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ABSTRACT: Understanding and predicting the properties of
molecular liquids from the corresponding properties of the
individual molecules is notoriously difficult because there is
cooperative behavior among the molecules in the liquid. This is
particularly relevant for water, where even the most fundamental
molecular properties, such as the dipole moment, are radically
different in the liquid compared to the gas phase. In this work, we
focus on the ionization potential (IP) of liquid water by dissecting
its individual contributions from the individual molecules making
up the liquid. This is achieved by using periodic subsystem DFT, a
state-of-the-art electronic structure method based on density
embedding. We identify and evaluate four important electronic
contributions to the IP of water: (1) mean-field, evaluated at the

Hartree—Fock level; (2) electronic correlation, incorporated via DFT and wave function-based methods; (3) interaction with and
(4) polarization of the environment, both evaluated ab initio with density embedding. Furthermore, we analyze their impact on the
IP relative to the structural fluctuation of liquid water, revealing unexpected, hidden correlations, confirming that the broadening of
the photoelectron spectra is mostly caused by intermolecular interactions confined in the first solvation shell.

B INTRODUCTION

Ionized states of molecules and materials take part in many
crucial processes in electrochemistry and photochemistry, as
well as peculiar states of matter like excess electrons solvated in
liquids." The high-accuracy determination of the ionization
potential (IP) of condensed-phase molecular systems such as
liquid water have represented a major challenge in recent years
in both experimental and computational fields. However, recent
advances in liquid microjet (LJ) photoelectron spectroscopy
have opened the door to the determination of accurate
electronic energetics of water and aqueous solutions.” From
a computational perspective, there is a long history regarding the
IP of liquid water.”” Recently, Gaiduk et al.® have employed
models given by Born—Oppenheimer (BO) and path-integral
(PI) molecular dynamics simulations carried out with a
polarizable many-body potential (MB-pol)” and simulated the
IPs using many-body perturbation theory with the G W,
approximation. To inspect the effect of self-consistency in the
GW approach, Ziaei et al.'"’ employed a self-consistent GW
approach with vertex correction,'' finding good agreement with
the averaged IP results of Gaiduk et al.® The Herbert group
employed resolution of the identity MP2, including a shell of
explicit water molecules with long-ranged Coulomb interactions
handled by Poisson boundary conditions and obtained average
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IP values in §ood agreement with the experiments and the listed
simulations.

The aim of this work is not to simply provide an average IP
value for water, but rather to understand the entire photo-
electron spectral line, including its broadening, from the
viewpoint of the single water molecules making up the bulk.
Understanding the fundamental physical and chemical proper-
ties of molecular condensed phase systems by their elementary
building blocks (individual molecules) has been of great interest
for decades."” Intuitively, such an approach is feasible provided
that the interactions between the molecules in the condensed
phase are weak. Unfortunately, intermolecular interactions in
condensed phases can range from very weak to very strong, with
a significant gray area in between where, unfortunately, liquid
water is located. For example, for this fundamental liquid, it was
estimated that the molecular dipole in the liquid is 2.6 D
compared to the dipole in the gas phase of only 1.8 D."* There
are other examples, e.g., the first electronic excitation energy
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band of water is much broader for the liquid phase compared to
the gas phase. This is such that the onset of the band of the liquid
phase is red-shifted compared to the gas phase, while the
maximum is blue-shifted.">™"7 Yet, the broadening of the
excitation band was shown to be entirely due to the
intermolecular interactions occurring within the first solvation
shell."® Therefore, the difficulty (or impossibility) to predict the
properties of water from the properties of the isolated water
molecules is clear and likely applicable to the IP.

In fact, there is a large body of work on the analysis of
photoelectron spectra in terms of the local hydrogen bond
network surrounding a given water molecule in the liquid.”"
The main conclusion of the mentioned works is that the
immediate surrounding of a water molecule and, specifically, the
number of donated hydrogen bonds (which dynamically
fluctuates™) are responsible for the broadening of the 1b,
peak in the liquid phase compared to the gas phase. In all
cases, the broadening of the photoelectron spectral lines could
only be qualitatively discussed.

To attack this issue, to shed light on the root causes of the
broadening of the photoelectron spectrum of liquid water, in this
work, for the first time, we dissect its IP into four major
contributions, which we identify as follows: (1) Mean-field: the
vertical ionization potential of each water molecule composing
the bulk computed at the mean-field, Hartree—Fock level; (2)
Correlation: the effect of going beyond Hartree—Fock to
account for electronic correlation within each water molecule at
the correlated wave function level as well as with DFT methods;
(3) Embedding: comprises the Coulomb interactions between
each (ionizing) water molecule and their environment, defined
as an infinite bulk of water augmented by effects of exchange,
correlation, and Pauli repulsion (nonadditive kinetic energy);
and (4) Polarization: This contribution is identified with the
energy shift of the interaction energy among neutral molecules
constituting the environment of an ionizing molecule compared
with a neutral molecule.

