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We present state-of-the-art calculations of the core-ionization spectrum of water. Despite significant
progress in procedures developed to mitigate various experimental complications and uncertainties, the
experimental determination of ionization energies of solvated species involves several non-trivial steps
such as assessing the effect of the surface potential, electrolytes, and finite escape depths of
photoelectrons. This provides a motivation to obtain robust theoretical values of the intrinsic bulk
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ionization energy and the corresponding solvent-induced shift. Here we develop theoretical protocols
based on coupled-cluster theory and electrostatic embedding. Our value of the intrinsic solvent-
induced shift of the 1sg ionization energy of water is —1.79 eV. The computed absolute position and the
width of the 1so peak in photoelectron spectrum of water are 538.47 eV and 1.44 eV, respectively,
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|. Introduction

Water is the most important substance on Earth. It is essential
for life to exist - the working definition of a planet capable of
sustaining life includes the presence of liquid water.' Water is a
natural environment for biochemical, geophysical, environ-
mental, and many technological processes. Hence, understand-
ing properties of water on a molecular level is a prerequisite for
understanding how water influences and drives chemistry. Yet,
despite a plethora of experimental and theoretical studies,
water continues to puzzle scientists.”™

In this contribution, we focus on the most basic property of
water, that is, its electronic structure. The key element of
electronic structure is the shapes and energies of molecular
orbitals, which describe the states of electrons and ultimately
determine chemical properties of a substance. Molecular orbitals
can be probed by photoelectron spectroscopies, connecting theory
with the experiment.>® An important question is how molecular
orbitals are affected by the environment, that is, in which way a
water molecule in bulk water differs from an isolated water
molecule.” Because molecular orbitals are sensitive to the inter-
molecular interactions, their energies can also provide information
about local solvent structure and its fluctuations.®

Photoelectron spectroscopy using microjets is a tool to
interrogate electronic structure of solvated species, including
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agreeing well with the best experimental values.

that of the bulk solvent itself.” It has been applied to study
various aqueous solutions, both in the UV-Vis and X-ray
regimes.”'*'® Because the light beam has a finite width, it
ionizes both molecules in the microjets and gaseous molecules
around it, giving rise to the spectra containing two well-
separated features — a narrow gas-phase peak and a broader
band corresponding to the liquid. Superficially, these experi-
ments appear to be a straightforward extension of the gas-
phase photoelectron experiments'’ ™" in which the ionization
energy (IE) is given by the difference between the energy of the
photon (Av) and a measured kinetic energy (KE) of the ejected
electrons:

IEg,s = hv — KE. (1)

However, the quantitative interpretation of these experiments
is more difficult, as explained in detail by Olivieri et al.** and
more recently by Thiirmer et al.*® The essential difference is
that in bulk measurements, the kinetic energy of ejected
photoelectrons is affected by the interactions with the surface.
In addition, the interpretation of experimental spectra is
affected by various parasitic fields, which are not present in
the gas-phase experiments, and uncertainties in calibration.'®
The energy diagram in Fig. 1 explains this issue. Whereas
the Fermi level (Er) of the liquid sample (e.g., microject) and the
analyzer are matched by design, their vacuum levels (defined as
zero kinetic energy of photoelectrons) do not match. The net
result is that in order to extract the true IE from microjet
experiments,'® one needs to know the difference between the
workfunctions of the liquid and the analyzer, ¢y, and ¢ana,

