance) between a water molecule and its four nearest neighbors

3 X X 1,
Oangle = 39 (cos ij + g)
i=1 j=k+1 (2.40)
qdlstance — 3 4?2 ’

i=1
are often used to probe the local disorders of the H-bond network. Other local

order parameters such as local structure index LSI, local density , triple oxy-
gen angular distributions Pooo( )[Duboué-Dijon and Laage, 2015] are also widely
adopted in the field.

The overall structures of liquid water are often modeled by the radial distri-
bution functions (RDF), which is defined by the probability of finding a particle

particle pair AB with relation ¥ as shown in Figure 2.3 (a),

o dPAB<1‘) .
Oas(f) =V — (2.41)
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Figure 2.3: (a) Schematic diagram for the definition of radial distribution func-
tions. (b) Example of O-O radial distribution functions

The angular contributions of RDF are often integrated out due to its isotropic
property in liquid water. As a result, in ab initio molecular dynamic studies,

RDFs of liquid water are often evaluated by

1 dnAB(r)_
4 r2 dr ’

9as(r) = (2.42)

where Nag is the averaged number within r and r 4+ dr, is the overall density.
Furthermore, RDF can be evaluated through structure factor S(q), which is an ob-
servable from scattering experiments. Figure 2.3 (b) shows a comparison between
the O-O RDFs either calculated from ab initio molecular dynamic simulations or
derived from scattering experiment [Skinner et al., 2013]. Noting that the value of
g(r) indicates the correlation between given atom pairs. A homogeneous system

will have g(r) = 1.

2.2.2 Modeling of liquid water

Liquid water as one of the most important chemical substances on earth has
significant impacts on various chemical and biological processes [Franks, 2007; Ball,
2008; Bellissent-Funel et al., 2016]. Fundamental experimental and theoretical

studies on the structure of water have been at the center of scientific interests for
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decades [Stillinger, 1980; Luzar and Chandler, 1996; Fecko et al., 2003; Pettersson
et al., 2016; Nilsson and Pettersson, 2015; Thamer et al., 2015; Kim et al., 2017;
Chen et al., 2018; Soper, 2019].

In experiment, various advanced techniques, such as x-ray and neutron diffrac-
tion [Soper, 2013; Skinner et al., 2013], infrared and Raman spectroscopy [Brubach
et al., 2005; Auer et al., 2007], x-ray absorption and photoemission spectroscopy
[Fransson et al., 2016; Winter and Faubel, 2006], have been employed to study
liquid water. X-ray and neutron diffraction experiments are widely adopted to
probe the time-averaged structural information of liquid water. Combined with
post-processing techniques, such as the empirical potential structure refinement
(EPSR) method [Soper, 2001, 2005], the diffraction cross section data can be
converted to commonly used structural properties, i.e. the radial distribution
functions (RDFs) and angular distribution functions (ADFs). The infrared and
Raman spectroscopy are used to probe vibration modes and dynamics of water
[Brubach et al., 2005; Auer et al., 2007]. Whereas the x-ray absorption and pho-
toemission spectroscopy provide electronic structure information, which is directly
related to local bonding configurations at molecular scale [Fransson et al., 2016;
Winter and Faubel, 2006]. However, the interpretation of experimental results in
terms of structure is not straightforward and may induce artificial errors [Ceriotti
et al., 2016], making ab initio molecular dynamics (AIMD) [Car and Parrinello,
1985] simulation an important theoretical tool to provide microscopic structural
information of water on a sub-picosecond time scale. In AIMD, the forces acting
on atoms are generated “on the fly” by the instantaneous first-principle based elec-

tronic ground state of the atomic structure without any empirical input. AIMD
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can be used to predict structural, electronic, and dynamic properties of a given
system at certain thermodynamic conditions. Since the early simulation of water
in the 1990s [Laasonen et al., 1992; Tuckerman et al., 1995], AIMD has become
an ideal approach to explore various chemical and biological aqueous systems.

In AIMD simulations, density functional theory (DFT) [Hohenberg and Kohn,
1964; Kohn and Sham, 1965] is adopted to calculate the potential energy surface
(PES) at each time step due to a reasonable balance between accuracy and compu-
tational cost. Even though DFT is an exact theory in principle, the practical form
of exchange-correlation (XC) functional requires approximations. Different levels
of approximations for the XC term have been developed to increase the predictive
power of DFT, including the local density approximation (LDA), generalized gra-
dient approximation (GGA), meta-GGA, and hybrid functionals [Perdew, 2001].
Early studies on water clusters [Laasonen et al., 1992, 1993a] showed that the
LDA approximation overestimates H-bond strengths and leads to excessive short
distances between water molecules. The widely adopted GGA-level XC function-
als, such as Perdew-Burke-Ernzerhof (PBE) [Perdew et al., 1996a,a], improve the
structure of water, but still yield discrepancies with experimental observations
[Gillan et al., 2016]. The remaining problems of GGA functionals can be sum-
marized in two key points. For one, conventional XC functionals at the GGA
level do not capture intermediate- and long-range non-local van der Waals (vdW)
interactions [Hermann et al., 2017], which have been proved to be crucial for the
correct prediction of water density [Gaiduk et al., 2015]. Secondly, the well-known
self-interaction error [Perdew and Zunger, 1981] of GGA functionals leads to the

delocalization of protons in liquid water, which increases the stiffness of H-bond ar-
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tificially. The above drawbacks can be largely compensated by mixing a fraction of
the exact exchange and adding vdW corrections [Miceli et al., 2015; Wiktor et al.,
2017]. For example, studies adopting PBE0O hybrid functional and Tkatchenko
Scheffler [Tkatchenko and Scheffler, 2009] dispersion corrections (PBE0+TS) have
shown improved covalent bond vibration frequencies and less overstructured RDF
and ADF distributions [DiStasio et al., 2014; Ko et al., 2019]. However, the ap-
plication of such AIMD method depends semi-empirical treatments of vdW cor-
rections and the hybrid functional requires a significant amount of computational
cost. The strongly constrained and appropriately normed (SCAN) meta-GGA
functional [Sun et al., 2015], which satisfies all 17 known exact constraints on the
semilocal XC functional and includes intermediate-range vdW interactions, is a vi-
able option to address the above issues. Recent works have proved that the SCAN
functional provides accurate descriptions of O-H covalent bond and H-bonding
strength as well as dynamical properties in water clusters, liquid water, and ice
with the level of accuracy comparable to vdW inclusive hybrid functional [Sun
et al., 2016; Chen et al., 2017; Zheng et al., 2018; Xu et al., 2019; Sharkas et al.,
2020]. Moreover the computational cost of SCAN functional is marginally higher
than GGA but about an order of magnitude less than hybrid functionals when

applied to condensed phases [Furness et al., 2020].
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CHAPTER 3

INFRARED SPECTRUM OF

LIQUID WATER

3.1 Introduction

As stated in the introduction, advanced experimental methods, such as scat-
tering [Soper, 2013; Skinner et al., 2013] and spectroscopy [Fransson et al., 2016]
techniques, have been developed and applied to detect the nature of H-bond in
water. In particular, the infrared (IR) spectroscopy provides a unique probe, in
which both molecular configuration and its dynamics dielectric response can be
inferred from the measured spectra [Brubach et al., 2005; Auer et al., 2007]. In
the IR spectrum, four main spectral features have been identified in experiments.
Located in the relatively higher frequency range, the stretching and the bending
bands can be traced back to the molecular vibrations in water vapor, which are
strongly modified due to the presence of H-bond network in condensed phase. On

the other hand, the libration and the hindered translational bands with lower fre-
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quencies originate from the collective motion of water molecules in the H-bonded
network. Therefore, such vibrations have no counterparts in a single molecule.

Ab initio molecular dynamics (AIMD) simulation provides an ideal theoretical
framework to study the IR spectra in water from first principles [Car and Par-
rinello, 1985]. In AIMD simulations, water structures can be modeled by AIMD
trajectories at finite temperatures, in which the forces acting on nuclei are ob-
tained by the electronic ground state determined by the density functional theory
(DFT) [Hohenberg and Kohn, 1964; Kohn and Sham, 1965]. The direct calcu-
lation of IR spectrum is allowed by the advent of modern theory of polarization
given by the Berry phase formulation for extended systems [King-Smith and Van-
derbilt, 1993]. The detailed dynamics dipolar correlation and its dependence on
the H-bond network were further revealed later [Sharma et al., 2005], The above
were facilitated by a rigorous decomposition of overall polarization onto the elec-
tric dipoles belonging to individual water molecules based on maximally-localized
Wannier functions (MLWFs) [Marzari et al., 2012].

Despite the above progress, difficulties remain when the computed IR is com-
pared with available experiments. It is recognized that the accuracy of the pre-
dicted water structure depends on the level of adopted exchange-correlation func-
tional in DFT. For the simulations of water, the GGA [Perdew et al., 1996a] is
widely applied. However, the GGA functional significantly overestimates the H-
bonding strength as well as the polarizability of water, which is evidenced by the
large red shift (200 cm !) [Sharma et al., 2005; Chen et al., 2008] of the com-
puted stretching band compared to the experimental data. The above deficiency

is partially due to the inherited self-interaction error. As a result, one electron
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state applies a spurious electrostatic interaction on itself [Perdew and Zunger,
1981]. By mixing a fraction of exact exchange, recent simulations showed that the
underestimated stretching band in IR spectra of water can be largely improved
by the PBEO-based AIMD simulation [Zhang et al., 2011a]. However, the applica-
tion of hybrid DFT based AIMD demands significantly increased computational
cost. Due to this reason, the available AIMD trajectories were relatively short,
and the statistics was limited. Moreover, all the conventional functional approxi-
mations at the GGA level lack the description of long-range van der Waals (vdW)
interactions. The long-range vdW is the key physical factor behind the larger
mass density of water than that of ice [Zhang et al., 2011b; Chen et al., 2017].
Even in the canonical (NVT) ensemble, where the density of water is fixed to the
experimental value at ambient conditions, the vdW inclusive AIMD simulation
was found to have large effects on the water structure, which can be seen by the
enhanced population of water molecules in the interstitial region [Schmidt et al.,
2009b; Hermann et al., 2017]. It is accepted that the long-range vdW interaction
has relatively small effect on the directional H-bonding. However, water molecules
in the interstitial region are expected to be weakly bonded or non-bonded. So far,
it is unclear whether or not the increased fluctuation of water molecules in the
interstitial region will affect the overall IR spectra in a nontrivial way. Clearly, an
improved modeling of the water structure and its dynamics via the DFT approach
is prerequisite to answer the above questions.

To address the above issues, we compute the IR spectrum of water from a
systematically improved modeling of liquid water by the SCAN [Sun et al., 2015]

meta-GGA functional. The IR spectrum computed from the conventional PBE-
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GGA [Perdew et al., 1996a] AIMD trajectory is also presented here for compar-
ison. By satisfying all the seventeen known exact constraints on the semi-local
functional, the recently developed SCAN functional presented a greatly improved
description in both covalency in water cluster [Sun et al., 2016] and H-bond net-
work in liquid water and ice [Chen et al., 2017; Zheng et al., 2018]. Consistently,
our computed IR spectrum based on SCAN-AIMD shows a significant improve-
ment over the entire spectral range compared to the spectrum generated from
conventional PBE-GGA functional. The red frequency shift and overestimated
amplitude of the stretching band obtained with the PBE-GGA functional are
largely corrected by the improved directional H-bonding strength. By using the
MLWFs as basis, the increased population of water molecules in the interstitial
region is found to be anticorrelated which partially contributes to the decreased
spectral amplitude towards the measured IR spectrum. The better agreement of
the bending band frequency can be mainly attributed to the improved description
of covalency of water molecules. On the other hand, the blue shift of the libration
modes towards the experimental direction is correlated to the improved prediction

of dynamical property in water.

3.2 Methods to compute infrared spectra in lig-

uid water

We computed the IR spectra of liquid water based on trajectories from Car-
Parrinello molecular dynamics [Car and Parrinello, 1985] using the Quantum

Espresso package [Giannozzi et al., 2017]. The PBE and SCAN exchange-correlation
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functionals were used. Norm-conserving pseudopotentials [Hamann, 2013] were
adopted with an energy cutoff of 85 Ry. All simulations were carried out in a
periodically cubic box with side lengths of 23.57 Bohr (12:47 A), and 64 D,0O
molecules were included in the box. The time step was set to 2 a.u. ( 0.048
fs), with electron mass as 100 a.u.. The temperature was set to 330 K and the
Nosé-Hoover thermostat [Nosé, 1984; Hoover, 1985] was adopted with the canon-
ical ensemble. All simulations were run for more than 50 ps. In addition, we
carried out ground-state DFT calculations for water monomer in a cubic box with
cell lengths being 30 Bohr (15.88 A), using both SCAN and PBE with an energy
cutoff of 250 Ry, to calculate the vibrational frequencies.

The IR spectra of liquid water are computed based on the IR absorption rate
in terms of the total dipole moment (dipole approximation). The formula [Mc-
Quarrie, 2000] is derived using the Fermi’s golden rule and Poynting vector with a
classical approach [Bader and Berne, 1994] applied, where we treat the quantum

time correlation function classically:

2 !ZZ +1
3cV 1

dte "™hM (0)M (t)i (3.1)

where (1) is the light absorption coefficient per unit depth as a funcition of the
frequency ¥, n(1) is the refractive index, = (kgT) ! with kg and T being the
Boltzmann factor and temperature, respectively. The total dipole moment M in
the simulation cell is computed via the formula: in:l i, where the molecular
dipole moment of the ith water molecule ; can be calculated via the position of
nuclei and corresponding Wannier centers. Furthermore, we adopted a gaussian
window [Harris, 1978] in the form of e =2 2 with = 0:5 ps, when the discrete

Fourier transform in Eq. 3.1 is performed.
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3.3 Simulated infrared spectra

Figure 3.1: IR spectra of liquid water obtained from AIMD simulations in the
NVT ensembles. The experimental data [Max and Chapados, 2009] are at room
temperature. Labels 1, |, g, and s correspond to translation, libration, DOD
bending, and OD stretching peaks, respectively.

As shown in Figure 3.1, we present the theoretical IR spectra generated by
SCAN-AIMD and PBE-AIMD trajectories. For comparison, the experimental
spectrum is also shown. Four main dipole correlated vibrational bands can be
identi ed in Figure 3.1, whose characteristics belong to the hindered transla-
tion (T), libration (L), deuterium-oxygen-deuterium (DOD) bending (B), and the
oxygen-deuterium (OD) stretching (S) modes with increasing frequencies. The
IR spectrum computed from SCAN-AIMD shows a signi cantly improved accu-
racy comparable to that computed with the hybrid DFT functional [Zhang et al.,
2011a], in which the better agreement with the experiment can be seen in both
the spectral positions and spectral shape. The peaks of the above four bands,
calculated by SCAN-AIMD, are centered at =172 (186) cm !, [ =483 (486)
cm !, §=1207 (1209) cm?, $=2448 (2498) cm!. In comparison, the same

bands obtained from PBE-AIMD are predicted to be centered at+=207 (186)

cm !, =572 (486) cm !, 5=1174 (1209) cm?!, and $=2233 (2498) cm?! re-
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spectively. In the above, the values presented in the parenthesis are taken from
experiment [Max and Chapados, 2009]. In particular, the improvement by SCAN
in the positions of the liberation and stretching modes is signi cant, which can
be seen by the frequency shift of 100 and 200 cm ! respectively. At the same
time, the spectral shape is also largely improved towards the experimental direc-
tion as clearly evidenced by the reduced intensity in the stretching band over 30%,

which is severely overestimated at the PBE level.

3.3.1 Stretching modes

The OD stretching band originates from the molecular vibrations in water va-
por (gas) phase. Based on the £ point group symmetry of water monomer,
these vibrations can be further categorized as symmetric and anti-symmetric
eigen modes with a slightly higher frequency of the later in experiments. Un-
der the development of stretching modes, the covalent bond is elongated with a
tendency towards dissociation, which also directly modi es the electric dipole of
water molecules. Not surprisingly, the stretching band in the IR spectra not only
locates at the highest frequency range but also has the most prominent spectral
intensity among the four IR spectral features. At the PBE level, the frequencies of

both symmetric and anti-symmetric modes in gas phase are underestimated over

Table 3.1: Water monomer (BO) vibration frequencies in cm?. (Subscriptshb,ss,
and as stand for bending, symmetric stretching, and anti-symmetric stretching
modes, respectively.)