For each of the four contributions to the IP, we carry out a
meticulous analysis of its dependence on the molecular-level
structure of the liquid. By using subsystem DET (sDFT)”' to
determine the electronic structure of the system, we are able to
analyze the ionization of each water molecule making up the
liquid on an equal footing and individually. In turn, we can probe
the entirety of the photoelectron spectrum band for the first
ionization of water, the so-called 1b; peak.

To achieve such a granular description of the ionization
process, we choose the ASCF procedure, which prescribes the
computation of the total energies of the ionized and neutral
states, and their difference identifies the IP. This may cause
worry, as no off-the-shelf electronic structure software can apply
periodic boundary conditions for modeling bulk systems having
a non-neutral total charge with corrected (nondivergent)
energies and potentials. In a previous work by some of us,*
we presented a new sDFT method capable of approaching
charged systems, regardless of the underlying adoption of
periodic boundary conditions.

B THEORETICAL BACKGROUND

In this work, we exploit the ability of SDFT to express the
electronic structure of a system as a sum of subsystem
contributions. This will also allow us to express the IP of
water as a collection of ionizations for each water molecule in the
bulk. By computing the IP contribution arising from each water

molecule, we are able to correlate it to the molecular structure
and its environment.

The total Kohn—Sham (KS) DFT energy of an electronic
system is exclusively a functional of the electron density, p(r),
and reads as,

E[p - T[p nuc ] + E [p] + Exc[/)] (1)

where V, [p] = /p(r)vext(r)dr, and Eg4[p], and E, [p] are the
Hartree and exchange-correlation energy functionals, and T;[p]
accounts for the total kinetic energy of the system.

The above leads to the definition of the KS equation,

2

—%ww4ﬂ+m1m+%ymﬁma=ww>

)
In which, v.,(r) denotes the external potential, and vy [p](r) and
v [p](r) represent the electronic Coulomb (Hartree) and the
exchange-correlation potentials.

Subsystem DFT (sDFT). sDFT employs a divide-and-
conquer approach, where the total system (a model of bulk water
in this work) is split into interacting fragments, called
subsystems. The subsystems are small in size compared to the
total system.”’ The electron density of the total system is
partitioned into subsystem electron densities, {p;(r)}, and
written as

o) = X 0,(0)
=1 3)

where Nj is the total number of subsystems.
The total electronic energy in sDFT is defined as a functional
of all the subsystem densities. Namely,

El{p}] = Y. Tip] + Vaulpl + Elpl + E ] + TP [{p, 1] @
I
where V, [p] = /p(r)vext(r)dr, and Ey4[p] and E,[p] are the
Hartree and exchange-correlation energy functionals.
The electronic energy just presented in sDFT can also be
expressed as the sum of additive and nonadditive energy terms,

El{p,}1 = ). Elp] + E™[{p,}] “
I S

The additive part is calculated using the ground state Kohn—
Sham-DFT functional computed with the external potential of
subsystem I, v/, (r). We remark that the total external potential
in eq 4 is given by the sum of all subsystem external potentials,
() = f’“ velxt(r). The nonadditive energy is given by three
terms (equations below): Coulomb EX[{p;}] in eq 6,
exchange-correlation EX¥[{p;}] in eq 7, and the nonadditive
kinetic energy T**[{p;}] in eq 8. They are defined as follows,

Eé‘;il[{/)l}] = z //J (vl (e)dr + [EH[/)] z EH[/}I]]
=1

I,J#1 (6)
Ns
ERXl{p ] = Elp] — ) Elp,]
I=1 (7)
T [{p 1 = Tlp] - Z Tlp]
(8)

The additive part of the kinetic energy is evaluated exactly
from the subsystem KS orbitals,

https://doi.org/10.1021/acs.jpcb.2c07639
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Tlp] = TS[{lplI(r) H = Zi <y/iI|—%V2|y/iI>. Generally, in prac-

tical calculations, the nonadditive kinetic energy T**[{p;}] is
evaluated aggroximately with pure density functionals, such as
revAPBEK.
The variational problem in sDFT is given by the set of KS
. . . . 24 .
equations with constrained electron density,” which read

2

V:
-5+ viglp 1(6) + veloy, p](r)]wf(r) = ¢/y/(r)

€)
where the subsystem-specific effective KS potential contains the
intrasubsystem contributions and is defined as

Velff[/)[](r) = VeIxt(r) + VH[/)[](r) + ch[ﬂl](r) (10)