IEwat = hV — KE + (¢wat - ¢ana)- (2)
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Fig. 1 Energy-level diagram for photoelectron experiments in a gas phase
(right panel) and a liquid jet (left panel). Abbreviations: E, .., vacuum level;
Er, Fermi energy; ¢, work function; ana, analyzer; KE, kinetic energy; IE,
ionization energy. The vacuum level (i.e., the level corresponding to the
ejected electrons with zero kinetic energy) in the liquid jet is higher than
the vacuum level of an isolated molecule in gas phase due to the presence
of the field created by the water surface. This field also affects the gas-
phase molecules in the vicinity of the jet. Whereas in the gas-phase
experiment the vacuum level of the gas matches that of the analyzer, in
the aqueous solution experiment the vacuum level of the gas is pinned to
the vacuum levels of the liquid and of the analyzer, which results in an
electric field between the two (depicted as sloped energy levels of the gas).
The Fermi levels of the jet and the analyzers match by design (they are
both grounded), but their vacuum levels do not because of the difference
in the respective workfunctions. Zero kinetic energy is defined for both
experiments as the vacuum level of the analyzer. Reproduced from ref. 13
with permission from the Royal Society of Chemistry.

Proper accounting for this difference is not trivial**> and differ-
ent approaches have been developed to address referencing
and calibration issues.

Importantly, the jet also affects the energy levels of the gas-
phase molecules near it, so the measured IEs of the gas-phase
molecules in microjet experiments differ from the true gas-
phase IEs:"

IEgas =hv — KE — C(d)wat - ¢ana)- (3)

Here c is a geometric factor, which depends on the details of the
experimental setup - ie., which area around the microjet is
probed by the beam - usually, ¢ varies between 1 and 0.5."
This contribution due to the workfunction differences,
which gives rise to the vacuum levels mismatch between the
jet and the analyzer and which was neglected in early experi-
ments, is responsible for noticeable discrepancies in the
reported IEs (as illustrated by the water core-level IEs below).
Olivieri et al.'® introduced a procedure designed to extract the
true IE,,, from the microjet experiments by applying a variable
bias to the microjet. The bias shifts the energy levels of the
liquid and by measuring the dependence of the measured IEs
on the applied bias the true IEs can be extracted. By applying
this technique to core ionization of water (specifically, 0.05 M
solution of NaCl), the authors™ determined that in their
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experiment (¢war — Pana) €quals +0.57 (£0.07) eV and the
geometric factor is ¢ = 0.70 (£0.05) eV V_'. This means that
the bulk and gas-phase peak positions from the zero-bias
measurement need to be shifted by 0.57 eV and by 0.40 eV,
respectively. The value of 0.57 eV is consistent with the optimal
bias of +0.5 eV determined in ref. 13.

Thus, the workfunctions difference affects not only the
absolute value of the bulk IE, but also the shift of the bulk IE
relative to the gas-phase IE (AIE). Therefore, the true AIE
cannot be taken as a difference between the gas-phase and
liquid peaks’ maxima from an unbiased microjet spectrum.
This effect on gas-phase molecules around the jet is clearly seen
from the shift of the gas-phase peak relative to the true gas-
phase IE - in ref. 13 this shift equals 0.41 eV; the microjet value
is red-shifted, as expected from Fig. 1 and from the theoretical
value of the interface potential®® (illustrated in Fig. 2).

Thiirmer et al. developed an alternative approach to elim-
inate referencing the bulk IEs to the perturbed gas-phase
solvent peak'® - they determine the absolute bulk IEs as the
difference between the peaks in the photoelectron spectrum
(i.e., measured photoelectron kinetic energy) relative to the
cutoff value defined as the slowest photoelectrons emerging
from the liquid jet. These low-energy photoelectrons are photo-
electrons that lost nearly all their kinetic energy due to inelastic
scattering and have minimal energy to escape the liquid.
To reveal this intrinsic onset of the photoelectron spectrum, a
negative accelerating bias is applied.'® This approach does not
rely on the gas-phase peak and does not require quantification
of various parasitic fields. Thiirmer et al. also introduced an
additional procedure aiming at determining the solution
workfunction.'® They reported'® the following values of the
1sp IE and ¢y 538.10 + 0.05 eV and 4.73 + 0.09 eV, to be
compared with 538.21 £ 0.07 eV and 4.65 % 0.09 eV by Olivieri
et al." Despite using different protocols, the two sets of values
agree with each other within the reported error bars.