Methods b ss as
SCAN 1193 2710 2832
PBE 1162 2660 2770

EXP [Benedict et al., 1956] 1206 2784 2889
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4% compared to experiment as shown in Table 3.1, which is consistent with the
previous calculations [Zhang et al., 2011a]. Compared to PBE, the SCAN func-
tional predicts better stretching frequencies in water gas phase with improvement
of 2% towards experiment as shown in Table 3.1. The above can be attributed
to the improved prediction of covalency in water monomer. Indeed, the better
agreement with experiments by SCAN functional in terms of bond angle, bong
length, and binding energies in single water molecule and water clusters in gas

phase have been widely recognized recently [Sun et al., 2016; Zheng et al., 2018].

Figure 3.2: (a) Stretching frequency s and (b) bending frequency g of single
water molecule (vapor) and liquid water as compared using SCAN, PBE, and
experiment data (EXP) of vapor [Benedict et al., 1956] and liquid water [Max
and Chapados, 2009]. (Note that symmetric stretching frequencys and anti-
symmetric stretching frequency s are listed separately for water vapor.)

In the liquid phase, the dierence between symmetric and anti-symmetric
modes is smeared by the disordered environment and the stretching band is
formed. Moreover, the H-bond, represented by the weak attraction of a proton to
the oxygen lone pair of the neighboring molecules, also facilitates the elongation
of OH bonds as shown by the red shift of the stretching vibration by 300 cm !
in liquid compared to the corresponding vibration in vapor phase as measured ex-

perimentally in Figure 3.2 (a). However, due to the signi cant overestimation of

the H-bond strength by PBE functional, the stretching frequency of liquid water
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Figure 3.3: Oxygen-oxygen pair distribution functions and the corresponding spa-
cial decompositions by (a) PBE and (b) SCAN functionals compared with X-ray
di raction experiment [Skinner et al., 2013]. Intramolecular IR¢s (red dotted
lines) and spacial intermolecular IRs; IRjners:, and IR ,nq (colored dashed lines)
contributions to the calculated IR spectra (black solid lines) using (c) PBE and
(d) SCAN in the NVT ensemble. Decompositions of IRers: into non H-bonded
(dashed lines) and H-bonded (solid lines) water contributions are shown as insets
in (c) and (d).

is predicted to be 500 cm ! lower than that of water in vapor phase. The arti -
cially strengthened H-bond by PBE also leads to the overestimated dipole-dipole
correlation in the H-bond network as evidenced by the much greater IR spectral
intensity than the experimental spectrum in Figure 3.1. In sharp contrast, the IR
spectrum computed by SCAN functional shows a signi cantly better agreement in
the above aspects. We attribute this improvement to the more accurate H-bond
structure as well as dynamical correlation described by SCAN functional.

In order to elucidate the spectral signatures of liquid structure, we further
decompose the overall spectrum into contributions from di erent ranges in the
H-bond network. Based on the method introduced by Chen et al. [Chen et al.,

2008], the total dipole correlation function in the temporal domain of Eqg.(3.1) can
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be rewritten as the sum of a correlation function of any pair of water molecules

P
ashM (O)M (t)i(rq;r2) = h i(0) j(t)i. In the above, the electronic and ionic

isj
contributions of dipole moment ; and ; of water molecules at any timet are
rigorously determined by the Wannier centers and the ionic coordinates respec-
tively, both of which are generated on the y in the AIMD simulation. Therefore,
the spectrum can be divided into intramolecular IR (i = j) and intermolecu-
lar (i 6 j) parts [Sharma et al., 2005]. In current work, we further divide the
intermolecular part into spectral contributions from the rst coordination shell
IR1st, Water in the interstitial region IRiyers:, and water from the second shell
and beyond IR ,,4?, respectively based on the distance; between the molecule
pairs as illustrated in Figure 3.3 (a) and (b). The criterion for interstitial region

is chosen to be 30 A r; < 400A in SCAN and 296 A rj < 391An
PBE, where the oxygen-oxygen pair distribution function go(r) is less than 1
between the rst and second peaks. In the decomposition, water molecules are
considered as H-bonded if the O-O distance is less than 2%nd the OOD angle

is less than 30[Luzar and Chandler, 1996]. The resulting spectral decompositions
and the corresponding go(r) are shown in Figure 3.3 for both PBE and SCAN
functionals.

Dynamically, the stretching mode not only modi es the electric dipole of the
water molecule under vibration, but also strongly polarizes the surrounding wa-
ter molecules via the H-bonds. Therefore, the stretching band of IR spectrum
is dominated by both IRs; and IRy contributions. Such e ect has been well

captured by both SCAN and PBE functionals which can be seen by the large and

YIn order to sample the angular distribution uniformly while calculating the IR spectra of
second shell and beyond region. We apply an upper limit of the correlated distance as half of
the box length.
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comparable intensities from these two decompositions. In the above, theg R
has a slightly higher frequency than that of IRg. It is not surprising since the
IRt is more sensible to the H-bond network, while the IRy is instead more af-
fected by the intrinsic vibration of water monomer. However, the IR spectrum
from PBE functional su ers from clear drawbacks. Compared to the experimental
measurement, the go(r) is signi cantly over-structured with a shorter rst peak
position than experimental measurement, indicating the overestimated H-bond
strength, as shown in Figure 3.3 (a). As a result, the stretching band of IR spec-
trum computed at the PBE level is centered at a much lower frequency of 2233
cm 1 with a much higher intensity in comparison to experimental measurements.
It is consistent with the fact that PBE predicts the proton to be more delocal-
ized and easier to be donated to the neighboring water molecules than it should
be. Such a severely overestimated directional H-bond strength is largely improved
by SCAN functional, which can be seen by the less structured coordination shell
and increased distance of the rst peak in g (r), as shown in Figure 3.3 (b).
The softer H-bond network towards the experimental direction also generates a
less polarizable liquid water, as indicated by the predicted average electric dipole
by SCAN (2.95 0.28 D) being much closer to the experimental reference (2.9

0.6 D) [Badyal et al., 2000] than that of PBE (3.22 0.29 D). As expected,
the stretching mode in the less polarizable medium becomes harder and shifts
the stretching band center to a higher frequency at 2448 crhas well as reduces
intensities mainly from both IRgse; and IR.

The dynamical polar correlation from stretching vibration decays rather rapidly

for water molecules separated by a distance further away from the rst coordina-
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tion shell, which are qualitatively similar for both PBE and SCAN predictions
as shown in Figs. 3.3 (c)(d). Indeed, it is consistent with the weaker structural
correlations in the radial distribution goo(r) beyond the rst peak in Figs. 3.3
(a)(b). However, the drawbacks can be still identi ed due to the over-structured
liquid water by PBE functional. On the one hand, the spectral contribution from
water in the second shell and beyond IRyq is predicted to have a higher inten-
sity in PBE than that from SCAN. On the other hand, due to the arti cially
strengthened H-bond strength, most water molecules in the interstitial region are
still H-bonded to the central molecule under stretching motion, giving rise to the
positively spectral intensity in the insert of Figure 3.3 (c). However, the oppo-
site trend is observed in the prediction by SCAN functional, in which the water
molecules in the interstitial region are mostly non-bounded with the observed anti-
correlation as seen by the negative spectral intensity in the insert of Figure 3.3
(d). It should be noted that the increasingly populated water molecules in the
interstitial region should be attributed to the intermediate range vdW interactions
captured by SCAN function, which is found to be the key physical e ect in pre-
dicting a higher mass density of water than that of ice [Chen et al., 2017]. With
the weaker dipole correlations from water molecules beyond the rst coordination
shell that correctly predicted by SCAN functional, the overestimated IR spectral

intensity by PBE is further reduced towards the experimental direction.

3.3.2 Bending mode

Among the four spectral features, the bending band has the second largest fre-

quency centered at around 1200 cm, which originates from the bending mode of
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water monomer. Under the bending mode, the DOD bonding angle is modulated,
which in turn changes the electric dipole of the molecule, but with a much weaker
coupling strength than stretching mode. Not surprisingly, the resulting spectral
intensity is also smaller than the stretching band. In vapor phase, the frequency
of the bending mode is underestimated by 4% at PBE level, while the calcula-
tion by SCAN functional gives rise to a much more accurate value with an error
of 1% compared to experiment at 1206 cm in Table 3.1 and Figure 3.2 (b).
Clearly, such a signi cant improvement should be again attributed to the better
description of the covalency by SCAN. Indeed, the bonding angle and bonding
length of water monomer are respectively found to be 104.4104.5) and 0.961
A (0.957 A) by SCAN, showing a large improvement over the PBE functional of
104.2 and 0.970A as compared to the experimental values in the parenthesis [Sun
et al., 2016].

In condensed phase, the bending band instead of discrete levels is formed by
the disordered liquid structure. According to the spectral decompositions in Figs.
3.3 (c)(d), the bending band is mainly contributed by the intramolecular contri-
bution and the rst coordination shell. In particular, the water molecules in the
rst coordination shell provide a large negative spectral intensity resulting from
its anti-correlation in nature. It is not surprising since the protons under bending
mode move along the normal direction of H-bond. Therefore, the development of
bending vibration needs to overcome the energy to break the H-bond and gen-
erate out-of-phase dynamical dipole correlation [Chen et al., 2008]. As a result,
unlike the stretch band, the presence of H-bond network in liquid water impedes

the bending mode resulting in a slightly increased frequency relatively to that in
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water vapor in experiment. Such a feature has been qualitatively predicted in
both PBE and SCAN functionals. Clearly, the frequency di erence is still over-
estimated by roughly the similar magnitude for both functionals. The de ciency
is likely due to the self-interaction error inherited in both GGA and meta-GGA
functionals resulting in the delocalized protons that are more easily to be donated

to neighboring oxygen atom.

3.3.3 Far-infrared modes

In the far-infrared region in Figure 3.1, the two spectral features in a rather
broad distribution are associated with the collective vibrations on the H-bond net-
work, which emerge in the condensed phases such as ice and water. The feature
at the higher frequency branch around 500 cm ! is attributed to the libration
mode. Depicted by water libration, the water molecules undergo hindered ro-
tational motions restricted by the presence of H-bond network. Therefore, such
spectral signal is absent in the water vapor since it is free to rotate an isolated
molecule. Like the bending motion, water molecules under libration also needs
to overcome the energy barrier by breaking H-bonds. Consistently, the spectral
decomposition from intramolecular and rst coordination contributions are dom-
inant, in which the latter is characterized by the anti-correlation with negative
spectral intensities as shown in Figs. 3.3 (c)(d). Because of the over-structured
H-bond network, the frequency of the libration motion is exaggerated 20% by
PBE functional, centered at 572 cm'. The softer liquid structure modeled by
the SCAN functional eases the water libration at 483 cnt, matching accurately

the experimental data at 486 cm?®. Because the direction of water polarity aligns
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along HOH angular bisector, the hindered water rotation is also highly associated
with dynamical properties such as the rotational di usion constant and rotational
relaxation time which is accessible to experiments. The relaxation timg is ob-
tained by tting with e ¥ to the nth order rotational correlation functions, which
are de ned by the time correlation functionC, (t) = hP,[a(0)a(t)]i. HereP, is
the nth Legendre polynomial and? is the in plane unit vector along the symme-
try axis of a water molecule. To this end, we compute the rst order rotational
correlation function C,(t) and the corresponding relaxation time ; based on tra-
jectories from both PBE and SCAN functionals as shown in Figure 3.4. It should
be noted that features at the beginning of rotational correlation function around
0.066 and 0.062 ps, magni ed in the inserts of Figure 3.4, are corresponding to
the libration motion that have been observed in the frequency domain in Figure
3.3. As time passes, the rotational correlation decays in both trajectories giving
rise to the relaxation time ;. Under the Debye's model, the relation between
relaxation time , and the rotational di usion constant Dg takes the form of

n = 1=5n(n+1)Dg]. In the above, the rotational di usion constant Dy is given
by the inverse of 1, which is measured to be 2.0-7.5 ps [Laage and Hynes, 2008].
Clearly, the over-structured water model by PBE functional hampers the rota-
tion motion and predicts an unphysically long relaxation time ;=20:91( 0:22)
ps with the corresponding small rotational di usion constantDg=0.047 ps . In
sharp contrast, the softer water modeled by SCAN functional largely facilitates the
water rotation and gives rise to much more reasonable values @E4:08( 0:02)
ps andDg=0.24 ps !, respectively. The result consists with previous studies on

di usion coe cient[Zheng et al., 2018]. As a conclusion, the modi ed libration
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peak from the SCAN functional indicates an improved description of the di usion

related dynamics in liquid water.

Figure 3.4: First order rotational correlation functions of liquid water obtained
from AIMD simulations with SCAN (red dashed line) and PBE (blue dotted line)
in the NVT ensembles. The inset shows enlarged rotational correlation functions
in the rst 0.2 ps.

In the gas phase, the water molecule is free to undergo a translation motion
in space. In liquid, water molecules however undergo hindered translation con-
strained by the H-bond network, which is depicted by the lower branch feature of
the far-infrared band centered at 200 cm ! in Figure 3.1. Similar to the stretch-
ing mode, the spectral decomposition in Figure 3.3 shows that the IR signals
are mainly contributed by the dynamical correlation from intramolecular contri-
bution and molecules in the rst coordination shell, which is consistent with the
rst-principles studies of Chen et al [Chen et al., 2008]. Unlike the stretching mode
that is directly coupled to the electric dipole, the dynamical correlation here is
generated by the induced dipole-dipole interaction under the hindered translation
motion [Guillot, 1991]. Therefore, the intensities of hindered translation are much
weaker than those in the stretching band as shown in Figure 3.3. Not surprisingly,

the arti cially overstructured liquid water predicted by PBE functional overesti-

mates the energy barrier cost of hindered translation, which is evidenced by an
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overestimated peak position at 207 cnt, compared to the experimental value of
186 cm 1. On the other hand, the softer liquid structure model by SCAN func-
tional facilitates the water translation with a slightly underestimated value of 172
cm 1.

It is well accepted that the liquid water structure under PBE prediction is
ice-like which is not only over structured but also sluggish that barely di uses
in space. As a result, the overall shape of the libration and hindered translation
band is also ice like under the PBE prediction as shown in Figure 3.1. In the
above, the distinction between the two modes is exaggerated by the rather deep
minimum with a frequency gap around 370 cmt. Indeed, in the crystalline ice,
the libration and hindered translation are two distinct spectral bands, which are
separated completely with frequencies of 640 chand 222 cm?! in experiment
[Eisenberg and Kauzmann, 2005], respectively. Strikingly, the above ice-like error
is mostly corrected in the spectrum modeled by SCAN functional. For a liquid
water structure that is more softened and disordered towards the experimental di-
rection, the distinction between libration and hindered translation is also smeared

as shown in Figure 3.1.