In the above equation, vy[p;](r) and v, [p;](r) represent the
electronic Coulomb and the exchange-correlation potentials
arising from the electron density of subsystem I. The interaction
of the electrons of subsystem I with the environment is
represented by an embedding potential that reads as follows,

vl P1E) = 2 Tl() + wlp 101 + 92T, ()
JJ#I

nad

+ v o H(x) (11)

The nonadditive exchange-correlation potential 4 {p}(r)

and the nonadditive kinetic potential v2*/[{p;}](r) are defined as
ineq 12 and eq 13,

SE[p]  OE.lp]

vz:ad[ ] —

e =50~ o ()
5T[p]l  OTlp]

l)nad[{ }] r) = s _ 1

e = T (13)

The subsystem orbital energies are denoted by & in eq 9.”'

We remark that, in practice, the set of subsystem KS equations
can either be solved iteratively using a Freeze-and-Thaw”>
procedure, or simultaneously for all subsystems with the total
density being updated at every SCF cycle.”*™>’

Calculating the lonization Potential. To compute the IP,
we use a ASCF procedure by taking the difference between the
total energy of the neutral system, E,, and the total energy of the
charged system (one electron removed), E;,,

IP = E, — E

tot tot

(14)

To describe the bulk, we employ periodic boundary
conditions (PBC) with simulation cells containing a limited
number of molecules (64 in this work). The IP of liquid water is
therefore sampled over the 64 water molecules in the simulation
cell. This is repeated for several snapshot configurations (vide
infra).

We thus have an opportunity and a potential problem. On one
side, we can use sDFT to compute the electronic structure of
ionized systems. This avoids charge-density overdelocalization
issues originating from possible self-interaction error in the
exchange-correlation density functional.’*™** Additionally,
sDFT’s computational complexity is advantageous, as it scales
quasi-linearly with the number of subsystems involved.*>** On
the other side, because of the need to employ PBC to approach
bulk systems, the total energy of charged systems is not directly
accessible.”” The next section outlines a workaround for this
problem which we call “impurity model”.
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Putting the issue of charged systems in periodic boundary
conditions aside for the moment, the advantages of using sDFT
for computing the IP of bulk molecular liquids are enormous.
First and foremost, the subsystem electronic structure can be
computed with any electronic structure method one desires.
Typically the molecules in a molecular liquid are small and
almost any quantum chemistry method can be applied (perhaps
with exception of full CI). Thus, an accurate description of the
intrasubsystem electronic structure is at hand (vide infra, in this
work we will use semilocal DFT as well as MP2 and coupled
cluster methods). Additionally, because sDFT dissects the total
energy into additive and nonadditive terms we have the
opportunity to further break down the IP in such a granular
way that is inaccessible by standard electronic structure
methods.

To compute eq 14 we express the energies of cation and
neutral species according to eq S. Hereafter, we will indicate the
ionized subsystem with the notation pj, while when we use a
different index counter, e.g., py, we imply that subsystem J is a
neutral subsystem polarized by the ionized subsystem I. For
clarity, the expression of the cation/neutral energies is
summarized as,

E+_

tot =

N,
Elp), o1 = DL Blp 1+ E™(p'), o1
] (15)

N,
Eg = El{p/}] = ) Elp)] + E™[{p)}]
J (16)

where we have introduced a notation of the electron density with
a +/0 The nomenclature is summarized in eq 17.

/)I+ — density of ionized subsystem I,

/)]+ — density of neutral subsystem ] polarized by ionized subsystem I,
/)Io/ ; = density of neutral subsystems I/] part of the neutral system

(17)
In this work we partition the IP in the following manner:

(1) Mean-field: the Hartree—Fock energy difference between
an ionized and the corresponding neutral water molecule
subsystem, where the electronic structure of the molecule
is computed in the field provided by the environment
subsystems. Using the previously introduced nomencla-
ture in eq 17,

Py = B (o] = (0] (18)
In the above equation, E}" is the HF energy functional
of the isolated subsystem I evaluated with the density (or,
more precisely, the corresponding set of orbitals) given in
the argument, and p;/®HF represents the corresponding
densities computed self-consistently with the HF Fock
operator augmented by a static embedding potential
derived from a separate sDFT calculation that was carried
out at the PBE level in periodic boundary conditions. It is
important to note that the energies used in eq 18 do not
include the interaction with the environment, i.e., they are
the “internal” energies of the water molecule in the two
electronic states considered (neutral and charged).

Electronic Correlation: the difference between an IP

calculated with eq 18 and an IP calculated with the same

equation with the HF functional replaced by a method

)
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that accounts for electronic correlation (e.g., Coupled
cluster, MP2, and DFT).