A recent paper”® focused on another technique for measur-
ing bulk IEs based on ambient-pressure experiments using
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Fig. 2 Molecular density (p(N)), charge density (p(e)), and potential
(denoted as ¢ in this figure and as @i, in the text) along the interface
normal of the vacuum-water system computed using several water
models. Reprinted from ref. 23 with permission of AIP Publishing.
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water films (dip-and-pull method) instead of microjets and
discussed the application of bias for determining the true bulk
IEs from the photoelectron measurements. The authors esti-
mated bias required to align the vacuum levels of the liquid and
the analyzer to be equal +0.435 V (versus the standard hydrogen
electrode), which is close to the estimated optimal bias in
the microjet experiment.'®> However, the extracted values of
the core IEs of water were different.

In microscopic terms, the real IE of solvated species includes
contribution of the interface potential, ¢;, (Galvani potential).
The difference between ¢;, and ¢, (potential outside the
sample called Volta potential) is called surface potential y.
For idealized neutral solutions, the outer potential is zero, such
that y = @i,; however, the exact value of ¢, depends on the
position of the surface defining the interface. The net result is
that in order to obtain the intrinsic, bulk IE, one should
account for the interface potential:

IEyac = hv — KE — @j,. (@)

Experimentally, the real IE is measured, ie., including contri-
butions of ¢;,. Thus, a special care is needed to make mean-
ingful comparisons with the theoretical values (which may or
may not include the interface potential).

Fig. 2 shows the results of simulations of water illustrating
the electrostatic potential arising solely due to the interface.
Hence, in order to reach the vacuum level (lowest free-electron
state), the electrons need to overcome the electric field created
by the liquid/gas interface. Surface potential also contributes to
the solvation free energy, e.g., for a particle with charge g

AGreal = AGintr — 4Qin, (5)

where AGiea and AGiy, are real and intrinsic (i.e., bulk value
without interface) Gibbs free energies of solvation (we use the
label “real” for consistency with previous work??).

The microscopic origin of the interface potential and differ-
ent ways to compute it have been extensively discussed.>*>"28
Importantly, contrary to earlier proposals, surface potential
does not arise due to ordered dipoles, but is dominated by
quadrupole terms. For example, by using atomistic simulations
Harder and Roux>® have illustrated that the interface potential
arises not due to orientational ordering of molecules on the
surface, but due to the intramolecular asymmetry of the charge
distribution. By using molecular dynamics (MD) simulations,
they estimated the interface potential of water to be equal to
—510 meV. An ab initio simulation by Mundy and co-workers>’
yielded a smaller value, —18 meV. The negative sign means that
the solvation energy of anions becomes less negative and the
solvation energy of cations becomes more negative due to
the interface (as per eqn (5)), and that the apparent IE of
the solvated neutral species is red-shifted relative to the intrin-
sic bulk IE (as per eqn (4)).

We note that the definition and the value of the interfacial
potential depend on the type of experiment, as has been
explained in ref. 26: i.e., the magnitude and even the sign of
water’s surface potential differs between electrochemical
experiments (which are relevant to the photoionization
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experiments) and high-energy electron holography measure-
ments. Despite these difficulties faced by theory and experi-
ment, the literature seems to converge on the existence of a
negative effective potential for a single ion moving from the gas
phase into liquid water of roughly —0.4 V*’ or less.

In addition to the effect of the interface, the measured IEs of
bulk water can also be affected by the presence of solutes. Both
microjet and dip-and-pull experiments are carried out using
electrolyte solutions (i.e., NaCl, KOH) to mitigate the effect of
creating charges in the jet (due to streaming through the
capillary and ionization) that can affect the subsequent ioniza-
tion. The possible effect of ions present in these solutions on
the IE of the bulk solvent was shown to be small*® but non-
negligible. Importantly, the ions affect both the intrinsic bulk
IE and the surface potential. Finally, the measured IEs always
contain contributions from both the surface and the bulk
species because the photoelectrons have finite escape depth
(determined by the inelastic mean free path). The contribution
of the bulk increases at higher photon energies. The
simulations®! suggest that the apparent peak position of liquid
water can vary by as much as 0.3 eV as the inelastic mean-free
path changes from 3 to 50 A.