3.4 Conclusion

In conclusion, we have performed careful and comparative rst-principles molec-
ular dynamics studies on the IR spectra of liquid water obtained by SCAN meta-
GGA and PBE GGA functionals. Our results showed the SCAN meta-GGA
functional provides signi cant improvements on all four peaks in the IR spectra,

compared to those obtained by PBE. Our analysis demonstrate that the SCAN
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functional models water more precisely on both molecular and liquid levels, and
gives better descriptions of electronic structure, range dependent correlations, and
dynamical properties. On one hand, SCAN reaches the accuracy level of the IR
spectra obtained by PBEO hybrid functional [Zhang et al., 2011a], with a rel-
atively low computational cost. On the other hand, one may expect that the
hybrid functional SCANO mitigates the self-interaction error in DFT, and brings
the calculated IR spectra closer to the experiments. Furthermore, recent studies
[Ceriotti et al., 2013; Sun et al., 2018; Hunter et al., 2018] suggested that nuclear
guantum e ects due to light protons play a crucial role in obtaining accurate liquid
water properties. The role played by quantum nuclei awaits further investigation
which is likely to broaden the spectral features and slightly reduce the frequencies

of stretching band due to the delocalized protons.
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CHAPTER 4

NUCLEAR QUANTUM
EFFECTS AND ISOTOPE

EFFECTS ON LIQUID WATER

4.1 Introduction

Due to the light mass of hydrogen atoms, nuclear quantum e ects (NQES) in-
duce nontrivial impacts on the H-bond network [Morrone and Car, 2008; Ceriotti
et al., 2016; Soper and Benmore, 2008]. NQEs are indispensable for any water
model to have quantitative agreement with the experimental observations as well.
Experimentally, NQEs can be identi ed in the water system by isotope substitu-
tion of hydrogen by deuterium. In the joint x-ray/neutron di raction experiments
by Soperet al. [Soper and Benmore, 2008], distinct isotope e ects, such as co-
valent bond contractions from HO to D,O, are observed. In AIMD simulations,

guantum e ects of nuclei can be included through the Feynman path-integral (PI)
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method [Feynman and Hibbs, 1965]. Recent PI-AIMD simulations [Morrone and
Car, 2008; Ceriotti et al., 2013; Ko et al., 2019; Cheng et al., 2019] show that NQEs
altered the simulated structural properties by a considerable extent. Moreover, as
the zero-point energy enables atoms to explore classically inaccessible regions of
the PES, the structural changes caused by NQEs highly depend on the descrip-
tion of the underlying PES, i.e., the choice of XC functionals. Previous PI-AIMD
studies employing various functionals [Marsalek and Markland, 2016; Gasparotto
et al., 2016; Ko et al., 2019; Yao and Kanai, 2020; Zhang et al., 2020] show highly
uctuating results. Yao et al. [Yao and Kanai, 2020] studied the NQEs of liquid
water using the SCAN functional in the canonical ensemble at di erent tempera-
tures. They showed that the NQEs brought the OH and HH RDFs much closer
to the experimental values but the OO RDFs changed very little from its classical
counterpart.

Based on the proper treatment of NQEs, the isotope e ects on liquid water is
anther crucial topic that is worth stressing. light water (HO) and heavy water
(D,0) only di er slightly in the H-bond network [Soper and Benmore, 2008; Zeidler
et al.,, 2012]; however, the former is essential for a living cell, while the latter
can be harmful in many ways [Franks, 2007; Thomson, 2006; Kushner et al.,
1999]. Moreover, minute distortions in the H-bond network can cause noticeable
changes in functionalities of numerous biological processes occurring in agqueous
environments [Fersht et al., 1985; Ohtaki and Radnai, 1993; Leberman and Soper,
1995; Tarek and Tobias, 2002; Chen et al., 2018]. Therefore, a precise picture
of the isotope e ect of liquid water is crucial, which also serves as an important

milestone to accurately understand the intensely discussed microscopic structure
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of water [Wernet et al., 2004; Nilsson et al., 2010; Tse et al., 2008; Smith et al.,
2006; Nilsson and Pettersson, 2015; Fransson et al., 2016; Amann-Winkel et al.,
2016; Smith and Saykally, 2017]. As such, a systematic study of isotope e ects
employing the state-of-the-art SCAN meta-GGA functional at ambient condition
would be consequential on the path of the theoretical modeling of liquid water,
which has not been fully addressed.

In PI-AIMD simulations, physical systems are represented by ring-polymers
composed of several replicas (beads), which largely increase the computational
costs. Even with advanced methods [Ceriotti et al., 2009b; Ceriotti and Manolopou-
los, 2012] that reduce the required number of beads, the computational burden
is still a vital issue that limits the application of PI-AIMD. The rise of machine-
learning-based approaches, e.g., the deep potential molecular dynamics (DPMD)
method [Zhang et al., 2018a], has enabled overcoming this computational bar-
rier. With the DPMD method, one can train a deep neural network with a small
amount of ab initio data and perform extensive molecular dynamics simulations
for an extended system with a linear-scaling computational cost which is orders
of magnitude cheaper than traditional AIMD. At the same time, DPMD is able
to provide similar accuracy ( 1 meV/molecule) asab initio approaches for water
systems [Zhang et al.,, 2018a]. The DPMD model has been used to study the
isotope e ect in liquid water with the PBEO+TS XC functional [Ko et al., 2019],
where quantitative agreements with experiment is achieved.

In this chapter we focuses on studying NQEs and isotope e ects in liquid
water via DPMD and PI-DPMD based on the PES provided by the SCAN XC

functional within the isothermal{isobaric (NpT) ensemble. With the inclusion of
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NQEs, quantum uctuations that can either strengthen or weaken the H-bond
[Yao and Kanai, 2020; Li et al., 2011] are observed. Remarkable changes are illus-
trated in structural properties of liquid water such as RDFs, statistics of H-bond
information, oxygen-oxygen-oxygen ADF, and local tetrahedrality. Besides, we
present quantum e ects on electronic properties such as the density of state and
the distribution of dipole moments of liquid water. Both structural and electronic
properties obtained from our simulations agree better with the experimental ob-

servations as a result of NQEs. Furthermore, isotope e ects are well reproduced.

4.2 Methods

Figure 4.1: Flow diagram of DP-GEN active learning procedure

In order to generate an accurate neural network force eld based on the SCAN
functional, we adopted the active learning procedure called deep potential gen-

erator (DP-GEN) [Zhang et al., 2019]. The procedures are shown in Figure 4.1
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and summarized as follows. First, a PI-AIMD simulation is performed to provide
initial training data set for the DPMD model. Second, four independent DPMD
models are trained based on the same training data set but di erent initialization
of the deep potential parameters. Third, based on the trained DPMD models,
eight separated PI-DPMD simulations are performed to explore the PES. Con-
gurations, where the four independent DPMD models give diverse predictions,
are marked as unexplored con gurations. Fourth, we generate energies and forces
from ab initio calculations for the selected con gurations. Then, these newly gen-
erated data are added to the training data set and go back to the second step until
the satisfactory accuracy is reached. The nal DPMD model is used to generate
the DPMD and PI-DPMD trajectories of liquid water.

For generating initial training data set, a Born-Oppenheimer Feynman path-
integral [Feynman and Hibbs, 1965] AIMD simulation of a periodically replicated
cubic box containing 64 HO molecules was performed within NT ensemble at
ambient conditions (300 K and 1.0 bar). The PES was calculated based on the
SCAN meta-GGA functional [Sun et al., 2015] with the Quantum ESPRESSO
(QE) package [Giannozzi et al., 2009, 2017]. Hamann-Schhater-Chiang-Vanderbilt
(HSCV) norm-conserving pseudopotentials [Vanderbilt, 1985] were used to model
the core level electrons. Valence electrons were represented by a plane-wave basis
(with a 130 Ry e ective cuto and a 12.66 A reference cell) as implemented in
the QE package. Only the gamma point was used to sample the Brillouin zone
of the supercell. In PI-AIMD, the integration time step was set to 0.48 fs. An 8-
bead ring-polymer with a colored-noise generalized Langevin equation thermostat

[Ceriotti et al., 2009b; Ceriotti and Manolopoulos, 2012] was adopted to model
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guantum nuclei using the i-PI package [Kapil et al., 2019]. To expand the region
that light protons are able to explore on the PES, light water was adopted in
the simulation. The simulation cell was propagated using the Parrinello-Rahman
method [Parrinello and Rahman, 1980] and thermostatted by another colored noise
Langevin thermostat with a ctitious mass consistent with a 200 fs timescale. The
total length of our nal PI-AIMD production run is over 10 ps. This provides a
rough exploration for the PES of the SCAN functional.

Atomic coordination, energy E), ionic force (F;), and stress tensor () were
extracted from the PI-AIMD trajectory as the initial training data set. These data
were used as the input PES data to train four independent DPMD models using
the DeePMD-kit package [Wang et al., 2018] as described in Ref. [Zhang et al.,
2018a]. First, the input data were transformed to a local coordinate framfeD;; g
for each atom and its neighbors within 6A, in order to preserve the translational,
rotational, and permutational symmetries of the system. TherfD; g was used
as input of a deep neural network (DNN), which includes ve hidden layers with
240, 120, 60, 30, 10 nodes and returns the energy of atonDuring the training
process, the Adam method [Kingma and Ba, 2014] was used to optimize the DNN

parameters with a set of loss functions de ned as:

Lpimip)=p 2+ 27 R By g (4.1)
y y 3N i | 9 ] .
where N stands for the number of atoms,= E=N, = =N, and , Fj,

denote the di erence between the input data and current DPMD predictionsp ,
p:, p are preset tunable parameters. For e ciencyp, pr, and p were adjusted
from 0.02 to 8, 1000 to 1, and 0.02 to 8, respectively, throughout the training

procedure, while the learning rate decayed exponentially. After training for £0
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steps, we obtained four DPMD models. As the training data set may not cover the
full PES, these four DPMD models will show di erent performances for unexplored
con gurations.

After obtaining the rst generation of DPMD models, the DP-GEN iterations
began. To further explore the PES, eight additional PI-DPMD simulations were
performed using the DeePMD-kit and the i-Pl packages. The driving force was
provided by one of the four DPMD models. We adopted exactly the same i-PlI
parameters as used in the generation of the initial training data set and initialize
the simulations from independent starting con gurations. All trajectories lasted
for around 1 ns. Along the PI-DPMD trajectories, all four DPMD models were
used to predict forces. The di erences between forces predicted by the four DPMD
models were recorded for each con guration. Con gurations with maximum force
di erences greater than 0.2 eVA were selected and marked as unexplored con g-
urations. If the proportion of marked con gurations along the trajectory is less
than 1%, the four DPMD models were considered as converged. Otherwise, we
performed self-consistenaib initio calculations using the QE package to calculate
the ground state of the selected con gurations. All related parameters were kept
the same as the initial PI-AIMD simulation. Ab initio energies and forces were
extracted and added to the training data set. Four new independent DPMD mod-
els were generated based on the updated training data set. Then, we repeated the
PES exploration step. After 9 iterations, the DPMD model converged. The nal
DPMD model was tested to have a root mean square error of 0.6 meV/atom for
energy prediction.

With the DPMD model, the simulation size was expanded to include 128 water
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molecules in order to reduce the nite-size e ects and optimize statistical sampling
of the molecular dynamics trajectories. Three simulations adopting the DPMD
model were presented in this work. First, a single classical DPMD simulation
of liquid water within NpT ensemble at ambient conditions was performed using
the combination of the DeePMD-kit and the LAMMPS package [Plimpton, 1995].
Nos-hoover thermostat and barostat [Tuckerman et al., 2006] were used to control
the temperature and pressure of the system. The integration time step was set to
0.5 fs. The resulting DPMD trajectory lasted for 5 ns. The other two PI-DPMD
simulations of liquid H,O and D,O were performed adopting similar parameters
as the training process. For heavy water, the nuclear mass of hydrogen was set
to 2.01 u. The length of both PI-DPMD trajectories is 960 ps, which ensures
that the computed properties are statistically converged. Moreover, in order to
study electronic properties,ab initio level electron ground state as well as the
Maximally localized Wannier Functions (MLWFs) [Marzari and Vanderbilt, 1997;
Marzari et al., 2012] centers were computed for 4000 selected snapshots uniformly

distributed along each trajectories using the QE package.

4.3 Proton transfer coordinates

Quantum uctuations result in two competing e ects that either strengthen
or weaken the H-bond in liquid water [Ceriotti et al., 2016]. The proton uctu-
ations along the stretching direction of O-H covalent bond can facilitate H-bond
formations. On the contrary, the uctuations along proton libration direction,
which are perpendicular to the H-bond, tend to weaken the H-bond network. The

former e ects dominate in relatively strong hydrogen bonds, whereas the latter
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ones dominate in relatively weak hydrogen bonds [Li et al.,, 2011]. These two
competing nuclear quantum e ects are well captured by the SCAN functional as

shown by the previous study [Yao and Kanai, 2020]. The overall NQEs depend
on the delicate balance between the two opposite e ects.

To illustrate uctuations of protons under NQEs, we resort to the proton
transfer coordinates , which is dened as = d(O;-H) d(O,-H), where O
and H denote the oxygen (O) atom and any of the two hydrogen (H) atoms in one
water molecule and Q represents other oxygen atoms within the rst coordination
shell of the water molecule, as shown in the inset of Figure 4.2 [Ceriotti et al., 2013;
Sun et al., 2018]. As de ned, characterizes the location of H atoms between the
two O atoms within two adjacent water molecules. For example, = 0 means
that the H atom is precisely in the middle of two O atoms. This con guration
forms a strong H-bond and shows a high tendency to facilitate a proton transfer
event. The distribution of proton transfer coordinate generally exhibits two
peaks. The peak at lower (< 1:3) originates from H atoms that have Q-H
covalent bond pointed away from Q. The other peak ( > 1:3) comes from the

H atoms located in between @ and O,, which are likely to form H-bond.

Figure 4.2: Log scale distribution of proton transfer coordinate of liquid water

obtained from DPMD (black solid line), D,O PI-DPMD (blue dashed line) and

H,O PI-DPMD (red dotted line) simulations. The inset shows the de nition of
= d(Ol-H) d(OZ-H)



55

The proton delocalization along the direction of the acceptor oxygen, which
induces stronger hydrogen bonds, can be seen by the wider distribution of
Figure 4.2 shows that the distributions of become broader from classical DPMD
to D,O and H,O PI-DPMD simulations. Moreover, a small amount of positive
appears in both the PI-DPMD simulations, while only negative can be found
in classical DPMD simulations. The positive is more pronounced in the light
water than the heavy water. This is consistent with the nding in previous works
[Ceriotti et al., 2013; Sun et al., 2018]. Under NQEs, the zero-point energy (ZPE)
enables the proton to overcome potential barriers and explore con gurations that
are hard to access in classical simulations. As,8 has larger ZPE than BO,
light water shows over an order of magnitude more positive compared to heavy
water in PI-DPMD simulations. It is worth mentioning that these extreme H-bond
uctuations only last on a time scale of femtoseconds and no proton transfer event
is observed on the time scale of the entire simulation; a similar observation that
has been reported by Ceriottiet al. [Ceriotti et al., 2013].

The proton delocalization along the libration direction, which weakens the
hydrogen bonds, is revealed by the height of the H-bond peak and the position of
the minimum between two peaks in Figure 4.2. In quantum simulations, the height
of the H-bond peak is reduced from its classical counterpart by a larger extent than
that of the none-bonded peak. Also, the position of the minimum between two
peaks shifts to the right by about 0.04A. The isotope substitution from D,O to
H,O shows a similar trend with less extent in regard to the peak changes. These
facts indicate that more water molecules originally H-bonded to each other in

classical simulations become non-bonded under the libration uctuations caused
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by NQEs.

As a summary, both kinds of quantum uctuations, that can either facilitate
or weaken the H-bond network in liquid water, have been observed through the
comparison of PI-DPMD simulations with DPMD simulations. In the following
sections, more properties will be discussed to determine how the above mentioned

NQEs change the overall structure of liquid water.