Embedding or Interaction: comprised of two parts. The
first one is the Coulomb interaction between the ionized
water molecule (subsystem) and the environment. We
define this contribution by considering the following
integral of the density of the ionized molecule [p */%(r) for
the ionized/neutral molecule] with their correspondlng
embedding potentials [v/3(r)] stripped of the non-
additive T, and xc contributions. Namely,

AIR,,, = Z [eient @i - 3 [0

(3)

p; (r)dr (19)
where
~eIm-{;/O(r) _ eI[,ﬂ-}[—)/O(r) _ VEad,I,+/0(r> _ U:cad,1,+/0(r)'

The second part of the embedding contribution
accounts for the nonadditive exchange-correlation and
kinetic energy (T;), which are evaluated directly using eqs
7 and 8. Therefore, the complete expression of the
embedding contribution is given by,

Z [t @ - Z JEEON0

Ng
+ [Exc[m - Y EA51 - Edptl - B0
J#I
Ns Ns
+2 Exc[pf]] + [TM] - X Tlp 1 - Tip]
J=1 J#I

Ns
- T+ Y Ts[ﬂ,o]J

J=1

(20)

Polarization: This contribution to the IP arises from the
energy associated with the polarization of the environ-
ment due to the presence of a charged subsystem
compared to a neutral subsystem captured by computing
two terms, AIPPOI and AIP(Z) AIP(OI measures the change
in the strength of the 1nteract10n between the water
molecules in the environment. AIPI(JO accounts for the
change in the internal energy of the water molecules in the
environment. The definitions of the two terms are found
in egs 21 and 22.

(4)

N
AH)(ll - ECoul Zp] Z ECotll[/)]+]
J#I J#I
N N
- ECoul Zﬂ]o - Z ECoul[/)Io]
J#I J#I (21)
N
ARG = 3 (Ejlp] - Ejlpf])
J#I (22)

In conclusion, by summing up the reported four contribu-
tions, the final value of the IP is obtained for each water molecule
considered in the model. The final reported value of the IP is
simply the average of the IP of each water molecule in each
geometry snapshot considered. We also histogram the IPs of all
water molecules in all snapshots to compare directly with the
experimental photoelectron spectrum.™*

5473

The Impurity Model. The impurity model is based on the
simple realization that a subsystem electron density can be
considered either as the density of an extended, periodically
repeating subsystem or the density of a finite, single subsystem.
In practical calculations the finite and the extended subsystems
are defined by the way the Coulomb potentials for the electronic
and nuclear charges are computed in the intra- and
intersubsystem potential.

When a finite subsystem is considered, the electronic
Coulomb embedding potential is augmented by a screening
potential to become

embI {,0] }](1‘) =y Zp] (l') + 1/screen[pl](r)

J#I (23)

where formally vy[Y,.0/](r) = va[p — p;](x) is the periodic
electronic Coulomb potential of the environment density p — p;
and the screening potential reads

Vls—;:reen[pl](r) — VH[pI](r) — VH[,DI](I')

where 7 is the electronic Coulomb potential of a finite,

(24)

nonperiodic subsystem with density p;. The screening potential
essentially is the contribution of the embedding potential from
the periodic images of the same subsystem. Therefore, the
impurity model achieves the goal of generating a partition of the
system into one finite, nonperiodic subsystem with density p;
and a semi-infinite environment. Such an impurity model is then
applied to the nuclear Coulomb potential as well.

The screening potential for a charged subsystem is somewhat
more involved because one wishes to only keep the charged
subsystem in one lattice site and in all other periodic images one
replaces the charged subsystem with a neutral subsystem. This
can be achieved by considering the following screening potential
which must depend on the subsystem electron densities of the
neutral and charged versions, p?/ *, of subsystem I. Namely,
oy p7 1) = wi™lp 1) —

screen
H

vi o 1(0) + Aolpy, 7'

(25)

where A is a constant shift added to the embedding potential to
reference consistently neutral and charged systems (i.e., the so-
called G = 0 correction, see ref 37) and vi{"**"[p}] is computed
with eq 24 with the neutral subsystem density replaced by the
charged subsystem density. The G = 0 correction can be
computed in several ways, for example it can be evaluated
assuming that a slab’s potential reaches the vacuum level,*”®
from analytical considerations,”’ or with numerical Fourier
transforms.”” In the impurity model, we employ the latter. We
stress that the impurity model carries an important advantage
compared to several other methods that deal with the
divergences of the Coulomb terms of charged systems in
PBC,™ in that it corrects both the energy and the electrostatic
potential. Therefore, in principle, it delivers subsystem electron
densities that are (self)consistent with respect to the energy
functional used and the boundary conditions employed.**

We introduce a minor approximation in the implementation
of the impurity model, i.e, in our definition of the auxiliary
neutral subsystem density in eq 25, p{. This is typically borrowed
from a separate calculation of a neutral system. In our previous
work, we assessed the effect of including a self-consistently
determined p{ to find a very small correction to the energy.
Thus, in this work we will only consider non-self-consistent p?
for the determination of the embedding potentials within the
impurity model of eq 25.

https://doi.org/10.1021/acs.jpcb.2c07639
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B RESULTS

A summary of the various contributions to the average vertical IP
of bulk liquid water is presented in Figure 1 for both the PI and

. Pl
BO

MP2

Contribution to IP (eV)
PBE

- CCSD(T)

s 3
(«

P

Figure 1. IP of bulk liquid water broken down into four major
contributions: Mean-field Hartree—Fock (HF), electronic correlation
(E. Corr.), the interaction with the environment (Embed.), and the
polarization of the environment (Pol.).

the BO AIMD snapshots. Hereafter, we will simply refer to the
computed vertical IP as IP. The mean-field Hartree—Fock
contribution averages to 10.85 (10.76) eV for the BO (PI)
snapshots. The electron correlation contribution increases the
mean-field HF IP by 16% or 1.67 (1.68) eV at the CCSD(T)
level. In the figure we also feature the correlation energy
contribution from other methods, such as DFT (PBE XC
functional) and MP2. As expected,*"”*> MP2 overestimates the
correlation energy by about 0.30 eV compared to CCSD(T).
The polarization contribution also is significant, averaging to
1.13 (1.12) eV. However, the biggest contribution, second only
to the mean-field IP, is the embedding contribution arising from
the interaction of the ionizing molecule with the environment.
This accounts for a reduction of the IP by close to 3 eV. The IP
reduction from the embedding contribution makes physical
sense as the cation is more strongly stabilized by the interaction
with the polar environment than the neutral molecule.

It is clear that there is a curious interplay between the various
contributions to the IP. Some are positive (increasing the IP)
others are negative (decreasing the IP). It is interesting to
inspect whether these contributions have different intrinsic
dependencies on the structural degrees of freedom of the liquid.
For example, some may only depend on degrees of freedom
internal to the single ionizing water molecule. Others may
display a dependency on intermolecular degrees of freedom. We
present such an analysis later.

A question may arise regarding the role of the potential
delocalization of the positive charge (hole) to water molecules
surrounding the cation. To shed light on this possibility, we have
computed the electronic couplings with the transfer integrals
method (see refs 43 and 44 for details) between states where the
hole is localized on one molecule or another for all molecule
pairs in the system cut off by a radius of 6 A. We found that, upon
diagonalization of the ensuing Hamiltonian (which has the
CCSD(T) IPs on the diagonals and the computed couplings on
the off-diagonals), the average IP increased by merely 0.005 eV.
Thus, we conclude that delocalization of the hole among more
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than one molecule does not significantly influence the IP of
liquid water.

In ref 45, Ambrosio and Pasquarello showed that when
employing a carefully calibrated exchange-correlation functional
approximation (PBEh(40)-rVV10), the wave function of a hole
in liquid water following a vertial ionization, rather than being
localized on a single water molecule, it is delocalized over several
water molecules. The reader might confuse our model involving
sequential ionizations of single water molecules as a major
approximation. However, we lift this approximation by
computing hole transfer coupling between the localized,
“diabatic” states (see computational details). The resulting
Hamiltonian and overlap matrices are then diagonalized giving
proper “adiabatic” states that might display a certain level of hole
delocalization that we have not analyzed. Independent from this,
our results show that the resulting IP histogram of the adiabatic
IP values follows closely the one of the diabatic IP values.
Therefore, we continue our analysis using the diabatic IP values
simply as a matter of computational convenience.

IP Contributions and Their Correlation with Intra- and
Intermolecular Degrees of Freedom. Mean-Field HF and
Electronic Correlation Contribution. The correlation coef-
ficients between the structural (intra- and intermolecular)
degrees of freedom and the individual IP contributions were
calculated for both the PI and the BO MD snapshots. The
symmetric (Sym. vib.) and antisymmetric (Antisym. vib.) O—H
stretch vibrations of a given water molecule as well as the HOH
angle constitute the intramolecular degrees of freedom that were
investigated. Recent investigations of the photoemission
spectrum of water point to the important role of hydrogen
bonds for the explanation of certain features of the spectrum.’
Therefore, in this section we include donated and accepted
hydrogen bonds (H-bonds) as intermolecular order parameters
that we will correlate with the value of the IP.

We also consider a composite order parameter aimed at
measuring the size of the first solvation shell (d1-d4).The d1—d4
order parameter is a linear combination of the four closest
oxygen—oxygen distances (d1, d2, d3, d4). Specifically, d4 =
Yicdi. The expansion coefficients, {c;}, are determined by a
linear regression against the IP values (we remark that
regressions other than linear have been considered and yield
very similar results). See Figure 2 for a depiction of the degrees
of freedom considered.