4.4 Radial distribution functions

Radial distribution functions are widely adopted tools to study the structure
of water, which show the probability to nd a given atom pair as a function of
distance in real space. In this section, O-O, O-H, and H-H RDFs from DPMD
and PI-DPMD trajectories are shown in Figs. 4.3, 4.4, and 4.5. For comparison,
the EPSR data based on joint x-ray and neutron di raction experiments by Soper
et al. [Soper and Benmore, 2008] are plotted as well. The positions of maxima
and minima of goo(r), gon(r), and gy (r) obtained from the simulations and
experimental measurements are summarized in Table 4.1. In general, one observes
broadening e ects in all O-O, O-H, and H-H RDFs when NQEs are included
through the path-integral method. PI-DPMD simulations slightly soften water
structures and yield better agreements with the experimental data as compared
to the classical DPMD simulation. Moreover, the RDFs show that BO is slightly
more structured than H,O due to the weaker zero-point motions. The di erences
between the RDF of HO and that of D,O qualitatively agree with experimental
results, indicating that the experimentally observed delicate isotope e ects are

reproduced by our PI-DPMD simulations.
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Table 4.1: Tabulated summaries of positions of maxima, minima fayoo(r) ,
Oon (r) and gun (r) obtained from classical DPMD, BO PI-DPMD and H,O PI-
DPMD. The experiment data are extracted from Ref. [Soper and Benmore, 2008]

Svstem Joo JoH OHH
yste I max1 (A) I min1 (A) I max2 (A) I max1 (A) I max2 (A) I max1 (A) I'max2 (A)
DPMD 2.73(9) 3.27(5) 4.40(4) 0.98(0) 1.77(3) 1.56(0) 2.30(0)

PI-DPMD (D,0) 2.72(5) 3.26(0) 4.38(9) 0.98(2) 1.75(5) 1.57(1) 2.28(8)
PI-DPMD (H,0) 2.72(1) 3.26(5) 4.38(0) 0.97(9) 1.754) 1.57(4) 2.29(6)
Expr. (D,0) 2.76 3.35 4.45 1.81 2.37
Expr. (H,0) 2.75 3.40 4.44 1.74 2.42

Figure 4.3: O-O RDFs of liquid water obtained from DPMD (black solid line), RO
PI-DPMD (blue dashed line) and HO PI-DPMD (red dotted line). The heavy
water (blue circle) and light water (red triangle) joint x-ray/neutron experimental
data are extracted from Ref. [Soper and Benmore, 2008].

Figure 4.3 shows the O-O RDFsgoo(r), which re ect the overall structures
of liquid water. The goo(r) obtained by PI-DPMD agrees better with the EPSR
predictions as compared to DPMD results. The classical DPMD trajectory has
a relatively more rigid rst coordination shell and exhibits an over-structured
rst peak as compared to the PI-DPMD trajectories of light and heavy water.
Speci cally, the height of the rst maximum of goo(r) goes from 3.08 in DPMD
down to 2.99 in heavy water and 2.93 in light water. On the other hand, NQEs
slightly strengthen the long range correlations between water molecules. The

second peak is brought up by around 3%, while the rst minimum is brought
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down by around 5% from DPMD to PI-DPMD. Therefore, the aforementioned two
competing NQEs are well re ected ingoo(r). The above observations show that
water structures go through minor but complicated overall structure changes under
NQEs which agrees well with the conclusion of Yaet al. [Yao and Kanai, 2020]. In
terms of isotope e ects, heavy water shows a slightly higher rst peak (by 0.06)
than that of light water in PI-DPMD simulations; a result qualitatively agrees
with the EPSR predictions (from 2.84 to 2.59). Moreover, the experimentally
predicted 0.01A shift of the rst goo(r) peak position upon isotope substitution
is quantitatively reproduced. From D,O to H,0, the broadening of the rst peak
and slight height (from 0.71 to 0.74) and position (from 3.26\ to 3.27 A) increase
of the rst minimum can also be identi ed in PI-DPMD. This indicates H,O has
slightly more non-bonded water molecules and shows softer structures as compared
to D,O. As a result, the con gurations of light water become more compact,
which leads to a larger number density 0.10679 (0.10007) atoAi than that of
D,O 0.10619 (0.10000) atonk® in PI-DPMD simulations, where the number in
parentheses denote the experiment value [Soper and Benmore, 2008]. Furthermore,
in both PI-DPMD simulation and the referenced experimental data, substituting
D by H shows negligible e ects orgoo(r) beyond the second peakr(> 4.5 A).
This indicates NQEs have insigni cant impact on the long-range ordering of the
H-bond network.

The O-H RDFs, gon(r), are shown in Figure 4.4, where a similar quantum
nuclei induced systematic softening e ect can be distinguished. The rst peak of
Jon (r) corresponds to the O-H covalent bond, which is sensitive to the aforemen-

tioned quantum uctuation along the stretching directions. As listed in Table 4.1,
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Figure 4.4: O-H RDFs of liquid water obtained from DPMD (black solid line), RO
P1-DPMD (blue dashed line) and HO PI-DPMD (red dotted line). The heavy
water (blue circle) and light water (red triangle) joint x-ray/neutron experimental
data are extracted from Ref. [Soper and Benmore, 2008], which does not present
the rst peak around 1 A.

peak positions are almost the same at around 0.98in all simulations. However,
as shown in Figure 4.4, the rst peak exhibits an asymmetric distribution, where
more H atoms tend to locate at the right side of the peak and form longer O-H
covalent bonds, especially in the PI-DPMD simulations. This can be understood
by that the H atom experiences an asymmetric potential, where the potential bar-
rier at the covalent bond side is steeper than that at the H-bond side. Quantum
uctuations enables the H atom to explore more towards the less steep potential
barrier direction, i.e. the H-bond side. Thus, the peak position is not a good indi-
cator of the averaged O-H covalent bond length. In our simulations the averaged
O-H covalent bond length for classical DPMD, heavy water, and light water are
calculated to be 0.985, 1.000, and 1.00% respectively. The 1.5% O-H covalent
bond elongation from DPMD to PI-DPMD con rms the proton delocalization ef-
fect under NQEs. In PI-DPMD simulations, HO shows a 0.5% longer covalent

bond length than D,O, which is relatively small as compared to the 3% elonga-
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tion from the EPSR results. However, our PI-DPMD simulations yields similar
result to the 0.4% O-H and O-D covalent bond di erence in gas phase measured
by infrared spectroscopy [Cook et al., 1974] as well as #&.5% di erence of O-H
and O-D covalent bond predicted by Zeidlert al. via neutron scattering data
applying di erent analytical techniques [Zeidler et al., 2011]. The second peak
of gon (1) reveals the distribution of H-bonds in liquid water. Similar to the co-
valent peak, the position of the second maximum afon(r) is located at 1.76
A and barely changes in all simulations. The integrated average H-bond length
decrease from 1.88(1) in classical DPMD to 1.85(7) in,@ PI-DPMD and 1.85(6)
in H,O. The reduction in height of the H-bonding peak indicates the increased
amount of breaking H-bonds in liquid water under NQEs. Although the decrease
of peak height from heavy water to light water are well reproduced in PI-DPMD
simulations, the large position shit of 0.07A of the second peak that found in
EPSR studies are not obtained in PI-DPMD simulations. The observed changes
of the H-bond peak highly relate to the variation of local tetrahedral ordering in
liquid water under NQEs which will be discussed in the next section. As for the
third peak of gon(r), the inclusion of NQEs slightly softens the structure and
improves both the peak height and peak position towards the experimental direc-
tions. The observed isotope e ects beyond the second peakgef;(r) (r > 2.5A)
are negligible in both PI-DPMD simulations and EPSR results.

The H-H RDFs, gyn (r), are given in Figure 4.5. The rst peak ofgyy (1) rep-
resents the distance between two H atoms in the same water molecule. The peak
positions increase from 1.58 in classical DPMD to 1.57 in both PI-DPMD sim-

ulations. However, the averaged H-O-H covalent bond angle are calculated to be
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Figure 4.5: H-H RDFs of liquid water obtained from DPMD (black solid line), BO
PI-DPMD (blue dashed line) and HO PI-DPMD (red dotted line). The heavy
water (blue circle) and light water (red triangle) joint x-ray/neutron experimental
data are extracted from Ref. [Soper and Benmore, 2008], which does not present
the rst peak around 1.5A.

the same (105.4) in all simulations. Thus, the increase of peak positions can be
attributed to the elongation of O-H covalent bond length caused by NQEs. More-
over, the rst peak of gy (r) is broadened under NQEs. This can be interpreted
as that water molecules shows more spread con gurations along both its libration
and stretching directions. With regard to the second and third peaks, the changes
due to the inclusion of NQEs and isotope e ects are similar as discussed before
in the case ofgoo(r). Quantum uctuations slightly soften the liquid structures
so that the curves obtained from PI-DPMD are attened and t the EPSR ob-
servations better compared with classical DPMD results. Isotope e ects on peak
shapes, such as the asymmetric changes on two sides of the second peak, and peak
positions are qualitatively captured but with less extent than the EPSR data.

In summary, both proton elongation along the O-H covalent bond stretching
direction and the uctuations along proton libration direction are con rmed in

Joo(r), gon(r), and gun (r) RDFs. NQEs induce minor but complicated structural
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changes in liquid water. As to isotope e ects, the overall changes in the RDFs
indicate that the quantum uctuations weakening H-bonds dominate over the
guantum e ects that facilitate H-bonds. Therefore, the structure of light water

becomes more disordered than heavy water.

4.5 Statistics of H-bond ordering

Figure 4.6: Distributions of average H-bond numbers per water molecule in liquid
water obtained from DPMD (black solid), D,O PI-DPMD (blue dashed) and HO
PI-DPMD (red dotted).

To further understand the local arrangement of H-bonds in water, the average
H-bond numbers formed by each water molecule are analyzed. We adopted the
H-bond de nition by Chandler et al. [Luzar and Chandler, 1996], where two water
molecules are considered H-bonded if the O-O distance is smaller than A.and
0O-0O-H angle (the angle between O-O direction and O-H covalent bond direction)
is less than 30. In an ideal tetrahedral structure, each water molecules accept
two and donate two hydrogen atoms, forming four H-bonds. In our DPMD, BD
PI-DPMD, and H,O PI-DPMD simulations the average H-bonds per molecule
are 3.73, 3.70, and 3.64, respectively. H-bond tends to break slightly more with

the increase of quantum uctuations. To show the detailed information of the
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H-bonds, the distributions of averaged H-bond numbers are given in Figure 4.6.
Without NQESs, 63.0% water molecules form standard tetrahedral structures, i.e.
four H-bonds with its neighbouring water molecules. This proportion goes down to
61.6% and 57.5% in PI-DPMD simulated heavy and light water. Accordingly, the
ratio of water molecules with less than four H-bonds rises in quantum simulations.
The isotope e ect follows the same trend as the inclusion of NQEs. This trend
illustrates that with H-bond uctuations under NQEs, some water molecules that
form tetrahedral structures have one or more H-bond broken and squeeze into the
interstitial region of other water molecules, leading to a weakened overall liquid
structure. Meanwhile, it is worth mentioning that other than a simple weakening

e ect of H-bond distribution, the proportion of water molecules with ve H-bonds
barely changes under NQEs. It can be explained by that NQEs have di erent
e ects on H-bonds with di erent strength [Li et al., 2011]. In other words, typical
water-water H-bond are weakened but some strong ones are unchanged or even
strengthened. The above serves as another evidence of the fact that the result of
NQEs is a subtle balance among di erent competing e ects, which leads to overall
weakened structures in liquid water.

To further explore the changes of H-bond arrangements upon isotope sub-
stitution, the three-body oxygen-oxygen-oxygen (O-O-O) ADF Boo( ) and the
tetrahedral order parameterq of light and heavy water are studied and compared
with EPSR results. The O-O-O ADF gives the probability of nding the triplet
angle 1,3 formed by oxygen atoms @, O,, and Os; in a local environment. Q
and O; are located within a cuto distance d from O,, and d is chosen to yield

an average O-O coordination number of 4.0 [Soper and Benmore, 2008]. 0D
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PI-DPMD and H,O PI-DPMD, the values of d are set to 3.205 and 3.21@,
respectively. The tetrahedral order parameteq is de ned as
3 X X 1
q=1 =h (cos ik + §)2i; (4.2)
=1 k=j+1
where for one water molecule four nearest neighbors are considered and the
bracket represents an average over all water molecules. It is important to note

that g has a value between 0 and 1, where 1 represents the perfect tetrahedral

structure and smaller values stand for distorted tetrahedral structures.

Figure 4.7: Triplet angular distribution of liquid water obtained from D,O PI-

DPMD (blue dashed line) and HO PI-DPMD (red dotted line) as well as the heavy
water (blue circle) and light water (red triangle) joint x-ray/neutron experimental

data [Soper and Benmore, 2008].

The triplet ADFs P ooo( ) are shown in Figure 4.7. Generally, Boo( ) ex-
hibits a principle maximum centered around 100and a shoulder at around 6Q
The main-peak angle around 100is slightly smaller than the perfect tetrahe-
dral angle 109.5, depicting a liquid structure with majority of water molecules
forms tetrahedral structures with slight distortions. The shoulder arises as a result
of water molecules in the interstitial regions that have partially broken H-bonds

[Guillot and Guissani, 1998; Chen et al., 2017]. Isotope e ects observed in the
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EPSR studies are qualitatively reproduced in our PI-AIMD simulations. Going
from heavy to light water, one notices that the main peak is broadened, the peak
position is slightly shifted from to 104.8 and 104.0 and the peak height decreases
by around 3%. Moreover, the side peak becomes more prominent in light water as
compared to heavy water. Both e ects indicate the growth of the population of
partially bonded water molecules, that donate either 0 or 1 H-bond to their neigh-
bors and tend to form small-angle con gurations, from RO to H,O. The changes
of local structures under NQEs can be further con rmed by the tetrahedral order
parameter. From D,O PI-DPMD to H ,O PI-DPMD, the values of q changes from
0.714 (0.593) to 0.707 (0.576), with the values in the parenthesis representing the
experiment/EPSR results. Therefore, light water forms less local H-bonds and

exhibits softer liquid structures.

4.6 Electronic properties

The strength of H-bond in liquid water is closely associated with the electronic
properties of water molecules. In this section, electronic properties such as density
of states (DOS) of valence electrons and molecular dipole moment$ ére studied.
Even thoughab-initio -level electronic properties highly depend on the description
of the underlying PES, which is determined here from the SCAN functional, the
resulting electronic structures are modi ed under NQEs due to the changes of
characteristic geometry as described in previous sections. Here we show that the
PI-DPMD simulations improve the description of electronic properties in liquid
water compared to the classical DPMD simulations.

Figure 4.8 shows the DOS of liquid water obtained from the DPMD and PI-
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Figure 4.8: Density of state of liquid water obtained from DPMD (black solid),
D,0O PI-DPMD (blue dashed) and HO PI-DPMD (red dotted). The density of
state extracted from photoemission spectroscopy (black triangle) [Winter et al.,
2004] is plotted as a reference.

DPMD simulations as well as photoemission spectroscopy [Winter et al., 2004].
A 0.1 eV Gaussian broadening factor [Prendergast et al., 2005] is adopted for
the computed ab initio eigenstates. All DOS are aligned by the energy of the
highest occupied states which is set to 0 eV. The DOS exhibits 4 peaks, that can
be assigned to the 2g 1b,, 3a, and 1b valence orbitals of water. These four
orbitals are named by their spacial symmetries in the gas phase and labeled in
Fig 4.8. On the one hand, as all our simulations are based on the SCAN DPMD
model, the calculated binding energies of 2alb,, 3a peaks with respect to the
1b, molecular orbitals are respectively around 2.0, 5.7, and 18.9 eV for all
DPMD and PI-DPMD simulations, which is consistent with previousab initio
studies adopting the SCAN functional [Chen et al., 2017; Zheng et al., 2018] and
fairly reproduces the result form the photoemission experiment .3, 6.2, and
19.7 eV, respectively). On the other hand, one nds the peak width of the DOS
is sensitive to NQEs [Chen et al., 2016]. In PI-DPMD simulations, all peak widths,
especially the 1b and 3a orbital that are associated with the covalent bond, get

broadened by a large extent towards the experiment. Also, the minima between
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peaks is better reproduced as well compared to experiments.

Figure 4.9: Distributions of the centers of MLWFs with respect to the oxygen
position obtained from DPMD (black solid), D,O PI-DPMD (blue dashed) and
H,O PI-DPMD (red dotted).