The correlation coeflicients for mean-field HF and the
electronic correlation contribution are shown in Figure 3. HF
correlates the most with Sym. vib. (—0.94 and —0.88 for the PI
and BO snapshots, respectively). The correlation coefficients of
HF with the other degrees of freedom remain below 0.33 in
magnitude.

We notice that the electronic correlation contribution has
highest correlation coefficient with the Sym. vib. (0.69 and 0.41
for PI and BO snapshots, respectively), while the correlation
coefficients with the other degrees of freedom do not exceed
0.30 in magnitude. This is a result that compares well with past
studies carried out in the gas phase.*® We note that generally we
see higher correlations for the PI snapshots. This is likely
because PI MD allows the water molecules to probe a larger
region of phase space compared to BO MD due to the additional
forces originating from the path integral ring polymers.*’

Embedding and Polarization Contributions. In Figure 4, we
show the correlation coeflicients of the embedding and
polarization contributions to the IP. Inspecting the figure, it is
clear that with a correlation of below 0.1, embedding does not
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Figure 2. Schematic representation of intra- and intermolecular degrees
of freedom. Intermolecular: H-bonds donated, H-bonds accepted by
the ionizing water molecule, and oxygen—oxygen distance from the
central (ionized) water molecule to the four nearest neighbors.
Intramolecular: Symmetric OH stretch vibration (Sym. vib.),
Antisymmetric OH stretch vibration (Antisym. vib.), and HOH angle.

correlate well with d1—d4. On the other hand, polarization
shows a weak anticorrelation of —0.35. Therefore, it is not
surprising to note that for the sum of embedding and
polarization (right-most panel in Figure 4) the correlation
with respect to d1—d4 remains below 0.15 (a negligible value).

We have determined that this behavior is not particular to
d1—d4, but that it applies to most correlation coeflicients with
the oxygen—oxygen distances up to the 10-th closest molecule to
the ionizing molecule, see Figures 5 and S4 in the Supporting
Information. A similar correlation with the position of nearby
water molecules was noticed in previous studies”'” as well as in
an analysis by some of the authors concerning the low-lying
excitation energies of water."®

A similar behavior is observed for the amount of H-bonds
donated, where the embedding and polarization contributions
display correlation coefficients that are of the opposite sign,
respectively. Regarding the number of H-bonds accepted, we
found an almost negligible correlation from the polarization
contribution, while embedding shows weak but nonnegligible
correlation coefficients (—0.29 and —0.32).

Finally, we briefly discuss a comparison between the IP of the
liquid compared to the one of the vapor. We obtain the IP of the

vapor by borrowing the geometries of each water molecule from
the PI or BO snaphots, but then we treat each molecule as an
isolated system. This should give us a measure of the embedding
effect given by the condensed phase. Tables S1 and S2 and
Figure SS in the Supporting Information show that the gas phase
IP is much higher than the liquid IP (by about 2 eV). This is
reminiscent of a similar shift in the optical spectrum of liquid
water, 154850

Account of Nuclear Quantum Effects and Comparison
With Experimental IPs. Gaiduk et al.® estimated that the
inclusion of nuclear quantum effects (NQE) has a small effect on
the average IP (less than 0.1 eV). However, they showed that the
distribution of the dipole moments of the water molecules in the
liquid is broader when calculated from the PI snapshots
compared to BO. Thus, we expect that including nuclear
quantum effects will result in a broadening of the IP distribution
and a small shift of the average IP. In Figure 6, we report our
results for the IP distribution at the CCSD(T) level (the IP
values include the sum of all contributions). Inspecting the
figure, we confirm that the PI MD snapshots result in a broader
IP distribution. We also inspect the linear extrapolation of the IP
to find the value of the valence band maximum (VBM, see Table
S2). Chen et al.’' predict a strong renormalization of 0.2 eV for
the VBM when NQE are taken into account. In order to
compare our results with refs 51 andS2 we report the values of
the extrapolation to low IP values of our IP histograms
(equivalent to the extrapolated VBM) for our simulations as
well as the ones of Gaiduk et al.” in Table S2 of the Supporting
Information. Our VBM shift due to NQEs is 0.33 eV for PBE,
0.31 eV for CCSD(T) and 0.25 eV for MP2. Gaiduk et al. find it
to be 0.32 and 0.29 eV when GW/PBE or GW/RSH are used,
respectively.

From the values reported in Table 1, we can also see that the
average IPs do not shift considerably upon accounting for NQE,
regardless of the methods employed.

When comparing our results with the literature, we note that
our values underestimate the measured IP of bulk liquid water by
about 0.70—0.75 eV when we employ CCSD(T) and 0.53—0.57
eV when we employ MP2.

The discrepancy is due to approximations in our simulations.
The most consequential approximation is the finite-size effect
related to the polarization of the water molecules in the
environment. This is in line with previous works based on cluster
models and continuum boundary conditions.”>™>” In Table S4

HF

dl-d4
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HOH | mm P .
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-1.0 -0.5 0.0 0.5
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Electronic Correlation
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BO
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Figure 3. Correlation coefficients for the HF and the electronic correlation (reported here computed with CCSD(T)) contributions to the IP of liquid
water with the selected structural degrees of freedom for the PI and BO snaphots.
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Figure 4. Correlation coefficients between the molecular degrees of freedom and the embedding and polarization contributions to the IP of water for

both the PI and BO MD snapshots.
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Figure 5. Correlation coefficients between electronic correlation energy (CCSD(T)) of liquid water with the respective average distance to the n’th
neighboring water molecule (dn). These data were taken from 10 snapshots of the 64 water molecule systems from PI and BO MD trajectories.
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Figure 6. Density of states for the first ionization of water molecules in
bulk liquid water. Values computed with CCSD(T) are compared
against the experimental microjet photoelectron spectrum.” For clarity,
we shift the CCSD(T) value by 0.7 eV (BO) and 0.75 eV (PI) for an
easier theory-experiment comparison.

of the Supporting Information, we show that to properly
converge the polarization contribution to the IP we would need
to go beyond 3 X 2 X 1 supercells of the current cell size
(probably a 3 X 3 X 3 for a total of 1728 molecules would be
enough). Inspecting Table S4, an estimated error introduced by
the finite size effects for the polarization contribution to the IP is
over 0.5 eV. Another, less consequential approximation is the
fact that we are not properly accounting for the nonadditive part
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Table 1. Computed and Experimental IP of Bulk Liquid

Water in eV, Including Correlation, Polarization, and

Embedding Effects”
this work literature

PBE (BO) 10.61 G,W,/PBE (BO)* 1021
PBE (PI) 10.57 GoW,/PBE (PI)* 10.09
MP2 (BO) 10.80 GoW,/RSH (BO)* 11.61
MP2 (PI) 10.76 G,W,/RSH (P1)® 11.53
CCSD(T) (BO) 10.63 PEqS/MP2-RI (BO)'>** 11.49
CCSD(T) (PI) 10.58 Exp 1°* 11.31

Exp 2’ 11.67

Exp 3° 11.33

“PBE, MP2, and CCSD(T) (GTO basis set) are calculated with
PySCE.

of the electronic dynamic correlation. In addition, the
employment of approximate nonadditive kinetic energy func-
tionals make our nonadditive energies somewhat approximate.
Test calculations (see Supporting Information, Table S3) place
this error at 0.1 eV. Dealing with all of these potential sources of
error is beyond the scope of this study, and we believe that our IP
results are accurate enough for our intended purposes.

To compare our results with the experimental photoelectron
spectra, we simply report a histogram of the computed IPs,
presented in Figure 6. We remark that the comparison between
our calculated histograms and the experimental photoelectron
spectrum is based on the assumption that the photoelectron
cross section is independent of photon energy (Condon
approximation). Additionally, we can identify the IP histograms
with the joint density of states of neutral and cation states.
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Inspecting Figure 6 and Table 1, we notice that the shape and
broadening of the CCSD(T) density of states agrees well with
the shape of the 1b; peak of the experimental photoelectron
spectrum of liquid water.’

The spectral shape can be further analyzed by reporting the
full widths at half maxima (FWHM) for PBE, CCSD(T), and
MP2, with the corresponding FWMH estimation from the
spectral data available in the literature,”>'*>>* as shown in Table
2. The experimental fwhm’s cover a range of 1.33—1.83 eV. All of

Table 2. Full Widths at Half Maxima (FWHM) in eV from the
Computed Density of States and the Experimental
Photoelectron Spectra

this work literature
PBE (BO) 1.04 PEqS/MP2-RI (BO)'>** 0.92
PBE (PI) 1.35 Exp 1°* 1.45
MP2 (BO) 1.04 Exp 2° 1.83
MP2 (PI) 1.30 Exp 3° 133
CCSD(T) (BO) 1.04
CCSD(T) (PI) 1.31

the calculations on the BO MD geometries delivered narrower
FWHM’s (on average 1.06 eV), while the PI MD geometries
provide wider distributions with FWHM’s in the range 1.31—
1.35 eV, depending on the electronic structure method
employed, a value much closer to the experimental result.

B CONCLUSIONS

We calculated the IP of liquid water using an ab initio method
based on subsystem DFT. Thanks to the subsystem DFT
partitioning of the energy and electron density, we could dissect
the IP into several meaningful contributions including mean-
field Hartree—Fock, electronic correlation, embedding, and
polarization of the environment.