These four valance orbitals are correlated to four pairs of electrons in a water
molecule. Two of the electron pairs distribute along water covalent bond and are
labeled as bonding pairs. The other two electron pairs correspond to the lone pair
of the oxygen atom. These four electron pairs can be represented by a unitary
transformation of the Kohn-Sham eigenstates with the spread minimized in real
space, i.e. the MLWFs. The distributions of distances between the four MLWFs
centers and the oxygen atoms are shown in Figure 4.9. The gure exhibits two
peaks. The peak located closer to the oxygen atom is originated from the lone pair
electrons and the other peak represents the distribution of two bonding pairs. Lone
pair electrons are sensitive to the altering of the H-bond network, as the formation
of H-bond directly relates to the attraction force between positively charged H
atom and the lone pair electrons with negative charges. In the classical simulation,
the lone pair electrons show a subsidiary summit at 0&. This is attributed to the
broken H-bonds in liquid water, where lone pair electrons experience less attractive
force from the H-bond and move closer to the oxygen atom [Gaiduk and Galli,

2017]. Adding NQEs results in more broken H-bonds, as a result, the subsidiary
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summit is pushed to a slightly higher probability in both PI-DPMD simulations.

At the same time, more lone pair electrons move further away from oxygen to
0.37A, which reveals the H-bond facilitated e ect in NQEs. In general, the lone

pair peak moves from 0.32& in DPMD to 0.326 A (heavy water) and 0.325A

(light water) in PI-DPMD. The bonding pair peak locates at 0.492A and barely

shifts when NQEs are included, while the distribution of bonding pairs becomes

more asymmetric and shows bias towards elongation. These observations accord

with the asymmetry of the O-H covalent bond distribution as described igon (r).

Figure 4.10: Distributions of dipole moments of water molecules obtained from
DPMD (black solid), D,O PI-DPMD (blue dashed) and HO PI-DPMD (red
dotted).

The dipole moment of water molecules is an electronic property highly a ected
by the H-bond network in liquid water, which can be evaluated by the MLWFs
center as:

! ! Xt
= Ron, * Ron, 2 Row;; (4.3)

i=1

wher(!a R ox is the vector pointing from O atom to X which denotes either H atoms
(H1, Hy) or the ith MLWFs centers (W;). In the gas phase, the dipole moment of

a single water molecule is measured to be 1.885 D [Company and Lide, 2003]. Due
to H-bonds, the value increases to 2.9 0.6 D in liquid water [Badyal et al., 2000].

The calculated average dipole moments in DPMD and @, H,O simulations are
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3.01 0.03, 3.12 0.04, and 3.17 0.05 D, respectively. The polarization
of water molecule increases with the growth of quantum uctuations, which is
due to the delocalized protons under the NQEs e ects. As shown in Fig 4.10, a
fraction of water molecules with extremely large dipole moment & 3:5 D) can
be identi ed in PI-AIMD result. Once again, this result ts the aforementioned
observation of the O-H covalent bond elongation and the increased probability
of proton transfers under NQEs. However, the calculated dipole moments in our
simulations are slighter larger than the experimental measurements. One may
expect that minimizing the self-interaction error by adopting higher level hybrid
functionals would localize the distribution of electrons and reduce the calculated

dipole moment of liquid water towards the experimental direction.

4.7 Conclusion

In conclusion, we have systematically studied the NQEs and isotope e ects
in liquid water employing SCAN functional. Machine learning based DPMD and
PI-DPMD simulations are performed at ambient conditions within the NdT en-
semble. NQEs are shown to alter the structures of liquid water in di erent aspects.
Speci cally, the quantum uctuations can either strengthen or weaken the H-bond
depending on the local con gurations. The predicted light water computed via
SCAN PI-DPMD shows slightly softer structure as compared to the predicted
heavy water. Both light and heavy water structures predicted by SCAN PI-DPMD
are in good agreement with experiments. In particular, isotope e ects on radial
distribution functions, O-O-O triplet angular distribution as well as density found

in experiment are qualitatively reproduced. Descriptions of electronic structure
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by PI-DPMD are closer to experimental data than that of classical simulation.
Therefore, the combination of machine learning based model (DPMD), high-level
ab initio PES (SCAN) and quantum treatment of nuclei (Pl) provides a promis-
ing approach for the modeling of liquid water with considerable time e ciency.
In future work, we expect to alleviate the remaining discrepancies by adopting
a higher-level exchange-correlation functional, such as hybrid SCAN functional
(SCANO), to reduce the self-interaction error in DFT and provide more accurate

structures for the study of isotope e ect.
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CHAPTER 5

ISOTOPE EFFECTS ON X-RAY
ABSORPTION SPECTRA OF

LIQUID WATER

5.1 Introduction

The last decade has witnessed a rapid emergence of the x-ray absorption spec-
troscopy (XAS) being applied to probing the H-bond network of water [Wernet
et al., 2004, Nilsson et al., 2010; Tse et al., 2008; Smith et al., 2006; Nilsson and
Pettersson, 2015; Fransson et al., 2016; Amann-Winkel et al., 2016; Smith and
Saykally, 2017]. In the XAS process, the time scale of the electron-hole interac-
tion is much shorter than that of the molecular relaxation [Bernath, 2015]. There-
fore, XAS carries out an instantaneous local ngerprint of water structure, which
is complementary to the averaged structural information obtained in di raction

experiments [Soper and Benmore, 2008; Zeidler et al., 2011, 2012; Soper, 2019].
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Light and heavy water have been extensively studied by various experimental tech-
niques, however their di erences in XAS only became available very recently by
the increased spectral resolution in the transmission-mode spectroscopy technique
[Schreck and Wernet, 2016]. It revealed that they are similar but not identical.
The discernible spectral di erence suggests H-bond networks in,@8 and D,0O
are a ected di erently by nuclear quantum e ects (NQES) [Schreck and Wernet,
2016].

With the signi cant advances in XAS experiment, the theoretical exploration
of XAS spectra is urgently needed to unambiguously associate spectral features
to speci ¢ structural motifs of water, which requires both an accurate molecular
structure and a proper treatment of electron-hole interaction. Based on density
functional theory (DFT) [Hohenberg and Kohn, 1964], Feynman path-integrahb
initio  molecular dynamics (PI-AIMD) [Car and Parrinello, 1985; Marx and Par-
rinello, 1996; Ceriotti et al., 2013, 2014, 2016] provide an ideal platform to predict
the liquid structure by including the NQEs. However, for decades, simulation of
water has been a formidable task. Extensive studies have identi ed that the van
der Waals interaction and exact exchange are key ingredients to di erentiate be-
tween water and ice [Wernet et al., 2004; Zhang et al., 2011b; Wang et al., 2011;
Mgelhj et al., 2011; DiStasio et al., 2014; Gaiduk et al., 2015; Miceli et al.,
2015; Del Ben et al., 2015; Chen et al., 2017]. To accommodate these ne e ects,
a non-local exchange-correlation functional should be adopted in functional con-
struction that requires higher rungs [Sun et al., 2015; Perdew et al., 1996b; Adamo
and Barone, 1999] in the metaphorical Jacob's ladder [Perdew, 2001]. In this re-

gard, the modeling of water by SCAN functional [Sun et al., 2015] has shown great
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accuracy in comparison to experiment [Chen et al., 2017]. In parallel, the modeling
of electron excitation in the optical process stands as another major challenge that
has been under active development for years [Hybertsen and Louie, 1986; Heknyi
et al.,, 2004; Prendergast and Galli, 2006; Kang and Hybertsen, 2010; Rohl ng
and Louie, 2000; Chen et al., 2010; Kong et al., 2012; Sun et al., 2017, 2018]. The
excited electrons need to be treated as quasiparticles to solve the Bethe-Salpeter
equation (BSE) [Vinson et al., 2011; Fransson et al., 2016], whose Coulomb in-
teractions are screened by the electron sea in water. The proper treatments of
the electronic screening, such as the Slater's transition state theory [Slater et al.,
1969; Slater and Wood, 1970] or the more rigorous Hedin's GW approximation
[Hedin, 1965; Hedin and Lundqvist, 1970] for the self-energy approach, is found to
be crucial to qualitatively reproducing experimental XAS spectra. However, due
to the signi cantly increased computational burden in solving BSE as well as in
the PI-AIMD simulation, such theoretical studies so far remain elusive.

To address the above issues, we compute the XAS spectra of bot¢C-and D,O
at oxygenK edge based on the self-energy approximation to the BSE. In particu-
lar, the liquid structures are generated from path-integral deep potential molecular
dynamics (PI-DPMD) using a deep neural network-based potential energy model
[Wang et al., 2018; Zhang et al., 2018a, 2019, 2018b; Ko et al., 2019] as introduced
in chapter 4. The PI-DPMD scheme preserves the accuracy of SCAN-DFT with
a computational cost comparable to that of empirical force elds. The resulting
isotope e ects in XAS spectra are in good agreement with experiment [Schreck
and Wernet, 2016], which shows a stronger in uence by NQEs in light water than

in heavy water. The pre-edge of the XAS spectra, a signature of short-range or-
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dering of H-bond network, shows a blueshift in the excitation energies and weaker
spectral intensities in O compared to HO, which originates from the shorter
covalent bond but a stronger H-bonding environment in BO. For intermediate-
range ordering, the light water exhibits an enhanced degree of inhomogeneity as
revealed by local structure index analysis [Shiratani and Sasai, 1996; Dubote-Dijon
and Laage, 2015; Santra et al., 2015]. Therefore, a more pronounced main-edge
at lower energy is identied in H,O because a softer liquid structure promotes
the localization and stabilization of the excitons. The post-edge of XAS as an
indicator of long-range ordering, however, has a negligible isotope e ect. This is
consistent with the nearly identical structures beyond second shell coordination
as observed in chapter 4 and in the diraction experiment [Soper and Benmore,
2008]. Our approach, combining accurate molecular dynamics simulations and the
electron-hole theory, provides an important theoretical lens to understand the ne

structures and quantum uctuations of water by XAS.

5.2 Methods to compute XAS in liquid water

Similar to what is shown in chapter 4 the PI-DPMD simulations in this chapter
were conducted in an isobaric-isothermal ensemble at 330 K and 1 bar for 0.3 ns
with a 128-molecule supercell. For both O and D,O, one representative snap-
shot was selected from PI-DPMD trajectories and was adopted for the calculation
of XAS spectra using our recently developed enhanced static Coulomb-hole and
screened exchange approximation [Kang and Hybertsen, 2010; Sun et al., 2017].
The XAS spectra of HO and D,O were aligned according to the position of the

post-edge because the post-edges gi®Hand D,O coincide in experiment [Schreck
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and Wernet, 2016]. More details about PI-DPMD simulations and method to com-

pute XAS are discussed in Appendix B.

5.3 Simulated x-ray absorption spectra

Figure 5.1: (a) XAS spectra of HO (red) and D,O (black) from theory (solid and
dashed lines) and experiment [Schreck and Wernet, 2016] (circles and triangles).
(b) D,0O-H,0O dierence of the XAS spectra from theory (line) and experiment
[Schreck and Wernet, 2016] (circles). (c) First-order derivatives of the XAS spectra
with respect to the energy of HO (red) and D,O (black) from theory (solid and
dashed lines) and experiment (circles and triangles).

The theoretical XAS spectra of both liquids HO and D,O are presented in
Figure 5.1(a) together with the experimental spectra [Schreck and Wernet, 2016].

A good agreement can be seen between the theory and experiment, not only on

overall spectral shapes and all three features of pre-edge535 eV), main-edge
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( 538 eV), and post-edge (541 eV) in Figure 5.1(a), but also on the more delicate
spectral di erences between the two isotopes in Figure 5.1(b). (The small peak at

533.5 eV in the theoretical results in Figure 5.1 is caused by nuclear quantum
uctuation, which can be eliminated by averaging over more snapshots.) Within
the same excitation energy scale, the spectrum of light water is slightly broader
than that of the heavy water. In particular, the blueshifts of the peaks of pre-
and main-edge are about 160 and 320 meV, which are close to the experimental
values of 120 20 and 200 20 meV [Schreck and Wernet, 2016], respectively. A
close inspection of the spectral di erence between,® and D,O in Figure 5.1(b)
further reveals that the isotope e ect in XAS is most signi cant in the pre- and
main-edges, which decays rapidly and is negligible at the higher excitation energies
in the post-edge. Apart from the XAS spectra and di erence spectra, the rst-
order derivatives of the XAS spectra obtained in this work also agree well with
experimental results [Schreck and Wernet, 2016] as shown in Figure 5.1(c). The
successful prediction of the experimental measurement indicates that the H-bond
structures and their signatures in electronic excitations of #0 and D,O are both
accurately modeled.

In experiment, heavy water is characterized as a more structured liquid than
light water [Soper and Benmore, 2008]. The subtle structural di erences are accu-
rately predicted as displayed in Figure 5.2(a). The oxygen-oxygen pair distribu-
tion functions, goo(r), show more prominent rst and second coordination shells
in D,0 than those in HO, which agrees well with the di raction measurement by
Soperet al. [Soper and Benmore, 2008]. Since both heavy and light water share

the same electronic con guration, their structural di erence arises entirely from
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Figure 5.2: (a)goo(r) of liquids H,O (red) and D,O (black) from theory (solid and
dashed lines) and experiment [Soper and Benmore, 2008] (circles and triangles).
The inset shows de nitions of proton transfer coordinate and OH O angle .
Joint probability distributions of as a function of for (b) H,O and (c) D,O.
The red dot located at ( 0.84, 161.80) in (b) and the black dot located at (0.83,
163.34) in (c) show the and values with the highest probability.

the NQEs that restructure their H-bond networks by di erent magnitudes. Under
the in uence of NQEs, the protons are more delocalized and are able to probe
the con guration space that is inaccessible to the classical nuclei. The delocal-
ized protons along the direction of the stretching mode promote the formation of
H-bonds. As shown by the proton transfer coordinate [Wang et al., 2014] in Fig-
ure 5.2, the tendency of a proton to approach the acceptor molecule is increased
under the larger NQEs in HO than in D,0O. On the contrary, the delocalized pro-
ton along the direction of the libration mode facilitates the breaking of H-bonds
by perturbing the OH O angle, , further away from 180. The overall NQEs
resulting from the two competing e ects are dependent on the anharmonicity of
the potential energy surface [Li et al., 2011; Ceriotti et al., 2016]. In liquid water,

recall from chapter 4, NQEs actually soften the liquid structure of light water
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Figure 5.3: (a) Joint probability distribution of O-H/O-D covalent bond lengths
as a function of excitation energies of states witha4 character of liquids HO (red
shadows) and DO (dashed black lines). (b) Averaged intensities of states withe4
character as a function of AD; in H,O. A;D; indicates the number of acceptor-type
(Aj) and donor-type (D) H-bonds, respectively. Insets show representative H-
bond environments and distributions of quasiparticle wavefunctions (QWs). The
excited oxygen atom is shown in black. QWs with opposite signs are depicted in
blue and yellow. (c) Distributions of AD; in liquids H,O (red) and D,O (grey).

with more broken H-bonds [Morrone and Car, 2008; Cheng et al., 2019]. Because
of the heavier deuteron than proton, NQEs are suppressed in heavy water, which
can be identi ed by the narrower distribution of deuteron as functions of and
comparing to that in light water as shown in Figure 5.2(b) and (c). The slightly
stronger H-bond of BO can be seen by the more parallelly aligned OH O angle
and a proton transfer coordinate that is closer to zero than those of,® as shown

by the red and black dots in Figure 5.2 (b) and 5.2 (c). The less perturbed H-bond
network of D,O than H,O by NQEs is captured by distinct edge features in XAS

spectra.

5.3.1 Pre-edge

The pre-edge is attributed to a bound exciton witha; characteristic whose
origin can be traced back to the rst electronic excitation in water vapor [Chen
et al.,, 2010; Sun et al.,, 2017]. Once the water molecule is excited, a positive

oxygen core-hole is left behind. The core-hole generates a strong potential that
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traps excitonic states that are well localized within the molecule. Therefore, the
pre-edge carries out a signature of short-range ordering of the H-bond network
[Chen et al., 2010; Sun et al., 2017]. The excitation energies are sensitive to the
relative position between proton and oxygen as determined by the covalent bond
length, which is under constant thermal and quantum uctuations. When the
bond length becomes longer, the proton moves away from the excited oxygen.
As a result, the enhanced electropositivity around the oxygen atom makes the
core-hole Coulomb potential e ectively stronger, which stabilizes the exciton with
lower energy. The opposite trend is true when the bond length becomes shorter.
The above e ect gives rise to a negative correlation between pre-edge excitation
energies and covalent bond lengths as shown by the red areas and dashed black
lines in Figure 5.3(a). Moreover, the above negative correlation matches well with
the anticorrelation between average covalent bond lengths and pre-edge energies
of H,O and D,O as shown by the dashed blue line in Figure 5.3(a) which has a
negative slope with tan =0.006 A/160 meV, where 160 meV is the blue-shift of
the pre-edge and 0.00&\ is the bond length contraction when going from KO
(1.005A) to D,O (0.999A). The 0:6% covalent bond contraction ratio is close
to the ratio of 0:5% found in the neutron di raction experiment of Zeidleret al.
[Zeidler et al., 2011] (the 3% contraction found in the experiment of Sopet

al. [Soper and Benmore, 2008] is likely to overestimate the bond contraction as
stated in Ref. [Ko et al., 2019]). At the same time, pre-edge of,D has a narrower
spectral width than that of H,O as observed in Figure 5.1, which is consistent with
the suppressed quantum delocalization in fD as shown in Figure 5.2.

Besides the excitation energy, the spectral intensity is also a ected by the
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isotope substitution. According to the selection rule, the transition matrix element
is determined by thep character in the excitation [Nilsson et al., 2010]. Based
on symmetry analysis, the intensity of the pre-edge is weak, but not vanishing
even for an intact H-bonding environment in crystalline ice [Wernet et al., 2004;
Nilsson et al., 2010]. Moreover, the pre-edge intensity is rather sensitive to local
distortions of the H-bond. As shown in our analysis in Figure 5.3(b), the spectral
intensity in pre-edge is largely increased as the water structure is deviated from
the ideal tetrahedron by more broken H-bonds, which enhances tlpecharacter
of quasiparticle exciton. As aforementioned in chapter 4, the NQEs weaken the
H-bonding strength in light water as compared to heavy water. The heavy water,
therefore, shows a stronger H-bonding environment as displayed in Figure 5.3(c).
Consistently, a slightly weaker pre-edge intensity of D as compared to HO is

seen in both experiment and theory.

5.3.2 Main-edge

The main-edge has been assigned to exciton resonancexotharacteristic,
which originates from the second excited state in a water monomer [Chen et al.,
2010; Sun et al., 2017]. Because it is unbound, its quasiparticle can no longer be
con ned within excited water molecules. Nevertheless, main-edge is relatively low
in energy, and a certain degree of localization remains. As schematically plotted
in the inset of Figure 5.4(b), quasiparticles of main-edge are largely distributed
on the water molecules in rst and second coordination shells, which gives rise to
notable spectral intensities determining the main-edge feature. As a result, the

main-edge serves as a probe of intermediate-range ordering of water [Chen et al.,
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Figure 5.4: (a) Probability distributions of LSI of liquids H,O (solid red line) and
D,0 (dashed black line). The yellow and green shadows divide ® molecules into
two parts: LS|, and LSly. Insets illustrate molecular con gurations schematically,
with each dot represents a water molecule. The grey and red areas show the
rst and second coordination shells, respectively. (b) XAS spectra of liquid D
contributed by water molecules in part LS] (solid orange line) and part LS}
(dashed green line). The XAS spectra of J» contributed by LSl and LSI4
molecules have the same trend and are presented in Appendix B. Insets show
representative QWs of excited water molecules in part LSI(upper panel) and
part LSl (lower panel). (c) Intensities and excitation energies of excitons in the
part LSI_ (yellow circles) and part LS| (green circles). Colors of the circles show
the localization distance of QWSs, which is de ned as the radial distance from the
excited oxygen atom that includes 80% of QWSs. Excitons with excitation energy
2 [537, 539] eV and intensity larger than 0.5, which contribute to the formation
of the main-edge, are presented.

2010; Sun et al., 2017].

In the intermediate-range, the softer liquid structure in HO is evidenced by
both the less structured rst and second coordination shells in thgoo(r) [Fig-
ure 5.2(a)] and the slightly larger density of 0.10623 (0.10007) ato#? of H,O
than 0.10581 (0.10000) aton3 of D,O. In the above, the number outside (within)
parentheses denotes the theoretical (experimental [Soper and Benmore, 2008]) val-
ues. Therefore, more nonbonded water molecules in® will ow into interstitial
regions. Indeed, the light water has a slightly less deep rst minimum in the
Joo(r), which is observed in both experiment and theory in Figure 5.2(a). With
its denser interstitial regions, the light water is more disordered. In order to
guantify the degree of inhomogeneity, we resort to the local structure index (LSI)

analysis [Shiratani and Sasai, 1996; Dubole-Dijon and Laage, 2015; Santra et al.,
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2015]. The resulting distributions of LSI are shown in Figure 5.4(a). Based on
the average LSI value (0.032&2) of H,O, we further decompose the LSI distri-
butions into low LSI (LSI.) and high LSI (LSly) regions in Figure 5.4(a), which
are used to qualitatively describe the disordered and structured con gurations,
respectively. As expected, bD shows itself as a more disordered liquid through
the more prominent peak in LS| as compared to RO. This structural di erence
is responsible for the observed isotope e ect in XAS spectra at the main-edge.
Relative to the structured liquid in LSIy, the magnitude of disorder increases
signi cantly in LSI |, whose quasiparticle wavefunctions become more localized in
real space simultaneously as shown in Figure 5.4(c). The disorder-promoted exci-
tation localization is a well-known e ect in semiconductors due to the enhanced
backscattering processes [Klingshirn, 2005; Tongay et al., 2013]. The similar mech-
anism applies in water; the surrounding water molecules, similar to defects in
semiconductors, serve as the scattering center. Besides, the enhanced localiza-
tions also stabilize the excitonic states and give rise to larger transition matrix
elements. The above can be clearly seen by the systematically red-shifted energies
and much stronger spectral intensities at the main-edge of LSthan those of LS}
in Figure 5.4(b). The light water is composed of a slightly larger fraction of LS|
therefore, the resulting main-edge of XAS in kD is located at lower energy with

higher amplitude relative to that of D,O in Figure 5.1(a).

5.3.3 Post-edge

The electronic excitations at the post-edge are exciton resonant states as well,

which share the samdb, in orbital characteristic [Chen et al., 2010; Sun et al.,
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2017]. However, they are much higher in energy than those in the main-edge. Not
surprisingly, the remaining localization in the main-edge is completely absent. At
post-edge, the exciton resonances become Bloch-like states that distribute over the
entire space of liquids [Chen et al., 2010; Sun et al., 2017]. The above delocalized
nature makes the post-edge an indicator of the long-range ordering of the H-bond
network of water. It can be seen in Figure 5.1 that the isotope e ect at post-edge
is almost negligible, which is consistent with the almost identicadoo (r) beyond

the second coordination shell [Schreck and Wernet, 2016] [Figure 5.2 (a)].

5.4 Conclusion

In conclusion, we have studied the isotope e ect in XAS spectra of water
by advanced theoretical methods. The electron-hole excitation was modeled by
guasiparticle approach to solving the Bethe-Salpeter equation approximately. Fa-
cilitated by machine learning techniques, the liquid structures were generated from
PI-DPMD simulations with the accuracy of the SCAN meta-generalized gradient
approximation functional. Our theoretical simulations have reproduced the iso-
tope e ect in XAS spectra of water semi-quantitatively, with the isotopic XAS
spectral di erences slightly larger than experimental results, which are expected
to be improved in future studies with more accurate methods in the description
of molecular structure and electron-hole interactions. The observed blueshifts of
spectral energies with weaker intensities, on pre- and main-edge, indicate that
the heavy water has a slightly more structured H-bond network in short- and
intermediate-range than light water. This is due to the intricate competing e ects

from NQEs that a ect the heavy water slightly less than light water. The success-
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ful theoretical modeling of the delicate isotope e ect on XAS spectra will provide
an important means for further exploration of the delicate nature of the H-bond

network of water.
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CHAPTER 6

NUCLEAR QUANTUM
EFFECTS ON THE
HYDRATION OF CHLORIDE

ION

6.1 Introduction

Hydrated chloride ions (Cl ) are ubiquitous in nature. The precise nature of
the interaction between hydrated chloride (Cl) anions and the hydrogen-bond
network is of fundamental importance for a broad range of elds such as biochem-
istry [Bezanilla, 2008], atmospheric chemistry [Knipping, 2000; Spicer et al., 1998;
Foster et al., 2001], and geological processes [Beekman et al., 2011]. For example,
Cl ions are essential components in the electrolytes of living systems [Jentsch

et al., 2002]. Also, Cl is a member of the Hofmeister series of ions [Hofmeister,
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1888], with important e ects on protein solubility and folding. Moreover, chloride
ion channels are a diverse group of anion-selective channels involved in the ex-
citability of skeletal, cardiac, and smooth muscle cells [Hofmeister, 1888]. These
important biochemical and physiological roles all involve Clin an aqueous envi-
ronment. Not surprisingly, the hydration structure of Cl , and its impact on the
hydrogen (H)-bonding network of water have been the subject of intense scienti ¢
research for decades [Cummings et al., 1980; Ohtaki and Radnai, 1993; Leberman
and Soper, 1995; Knipping, 2000; Ghosal, 2005; Marcus, 2009; Piatkowski et al.,
2014].

The arrangement of water around Cl can be probed by scattering experiments
[Neilson et al., 2001; Mancinelli et al., 2007b,a], and the perturbed H-bond struc-
ture is inferable from spectroscopic measurements[Dang et al., 2006; Smith et al.,
2007; Kulik et al., 2010; Migliorati et al., 2014]. But most experiments typically
yield only time-averaged structural information. At molecular level, the solva-
tion structure of Cl is constantly uctuating on a sub-picosecond time scale. In
this regard, ab initio molecular dynamics (AIMD) simulation [Car and Parrinello,
1985] has already proven to be a valuable theoretical tool. In AIMD, forces needed
to propagate the dynamics are generated from the instantaneous ground state of
density functional theory [Kohn and Sham, 1965]. AIMD can directly model the
fast exchange of water molecules within the anion's hydration shell, as well as the
H-bond uctuations in water solvent. AIMD simulations of chloride in solution,

Cl (aq), have been carried out since the 1990s [Laasonen and Klein, 1997; Tobias
et al., 2001; Heuft and Meijer, 2003; Kulik et al., 2010; Ge et al., 2013; Zhang

et al., 2013; Bankura et al., 2013; Gaiduk et al., 2014; Bankura et al., 2015; Pham
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et al., 2016; Gaiduk and Galli, 2017]. Consensus has been reached on the fact
that the water structure in the rst hydration shell is strongly distorted. The
chloride anion, as a H-bond acceptor, is polarized in solution due to its large size
[Perera and Berkowitz, 1992; Ohtaki and Radnai, 1993; Tobias et al., 2001; Ge
et al., 2013; Migliorati et al., 2014; DelloStritto et al., 2020]. Therefore, the dis-
tribution of water molecules in its rst coordination shell is rather inhomogeneous
[Ge et al., 2013]. Such a defect-like solvation pattern around Cis incompatible
with the tetrahedral structure of water and disrupts the H-bond network in the
solution. Beyond the rst solvation shell, recent AIMD simulations [Gaiduk and
Galli, 2017] carried out using the PBE functional [Perdew et al., 1996a] at an ele-
vated temperature of 400K found a well-structured second solvation shell for ClI
and weakened H-bonds as far as the third solvation shell. These previous studies
have provided important insights on Cl (aq), but some issues remain unresolved.
For example, one might expect that the water structure in saltwater is noticeably
di erent from that of pure water. However, an analysis based on neutron scat-
tering data surprisingly suggested that the disruption of the water structure by
solvated CI is negligible beyond the rst shell [Mancinelli et al., 2007b,a].
Rationalization of the neutron scattering data requires atomic details on the
solvation structure of Cl . In order to tackle this problem quantitatively with
AIMD, one needs to employ an accurate exchange-correlation functional. More-
over, as shown in previous chapters, proper treatment of nuclear quantum e ects
(NQEs) associated with the system's protons is not optional, but indispensable
in order to produce a liquid water structure compatible with the experimental

observation [Tuckerman, 1997; Morrone and Car, 2008; Ceriotti et al., 2013; Sun
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et al., 2018]. Notably, the role of NQEs varies signi cantly among di erent types
of H-bonds [Li et al., 2011]. This new twist elevates the level of complexity in the
computations. Two distinct types of H-bonds exist simultaneously in Claq),
namely the water-water (W-W) and anion-water (A-W) H-bonds. The former
tends to build an extended tetrahedral network [Chen et al., 2017], while the
latter tends to form a tight A-W cluster surrounded by additional solvent wa-
ter molecules. The resulting Cl hydration structure re ects a delicate balance
between these two competing e ects. NQEs tilt the balance between these com-
peting H-bonding forces, which in turn lead to a di erent hydration structure than

is modeled using classical nuclei.

In this chapter we focus on probing the structure of Cl(aq) via Feynman path
integral [Feynman and Hibbs, 19654b initio molecular dynamics (PI-AIMD) sim-
ulations, and traditional AIMD with classical nuclei. The nuclear potential energy
surface is generated by employing the SCAN functional [Sun et al., 2015]. Surpris-
ingly, NQEs tilt the balance between the competing W-W and A-W H-bonding
and give rise to important changes to the anion's hydration structure. Under the
in uence of NQEs, both types of H-bonds are weakened. However, the A-W H-
bond is weakened to a greater extent than the corresponding W-W H-bond. As a
result, water molecules in the rst hydration shell are relatively less tightly bound
by the anion, and thus more amenable to accommodating the water solvent struc-
ture. While the rst hydration shell still disrupts the water structure, surprisingly
the solvent partially recovers its tetrahedral order. When compared to results
based on classical nuclei, the PI-AIMD simulation shows that the in uence of ClI

on the water structure, beyond the rst shell, is much weaker and, importantly,
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the solvent H-bond network is seemingly rapidly restored to its bulk-like behavior.
The PI-AIMD result shows excellent agreement with the experiments by Soper
[Mancinelli et al., 2007a,b]. In particular, the satellite peak of the H-CI-H angular
distribution derived from neutron scattering data only appears in the PI-AIMD
simulations, and is absent in conventional AIMD. Thus, NQEs give important cor-
rections to the computed CI (aq) hydration structure, yielding more consistent
results when compared to experiments. The present ndings strongly suggest that

NQEs should be included in future studies of the Hofmeister series.

6.2 Method

All AIMD and PI-AIMD calculations were performed in the canonical ensemble
at T=300K using a periodically replicated cubic box with edge length 12.4A.
One CI ion and 63 HO molecules were included in the 0.87 M Claqueous
solution. AIMD and PI-AIMD pure water simulations with 64 water molecules
were performed. Maximally localized Wannier Function (MLWF) [Marzari and
Vanderbilt, 1997; Marzari et al., 2012] centers were computed to study electronic

properties. More simulations details are discussed in appendix C.

6.3 Competing NQEs on H-bond

As already mentioned, a water molecule in the rst hydration shell of ClI
is subjected to competing forces provided by A-W and W-W H-bonds. Thus,
one proton in the water molecule points towards Cl, while the other points to

lone pair electrons of solvent water, as illustrated in the inset of Figure 6.1 (See
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Figure 6.1: In PI-AIMD, the distribution of distances from the intramolecular
oxygen to the MLWF centers for bonding pair electrons; vertical lines denote
average positions of two types of protons bonded to solvent water or to Clas
shown in the inset together with density isosurfaces of MLWF for bonding pair
electrons.

appendix C for more details). Furthermore, this hydration shell water molecule is
polarized by this special H-bonding con guration. Under its polarizing e ect, the
electropositive proton and the electronegative bonding pairs are separated further
apart from each other generating a larger electric dipole in the condensed phase
than that in water vapor [Badyal et al., 2000; Eisenberg and Kauzmann, 2005].
However, the abilities to polarize water are di erent for these two types of H-
bonds as determined by the electronic structural properties. The A-W H-bond
has a weaker bonding strength than that of W-W, as evidenced by the shorter
distance between the bonding electron pairs and the proton in Figure 6.1 [Chen
et al., 2018]. The relative weaker A-W bond also reduces the electric dipole of
water molecules in the rst hydration shell by 3% compared to that in bulk
water; an e ect which has been reported [Schmidt et al., 2009a; Guardia et al.,
2009].