Our method perfectly reproduces the broadening and overall
spectral shape of the 1b; peak of the photoelectron spectrum of
water, clearly pointing to the inclusion of nuclear quantum
effects as essential. Our predicted average IP improves upon the
literature periodic GyW,,/PBE, but underestimates by few tens of
eV the experimental value as well as the periodic G,W,/RSH and
MP2 of cluster models.

We computed correlation coefficients between the IP
contributions and intramolecular and intermolecular geo-
metrical degrees of freedom that characterize the structure of
the liquid. We found that the Hartree—Fock and electronic
correlation contributions correlate more with intramolecular
than with intermolecular degrees of freedom. The embedding
and polarization contributions displayed stronger correlation
with the intermolecular degrees of freedom, especially those of
short-range character describing features of the first solvation
shell.

Our simulations show for the first time that the IP of liquids
such as water are composed of several contributions which have
distinct physical origin. Our work finds relevance also beyond
the basic understanding of ionized liquids. For example, it can be
exploited to design geometrical descriptors to parametrize and
predict ionization properties of liquids.

B METHODS

The water structures considered in this work are taken from ref
8. They were obtained with ab initio molecular dynamics
(AIMD) using either a path integral (PI) MD or a Born—
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Oppenheimer (BO) MD. Note that the former includes nuclear
quantum effects while in the latter all nuclei are treated as
classical particles. Ten snapshots of the BO and PI MDs were
selected for further analysis.

The embedding potentials for charged and neutral systems
were obtained with embedded Quantum ESPRESSO (eQE)*°
employing ultrasoft pseudopotentials from the PSL pseudopo-
tential library.”® We used the PBE functional®” for the evaluation
of the additive and nonadditive exchange—correlation, and
revAPBEK™ for the nonadditive kinetic energy. Following
previous benchmarking studies,'*” a total of 40 and 400 Ry
were set as the energy cutoffs for the plane wave expansions of
the molecular orbitals and the charge density, respectively.
Embedding potentials represented on regular fast Fourier
transform (FFT) grids (Cartesian grids) were further splined
to the atom-centered Lebedev grids used by the molecular codes
such as ADF®* and PySCF.®' Therefore, the splined embedding
potentials can be used in molecular-based codes for a self-
consistent field (SCF)®* ground state total energy calculation.
Apart from eQE, SCF ground state calculations that utilize the
aforementioned embedding potentials were carried out with
ADF® and PySCE.°" To use the embedding potentials in
molecular codes exploiting local atomic orbitals, matrix elements
of the embedding potential over the atomic orbitals are
computed as

Vo = %'Vemb%) (26)
where y; and y; denote general atom-centered basis functions. In
the case of ADF these are Slater-type orbitals (STO) and in the
case of PySCF Gaussian-type orbitals (GTO). For intra-
subsystem exchange—correlation, the PBE>” functional has
been employed. We also use the following wave function-based
methods: second order Moller—Plesset perturbation theory
(MP2) and coupled-cluster singles and doubles with the
perturbative inclusion of triples CCSD(T).*® Calculations at
the DFT, HF, MP2 and CCSD(T) level were performed in
PySCF with the Gaussian-type orbital aug-cc-PVQZ basis-set.
We also carried out DFT, HF, and MP2 calculations in ADF
with the Slater-type orbital QZ4P basis set. In the main text, we
feature the PySCF results, while the ADF results are reported in
the Supporting Information.

We remark that when employing embedded wave function-
based methods, such as CCSD(T) and MP2, the computation of
the interaction energy with the environment is carried out with
the corresponding wave function-derived electron density (i.e.,
we solve the so-called 4 equations for CCSD).

The calculation of the 6polarization contribution to the IP was
carried out using QEpy”*®® through eqs 21 and 22. We used
eDFTpy® to evaluate the nonadditive kinetic in eq 8 and
exchange-correlation energies in eq 7 and the embedding
potential in eq 19.

The nuclear quantum effects on the IP are calculated by
computing the IP for the BO and PI snapshots with CCSD(T).

The correlation coefficients between the IP contributions and
the molecular degrees of freedom were calculated using the
NumPy library,”” where the default Pearson correlation was
used. The molecular degrees of freedom were evaluated with an
in-house code based on pbcpy,® where the symmetric/
antisymmetric vibration of water is the sum/difference of the
OH bond lengths. The amount of donated and accepted H-
bonds from the environment were determined in a way
analogous to ref 18, with an oxygen—oxygen distance cutoff of
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3.5 A and an O—H distance cutoff of 1.5 A between different
molecules.
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The results for all calculations are available on Zenodo at the
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