Besides its impact on the electronic structure, H-bonding also a ects the proton
position [Tuckerman, 1997]. The above e ect is explored via the proton transfer
coordinate () [Ceriotti et al., 2013; Sun et al., 2018]. The resulting distribution

functions, Poy o( ) and Poy ¢i( ) are shown in Figure 6.2(a) and (b) for water
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Figure 6.2: Spatial distributions of proton transfer coordinate for water
molecules in Cl (aq) within (a) the solvent (b) anion's rst hydration shell from
AIMD and PI-AIMD.

molecules in the bulk solvent as well as in the rst hydration shell of Cl, respec-
tively. In general, two distinct features can be identi ed in P(). The feature at
more negative (around 22 A inPoy o )and 27 Ain Poy ¢( )) is con-
tributed by the non-bonded hydrogen. Whereas, the other feature (around0:8
Ain Poy o( )and L2 Ain Poy o ), denoted as B, o( ) and PE, ()
originates from the bonded hydrogen atoms via the W-W or the A-W H-bonds
in Figure 6.2(a) and (b), respectively. The shorter distance in the bonded peaks
is attributed to the fact that protons are more likely to approach the acceptors,
i.e. an enhanced tendency of proton transfer [Ceriotti et al., 2013; Chen et al.,
2018], under the attractive H-bond force. As expected, peak positions d&,P ( )
and PB,, () are the equilibrium positions of protons determined by the average
strength of H-bonds under thermal uctuations. The di erent peak positions of
P2, o( ) and P8, () are mainly caused by the size di erence between Cl

anion and oxygen atom [Shannon, 1976].
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Both types of H-bonds undergo notable changes when protons are treated with
NQEs in PI-AIMD simulations. On the one hand, the zero-point motion signi -
cantly expands the region that protons are able to explore on the potential energy
surface, which is inaccessible to classical nuclei. Therefore, botgyPo( ) and
Pon ci( ) show a broader distribution in PI-AIMD trajectories. On the other
hand, centers of B, ( ) and P8, ( ) move further away from its acceptors,
which suggests that both H-bonds are weakened in PI-AIMD. The fact that H-
bonding is weakened by NQEs has been recognized recently in pure water [Ko
et al., 2019; Cheng et al., 2019], which yields an important re nement to theoret-
ical descriptions of water structure. More importantly, H-bonding strength varies
among di erent types of H-bonds. The protons are more delocalized by NQEs.
However, while delocalization of the proton along the stretching direction facili-
tates H-bond formation, delocalization due to proton libration tends to weaken the
H-bond. The result represents a delicate balance of the aforementioned opposing
NQEs. A rule of thumb proposed by Michaelidegt al. states that the relatively
weak H-bond will become even weaker by NQEs amice versa[Li et al., 2011].
Indeed, a close inspection reveals that the peak position 0§ ( ) has a much
larger shift moving away from acceptors than that of B, ,( ). Importantly, this
means that the A-W H-bond becomes even weaker than the W-W H-bond under

NQEs.

6.4 NQEs on the rst hydration shell of ClI ion

Figure. 6.3(a) and (b), present the CI-O radial distribution functions (RDFs)

Jeio (r) from the Cl (aq) trajectories for both AIMD and PI-AIMD. For compar-



93

Figure 6.3: CI-O RDFs in Cl (aq) from (a) AIMD and (b) PI-AIMD simulations,
with neutron di raction result [Mancinelli et al., 2007a]. (c) Isosurface of probabil-
ity of nding a Cl ion rst neighbor of a water molecule in AIMD and PI-AIMD
simulations. The contrast level of the isosurface is set to 0.70. (d) Probability
distribution of H-CI-H angles in the rst hydration shell of CI from AIMD, PI-
AIMD simulation, and neutron di raction experiment [Mancinelli et al., 2007a].
The inset shows polarized Cl hydration structures, where water molecules in the
rst hydration shell are classi ed by bonded (orange) and non-bonded (yellow) to
Cl .

ison, the experimentalgco (r) derived from neutron scattering is shown. Clearly,
the CI-O interaction is overly structured in the AIMD simulation, Figure 6.3(a).
The arti cially strengthened CI-O attraction with classical nuclei brings the rst
(at 3.14 A) and second hydration shells (at 4.97A) closer to the anion, relative
to the experimental peaks, at 3.16A and 5.09 A (See appendix C for more de-
tails). Moreover, the rst minimum and second maximum are more prominent
than those in experiment. In contrast, the more weakened A-W H-bond due to
NQEs should loosen the anion's hydration shell. Indeed, the CI-O interaction is
weakened in the PI-AIMD simulation, as shown in Figure 6.3(b). Consistently,
the center position of both rst (at 3.16 A) and second hydration shells (at 5.00
A) increases and yields better agreements with the experiment. At the same time,
the overall gcio (r) from PI-AIMD becomes much less structured, which then shows

guantitative agreement with the experiment.
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Because Cl is polarized in solution, bonded water molecules tend to preferen-
tially populate one side of the anion while leaving the other half-space relatively
empty, with sporadic residence of non-bonded molecules (See appendix C for more
details). To accept a H-bond, Cl is located close to a proton along the bonding
direction. The AIMD trajectory shows Cl distributes within a narrow region with
a doubledome-like shape in Figure 6.3(c). The overall solvation cage, composed
of both bonded and non-bonded water molecules in the rst hydration shell, can
be described by a polyhedron with 7 vertices, as illustrated in the inset of Figure
6.3(d). Consistent with the polyhedral geometry under thermal uctuations, the
H-CI-H triple angular distribution P oy () as plotted in Figure 6.3(d) is centered
at 70 in AIMD, which is in gqualitative agreement with experiment. However,

a second broader peak that appears clearly in experiment around 139 absent
in the AIMD simulation.

In PI-AIMD, the solvation cage changes its geometry accordingly as a result
of NQEs. Due to the weakened A-W H-bond, the average distance between the
chloride ion and its bonded water molecules slightly increases from 3.285t0
3.249 A. And the dome-like distribution of CI spreads out over a larger area
due to quantum uctuations, as shown in Figure 6.3(c). Again, because of the
weaker A-W bonding, Cl can no longer bond as many water molecules as it
does in the AIMD trajectory. As a consequence, the population of non-bonded
water molecules largely increases by50% from 1.6 in AIMD to 2.4 in PI-
AIMD (See appendix C for more details). The increased number of non-bonded
water in the rst hydration shell can be further con rmed by the signi cantly

increased distribution of Cl in the region around the oxygen. With more vertices
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occupied by non-bonded water molecules, the solvation cage predicted by PI-
AIMD has geometric characteristics di erent from that of AIMD. Because the
bonded and non-bonded water molecules are located on opposite sides of @le
triplet angular distribution P oy () that involves a non-bonded water molecule
mostly contributes to an obtuse angle as demonstrated in the insert of Figure
6.3(d). As a result, the second broad peak in Ry ( ) centered around 130
emerges in the PI-AIMD simulation, as seen in Figure 6.3(d); a nding which is

in excellent agreement with experiment.

6.5 NQEs on the perturbed liquid water struc-

ture

The presence of Cl disrupts the H-bond network, and distortions are expected
around the solvated ion. Figure 6.4(a) presents the normalized tetrahedral struc-
ture order parameter,Q [Chau and Hardwick, 1998] of water solvent in di erent
hydration shells, as computed from both AIMD and PI-AIMD trajectories. Not-
ing that Q shows the anion's disruptive e ect on the tetrahedral structure of pure
water (See appendix C for more details). Not surprisingly, the most abrupt distor-
tion takes place in the rst hydration shell because the solvation cage polyhedron
is intrinsically di erent from a tetrahedron. Consistently, the rst peak of g% (r),
the O-O RDF computed by only water molecules in the rst hydration shell, is
also drastically di erent from bulk water as shown in Figure 6.4(b). Away from
the solvated anion, the degree of distortion on H-bond network decays, and the

tetrahedral water structure gradually recovers to its bulk value in the second hy-
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Figure 6.4: (a) Normalized tetrahedral structure order parametef) decay as a
functlon Igf thepdlstance to CI from AIMD and PI-AIMD. For water molecule i,
Q=3 =1 k=j+1(COS jik + 2)2, wherej and k are thejth and kth nearest
neighbor of water molecula, and ;i is the angle between moleculgj andi;k.
Q de ned by hQji soiution =MQil water» 1S the averaged and normalized®. (b) AIMD
and PI-AIMD O-O RDFs within the rst CI  hydration shell computed by water
bonded to CI , along with regular O-O RDFs of bulk water. And O-O RDFs of
(c) AIMD and (d) PI-AIMD CI (aq) simulations, with AIMD and PI-AIMD pure
water simulations, and di raction experiment [Soper and Benmore, 2008].

dration shell and beyond as shown in Figure 6.4(a). In AIMD, the remaining
distortion is non-negligible for solvent structure in the second and third hydration
shells. As a result, the overallgoo (r) of AIMD is softened as compared to that
in bulk water modeled by AIMD. This e ect has been attributed to a long-range
structural disturbance on the underlying H-bond network by Cl [Gaiduk et al.,
2014; Gaiduk and Galli, 2017].

Interestingly, the inclusion of NQEs in PI-AIMD lessens the impact of anion on
the underlying H-bond network. A water molecule in Cl(aq) is attracted by two
competing forces from the Cl anion and the solvent water. The aforementioned
more weakened A-W H-bond makes it easier for water molecules to attract each
other and restore the tetrahedral liquid structure. Indeed, the facilitated water

structure can already be seen in the rst hydration shell (See appendix C for more
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details). As shown in Figure 6.4(b), the H-bond network is still largely disrupted
in the rst coordination shell. However, it becomes more structured; this can be
seen by the decreased distance of the rst peak, as well as the appearance of a
second peak around 4.3, which coincides with the peak position of the second
hydration shell of goo (r) in bulk water. Clearly, this indicates a partial recovery
of the solvent water structure. By the same token, the normalized structural order
parameter Q recovers more quickly its bulk value in the PI-AIMD simulation in
Figure 6.4(a). The resulting overallgoo (r) of the solvent in PI-AIMD is also very
close to that in bulk water in Figure 6.4(d). The relatively small impact on the
water structure caused by CI, as modeled by including NQEs, agrees well with
the conclusions based on analysis of neutron scattering data [Mancinelli et al.,
2007a] and terahertz absorption spectroscopy [Funkner et al.,, 2012]. Notably,
inclusion of NQEs not only gives a more accurate description of Ghq) but also
play an essential role in describing the bulk water structure more accurately. The
computed goo (r) via PI-AIMD greatly helps to improve the agreement between

theory and experiment.

6.6 Conclusion

In conclusion, NQEs have a surprisingly large in uence on the hydration struc-
ture of Cl (aq). Speci cally, the interaction between water and Cl is weakened,
so that the anion's disruptive e ect on the solvent H-bond network of solvent water
is reduced. The predicted hydration properties computed via PI-AIMD agree well
with experiments. In particular, the emergence of the satellite peak in the H-CI-H

triangular distribution function in the PI-AIMD trajectory is a clear signature of
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NQEs. The present results highlight the important role played by NQES in ionic
solutions involving the Hofmeister series. Complementary studies of NQEs on
hydration of cations, such as Na(aq) and K* (aq), should be interesting. Unlike
Cl , these cations are not H-bonded to water in solution, and only the underlying
water solvent will be a ected by NQEs. Therefore, distinct corrections by NQEs

are expected.
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CHAPTER 7

NUCLEAR QUANTUM
EFFECTS ON THE
ELECTRONIC STRUCTURE

OF CHLORIDE SOLUTION

7.1 Introduction

As discussed in chapter 6, the interaction between the solvated Canion and
the surrounding aqueous environment has been studied by various experimental
methods such as x-ray and neutron scattering [Cummings et al., 1980; Copestake
et al., 1985; Yamagami et al., 1995; Megyes et al., 2008] as well as x-ray absorption
(XAS) spectroscopies [Tongraar et al., 2010; Dang et al., 2006]. These techniques
provide structural information about the hydration of ions, such as the CI-O and

CI-H radial distribution functions (RDFs), gcio (r) and gg (1), as well as the sol-
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vation coordination numbers within the rst hydration shell of the ClI anion.
Complementary to the molecular structure probed by the scattering experiment,
the electronic structure of the ionic solution can be directly obtained by photoelec-
tron spectroscopy [Gaiduk et al., 2016; Delahay, 1982; Winter et al., 2005, 2006;
Seidel et al., 2011], which further allows one to determine the accurate positions of
energy levels of the aqueous solution. Recent photoelectron experimental results
using the microjet technique reveal that the valence@Bband of the solvated Cl
anion is approximate 1.71 eV above the #0 1b, band [Gaiduk et al., 2016].
During the process of the optical photoelectron spectroscopy experiment, a va-
lence electron is excited to the vacuum by absorbing energy of an incident photon.
The electronic levels of the solvated anion can be determined by the electron bind-
ing energy, which is equal to the di erence between the excitation photon energy
and the kinetic energy of the emitted electron. In theory, the electronic structure
of the solvated anion can also be computed froab initio methods, which requires
both accurate descriptions of molecular structures and precise modeling of elec-
tronic interactions to obtain energy levels of the given molecular con gurations.
The calculation of energy levels demands a theory of electronic excitations. The
GW approximation for the electron self-energy has proved to be an excellent tool
to study the energy levels of single-particle excitations [Gaiduk et al., 2016; Hedin
and Lundgvist, 1970; Chen et al., 2016; Swartz and Wu, 2013; Hybertsen and
Louie, 1986] leading to more accurate energy levels in comparison with density
functional theory (DFT), which is in principle a ground-state theory. The energy
separation between the valencep3band of the CI anion and the HO 1b; band

re ects the interaction strength between the Cl anion and HO water molecules
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in the solution, as the interaction depends on the hybridization of theBorbitals

of the ClI anion with the 1b; band of the HO water molecules. As far as the
molecular structure is concernedab initio molecular dynamics (AIMD) simulation
has proven to be a powerful tool to study the structure of pure water [Laasonen
et al., 1993b; Tuckerman et al., 1995] and aqueous ionic solutions [Laasonen and
Klein, 1997; Tobias et al., 2001, Ikeda et al., 2003; Heuft and Meijer, 2003; Kulik
et al., 2010; Adriaanse et al., 2012; Ge et al., 2013; Zhang et al., 2013; Bankura
et al., 2013; DelloStritto et al., 2020]. In AIMD, the atomic forces, which are
needed to propagate the dynamics, are computed using DFT without the need
for any empirical input. However, the DFT method faces its own challenges. The
general gradient approximation (GGA) exchange-correlation (XC) functional gen-
erally gives an overstructured liquid water due to the self-interaction error [Perdew
et al., 1996a; Salek et al., 2005; Cohen et al., 2008, 2012]. The overestimated in-
teraction between the Cl anion and the water molecules predicted by the PBE
XC functional exaggerates the hybridization between theBorbital of the ClI
anion with surrounding water molecules as well. In order to accurately determine
the structure at the molecular level, one needs to employ higher level XC function-
als. Hybrid functionals [Becke, 1993a], which include a fraction of exact exchange,
reduce the self-interaction error presenting in GGAs. It has been proven that
hybrid functionals, like PBEO (containing 25% of exact exchange) [Perdew et al.,
1996b; Adamo and Barone, 1999], lower the probability of hydrogen atoms being
donated to the neighboring water molecules. Furthermore, the covalency of the
water molecules is strengthened with the PBEO functional, leading to a shorter

OH bond with weakened directional hydrogen bonds [DiStasio et al., 2014]. Thus,
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the PBEO functional can give a more physical molecular structure, which predicts
a larger CI-O distance and weaker interaction between the Clanion and water
molecules, than that in PBE [Gaiduk et al., 2014; Bankura et al., 2015]. Moreover,
it is found that van der Waals interactions are crucial to obtain accurate aqueous
molecular structure as these non-directional attractive forces not only soften the
water structure but also yield the qualitatively correct density [Bankura et al.,
2015; DiStasio et al., 2014]. Finally, meta-GGA functionals, like SCAN [Del-
loStritto et al., 2020; Sun et al., 2015; Chen et al., 2017], can predict an accurate
molecular structure, comparable to hybrid functionals [Bankura et al., 2015; Sun
et al.,, 2016; Horn et al., 2016], at less computational cost, since it reduces the
self-interaction error and includes intermediate range interactions. In the work of
Galli and coauthors [Gaiduk et al., 2016], the molecular structures are provided
by the hybrid XC PBEO functional, while the electronic structure uses a one-shot
GoWo method on top of self-consistent hybrid wavefunction. In their calculation,
the valence ® band of the Cl anion is around 1.52 eV above the #0 1b, band,
while the corresponding experimental value is 1.71 eV. However, the CI-O dis-
tance predicted by PBEO [Gaiduk et al., 2014; Bankura et al., 2015] is still smaller
than the experimental value, indicating the interaction between the hydrated ion
and water is likely still overestimated. This leads to a smaller energy separation
between the ClI (3p) and H,O 1b, bands compared to the experimental value
[Gaiduk et al., 2016].

The remaining discrepancy between experiment and theory indicates that molec-
ular modeling of the aqueous CI anion solution is still not accurate enough. As

discussed in chapter 6, we nd that NQEs introduce non-trivial changes to the
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hydrogen bonding between the chloride anion and the water molecules, as well as
to the chloride hydration structure, resulting in a better t to experimental obser-
vations [Xu et al., 2020]. Therefore, we would expect that a proper treatment of
NQEs in the Cl anion aqueous solution will further soften the solvation structure
and weaken the interactions between the Clanion and water molecules, thus
increasing the energy separation between the C(3p) and H,O (1b,) bands and
pushing it closer to the experimental values.

In this chapter, we present a comprehensive computational study combining
the molecular structure and electronic structure of chloride aqueous solutions.
Beyond DFT, the electronic structure calculation is performed by using the GW
approximation for the electron self-energy in the static limit, i.e. the static COH-
SEX level of theory [Hybertsen and Louie, 1986; Deslippe et al., 2012]. Our results
show that NQESs signi cantly improve accuracy of the computed energy levels, and
we nd that the solvation pattern changes induced by NQEs are strongly corre-
lated with the hybridization between the CI (3p) and H,O (1b,) orbitals, shifting
the energy separation between CI(3p) and H,O (1b;) peaks to a larger value,

which is closer to the experimental data.

7.2 Method

We adopted the same AIMD trajectories as discussed in previous section (chap-
ter 6) Also it is important to note that previous result suggested that the absence of
the Na+ cation does not change the structure of the Claqueous solution [Gaiduk
et al.,, 2014]. The GW, calculations were performed in the static limit (static-

COHSEX)[Hybertsen and Louie, 1986] on top of a PBE ground state, were the
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molecular structure was obtained from either AIMD or PI-AIMD. The subsequent
static-COHSEX calculations are done with the BerkeleyGW package [Hybertsen
and Louie, 1986; Deslippe et al., 2012]. The details of the static-COHSEX calcu-

lation could be found in Appendix D.

7.3 Computed gquasiparticle density of states

Figure 7.1: The electronic qDOS and CI anion projected qDOS from AIMD
(blue) and PI-AIMD (red) trajectories calculated at the static COHSEX level of
theory. Experimental data (black empty circles) is taken from Ref. [Gaiduk et al.,
2016]. The shaded peaks are the gDOS projected onto the CGinion orbitals.
Note that the experimental position of the gDOS projected onto the CI anion
orbital is taken from Ref. [Gaiduk et al., 2016] and the projected gDOS (grey) was
constructed by a Gaussian function for comparing the position. The Clanion-
projected qDOS has been multiplied by a factor of 5 to be more visible. Both
AIMD and PI-AIMD spectra are aligned at H,O (1b,) peak of the experimental
data. All three gDOS spectra are normalized by using the peak area.

To understand the relation between molecular structure and electronic struc-
ture of the ClI anion aqueous solution, we computed the quasiparticle density of

states (qDOS) of the Cl anion aqueous solution which is directly comparable to

the experimental photoelectron spectrum, shown in Figure 7.1. We computed the
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gDOS at the static COHSEX level of theory. The gDOS and projected gDOS
for Cl are averaged over 8 snapshots of the molecular structure (8 independent
snapshots for AIMD, 1 snapshot with 8 beads for PI-AIMD). The orbital energies
of each peak in the gDOS, taken at the peak maximum, are reported in Table
7.1 along with the experimental data. Overall, the gDOS shows four main peaks
related to H,O, the lowest one is associated with thes2orbital of H,O while the
other three peaks in the higher energy valence region are associated with the, 1b
3a;, and 1lb characteristics. The gqDOS for the averaged structures calculated
from PI-AIMD is much broader than that from classical AIMD, which is consis-
tent with previous observations of the computed XAS spectra [Sun et al., 2018] as
well as the photoemission spectroscopy gDOS spectra in pure water [Chen et al.,
2016]. The PI-AIMD peak positions are also closer to the experimental values.
While there is almost no di erence between the peak positions of the liquid water
computed from the AIMD simulation and the ones obtained from the PI-AIMD
simulation, consistent with previous reports [Chen et al., 2016], surprisingly, the
peak positions of the Cl anion, 2 and 3p orbitals, shift to higher energies, which
indicates that NQEs change the hydration structure of the solvated anions. The

static COHSEX calculation based on PI-AIMD trajectory predicts the energy sep-

Table 7.1: The energy separation E between the peaks of kD (1b;) and Cl (3p)

in the qDOS of a 0.87 M CI solution computed using many-body perturbation
theory at the static COHSEX level of theory. The units are eV. The experimental
data are taken from the peak positions of the photoelectron spectrum in the Ref.
[Gaiduk et al., 2016]. Note that the peak energy of AIMD, PIMD are aligned at
H,O (1b,) peak of the experimental data.

H,0(2s) H,O(lb,) H,0(3a) H.O(lby) CI3p) E
AIMD 31.57 17.62 13.69 11.31 1042 0.89
PI-AIMD 31.08 17.40 13.86 11.31  9.90 1.41
Experimental  30.90 17.41 13.78 1131  9.60 1.71
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aration E between the peak position of the Cl anion (3p) and the H,O (1b,)
state to be 1.41 eV, which is much closer to the experimental value ofE =
1.71 eV compared to the AIMD case, which predicts E = 0.89 eV. To further
identify where the improved prediction comes from, we compare our results with
Ref. [Gaiduk et al., 2016], in which uses a 8V, calculation on top of a PBE
ground state, where the molecular structure was obtained from a PBEO MD cal-
culation. In Ref. [Gaiduk et al., 2016], they nd a E of 1.13 eV, which is larger
than E = 0.89 eV obtained from our AIMD but still signi cantly smaller than
the E = 1.41 eV predicted from our PI-AIMD calculation. This suggests that
while using hybrid functionals to describe the molecular dynamics improves the
molecular structure, NQE corrections are still necessary to obtain agreement with

experiment.

7.4 Connections between molecular and electronic

structures

Under the in uence of NQESs, the largest change occurs in the peak position
of the Cl state in Table 7.1, while the position of the peaks associated with wa-
ter remain relatively unchanged. It raises the question of how the NQEs change
the electronic structure of the solvated Cl anions. Previous studies have sug-
gested that the relative positions of the orbitals associated with the solvated ClI
anion with respect to the 1k orbital of H,O shows a strong dependence on the
corresponding hydration con gurations[Bankura et al., 2015]. In other words, the

spatial distances between CI-O and CI-H pairs shifting to slightly larger values will
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Figure 7.2: (a) The computed CI-O radial distribution functions (RDFs) in Cl an-
ion solution obtained from AIMD, PI-AIMD and the experimental neutron di rac-
tion results [Mancinelli et al., 2007a]. (b) The charge distribution of the CI 3p
orbital in the AIMD and PI-AIMD where zero is the position of the ClI nucleus.
The spatial distribution of the ClI 3p orbital hybridization within the anion's rst
hydration shell is shown in (c) at the AIMD level and in (d) at the PI-AIMD. R
is the cuto distance for the anion's rst hydration shell. The charge density is in
blue color. Note that we highlight the water molecules within the rst hydration
shell.

increase the energy separation between the C{3p) and H,O (1b;) molecules. To
remind the reader, we show the CI-O RDFgco (1) based on the AIMD and PI-
AIMD trajectories in Figure 7.2(a). In the AIMD trajectory, the center positions
of both the rst (3.14 A) and second (4.91A) hydration shells are closer to the ClI
anion, compared to the experimental values of 3.18 and 5.09 A, respectively.
With NQEs, in the PI-AIMD data, the center positions of both the rst and second
hydration shells are located at 3.1\ and 5.06 A. Thus, the PI-AIMD predicts
better agreement with experimental data, in terms of both electronic structure
and molecular structure.

Furthermore, we have computed the spatial distribution of the ClI 3p orbital

density and plotted the results in the Figure 7.2(c) and (d). It shows that the
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orbital is slightly more localized in the PI-AIMD structure than that in the AIMD
structure. The computed charge distribution of the projected CI 3p orbital in
AIMD and PI-AIMD are shown in Figure 7.2(b). One can nd that within the
range from OA to 2.3 A, the orbital density distribution comes from the Cl anion
itself, as evidenced by the onset of the CI-O radial distribution function (Figure
7.2(a)). Within the 1st hydration shell (2.3 A to 3.8 A), the charge distribution
of the 3p orbital is more localized in the PI-AIMD structure than in the AIMD
structure. Beyond 1st hydration shell (> 3.8A), the density distribution of the
3p orbital decays quickly in the PI-AIMD structure, while it does not change in
the AIMD structure (Figure 7.2(b)). This fast decay behavior in the PI-AIMD
structure further indicates that the hybridization of 3p orbital is less favorable in
the PI-AIMD structure than in the AIMD structure, leading to a larger energy

separation between KO (1b;) band and CI (3p) band.

Figure 7.3: Schematics of the bonded (dashed line) and non-bonded water
molecules within the rst hydration shell in AIMD (a) and PI-AIMD (b). The
coordination number of hydrogen (c) and oxygen (d) atoms within the rst hy-
dration shell of AIMD (blue) and PI-AIMD (red). (e) The angle distribution (P)

of water molecules within the rst hydration shell. The angle is de ned between
the bisector and the perpendicular of the line from the Cl to O atoms. Note that
sin < 0 means hydrogen atoms point towards to Clanions whilesin > 0 means
hydrogen atoms point away from CI anions.

The energy separation resulting from the hybridization of the Cl 3p electron
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with water comes from the weakened anion-water interaction under the increased
distance between the Cl and O atoms, but how do the changes of the solution
pattern around the Cl anions due to NQEs increase the distance? The polar-
izable CI anion in the solution makes the surrounding water molecules tend to
populate one side of the anion and leave the other side relatively empty [Ohtaki
and Radnai, 1993; Tobias et al., 2001; Ge et al., 2013; DelloStritto et al., 2020;
Xu et al., 2020; Migliorati et al., 2014; Perera and Berkowitz, 1992]. We calcu-
lated the number of water molecules that are either bonded or non-bonded to the
Cl anion in both the AIMD and PI-AIMD structures. The average number of
bonded water molecules within the rst hydration shell of the Cl anion decreases
from 4.89 in the AIMD structure to 4.71 in the PI-AIMD structure, while the
average number of the non-bonded water molecules increases from 1.73 in AIMD
to 2.37 in PI-AIMD. Typically, we nd that within the 1st hydration shell, the
most common con guration is 5 bonded water molecules with 1 non-bonded water
molecule in the AIMD structure, and 5 bonded water molecules with 2 non-bonded
water molecules in the PI-AIMD structure. In Figure 7.3(a) and (b), we present
the schematics for the typical con gurations in AIMD and PI-AIMD structures.
The increase of the non-bonded water molecules observed in PI-AIMD indicates
that water molecules are less bonded with the Clanion than with other water
molecules, which leads to further con guration changes. We computed the coor-
dination number distribution of O and H in the rst hydration shell of the CI
anion based on AIMD and PI-AIMD trajectories. The results are shown in Figure
7.3(c) and (d). The center of the distribution of the oxygen coordination num-

ber is 5 in AIMD and shifts to 6 in PI-AIMD, while both PI-AIMD and AIMD
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share a similar hydrogen coordination number of 5. This indicates that under the
in uence of NQEs, more oxygen sites of water molecules tend to stay in the rst
hydration shell, with the hydrogen atoms pointing away from Cl| anion. These
behaviors are further revealed by the angle distribution of the water molecules as
shown in Figure 7.3(e), where the angle is de ned between the bisector and the
perpendicular of the line from Cl to O atoms. Note thatsin < 0 means hydrogen
atoms point towards the Cl anions whilesin > 0 means hydrogen atoms point
away from C| anions. One can tell that the population of water molecules with
hydrogen pointing away from the Cl is more prominent in the PI-AIMD structure
than in the AIMD structure.

Finally, in order to understand how the aforementioned solvation pattern
changes in uence the energy separation between the C[3p) and H,O (1b,)
orbitals, we computed the energy separation between the projected gDOS peak
positions of the Cl anion and the HO (1b,) orbitals coming from water molecules
bonded to the CI anion, Eponged = E(H20ponded (101)) - E(CIl (3p)), verses non-
bonded water molecules, Epondged = E (H20(non-bonded (101)) - E(CI (3p)). Both
calculations consider only water molecules within the 1st hydration shell of ClI
anion based on the AIMD and PI-AIMD trajectories. We nd that on average, in
the AIMD case, Eonbonded = 0.7 0.3 eV and Epongeq = 0.6 0.2 eV; how-
ever, under the in uence of NQES, the energy separation between the non-bonded
water and Cl anion increases t0 Enonbonded = 1.2 0.3 eV, while Eponded
= 0.6 0.3 eV. ltis clear that the increased energy separation between the 3
states of hydrated Cl and the 1 states of liquid water comes from two aspects:

rst, the energy separation for the non-bonded water molecules and Clanion
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in the PI-AIMD simulation is larger than the one in the AIMD simulation due

to the NQEs; second, the fraction of non-bonded water molecules within the 1st
hydration shell increases in the PI-AIMD simulation comparing to that in the
AIMD simulation. The connection between the structural change and electronic
structure of the CI anion can be summarized as follows: hydrogen atoms are
less attracted by the Cl anion and tend to point away from the Cl anion under
the in uence of NQEs. Thus, NQEs increase the distance between the Cl and O
atoms, as well as the number of non-bonded water molecules to the CI anion and
the energy separation Enonhonded- FUrthermore, more water molecules are able
to bond with other water molecules instead of the Cl anion. All these lead to
less hybridization of the ® orbital of the CI anion with the water molecules and
increases the energy separation between the C{3p) band and the H,O (1b,)

band.

7.5 Conclusion

In conclusion, we present a comprehensive computational study and investi-
gate the connection between molecular structure and electronic structure of an
agueous solution of Cl anions. NQEs have a strong in uence on the hydration
structure of the Cl anion. The computed energy levels of the aqueous solution
of Cl anions based on a PI-AIMD trajectory show good agreement with the
photoemission spectroscopy experimental data. The energy separation between
the Cl 3p orbital and the H,O 1b, orbital predicted by a PI-AIMD simulation
with electronic structure treated at the static COHSEX level of theory is 1.41 eV,

which is in good agreement with the experimental value of 1.71 eV [Gaiduk et al.,
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2016]. Our results show that NQEs play an important role not only in modeling
the molecular structure but also in capturing the electronic structure of Cl anion
solution. This result again emphasizes the importance of including NQEs in the

further study on the Hofmeister series ionic solution.
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