In this contribution, we focus on the intrinsic 1sg IE of bulk
water. The gas-phase value is well-known:"**%3! 539.82 (+0.02)
eV (value taken from ref. 13). The question is then what is the
magnitude of the shift of the 1s, level in the bulk relative to the
gas-phase IE (AIE). As in the valence domain, the IEs of
the solvated neutral species are expected to red-shift relative
to the gas phase due to the strong solvent stabilization of the
resulting cationic state. The magnitude of the shift quantifies
the overall effect of the solvent stabilization of the core-hole
state, whereas the width of the peak gives a measure of the solvent’s
structural fluctuations. In contrast to the valence domain, the
photoelectron spectra of the core-level ionization do not contain
multiple overlapping bands and, therefore, are somewhat easier to
interpret. Core-level states are also known to be very sensitive to the
local environment, which can provide a handle for connecting the
spectroscopic measurements with the structure.

Table 1 summarizes experimental values of AIE for 1so
ionization of liquid water from different experimental setups
(microjets, clusters, dip-and-pull). These papers, which span
the time range from 1986 till 2023, report values from —1.3 to
—2.8 eV. To further illustrate the discrepancies between differ-
ent experiments, Fig. 3 shows three spectra from ref. 12, 13 and
24. These discrepancies are quite substantial, providing the
illustration of the challenges in experimental determination of
IEs due to the factors discussed above. They also illustrate the
progress made by the experimental community in addressing
these challenges. In particular, the best experimental estimates
derived from microjet experiments are —1.61 eV (ref. 13) and
—1.72 eV (ref. 16) agree with each other within the specified
error bars. In contrast to the microjet experiments, the best
estimate from ‘“‘dip-and-pull” experiments is —2.2 eV (ref. 24).

Given the challenges of the experimental determination
of the absolute values of bulk IEs and the surface potential,
and persistent disagreements'*'®*®*” about the details of
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Table 1 Experimental values of the 1sg level shift (AIE) in bulk water. The
best values are shown in bold (see text)

AIE, Photon

ev energy, €V Details Source

-1.3 560 Large water cluster 32
(~1000 molecules)

-1.3 720 Water layer on SiO, film 33

-1.5 800 Liquid jet, 3 M NaNO,/NaNO, 34

-1.5 560 Liquid nanoparticles, 0.01 M glycerol 35

—1.58 420 Liquid jet, 0.05 M NacCl, zero bias 13

—1.61 420 Liquid jet, 0.05 M NaCl, corrected 13

—1.6 750 Liquid jet, 10~* M Nacl, 12
0.003 mbar, 25 °C

~1.72 650 Liquid jet, 0.05 M NaCl, 16
from absolute IEs”

—1.77 600 Liquid jet 11

—-1.8 735 Ice 36

—-1.9 1486 7 mol% LiCl, thin film 37

-1.9 1253 Liquid jet, 1 M KCI 14

-1.9 750 Liquid jet, 10~* M Nacl, 12
1.4 mbar, 4 °C

-1.91 1012 Liquid jet, 0.14 M NaCl 15

—2.0 4000 Dip-and-pull, Pt/1 M KOH 38

—-2.0 4000 Dip-and-pull, Pt/1 M KOH 39
and 0.1 M KF

-2.0 4000 Dip-and-pull, Pt/0.1 M KOH 40

-2.0 4000 Dip-and-pull, Co/0.1 M KOH 41

—2.2 4000 Dip-and-pull, Co,0/1 M KOH 42

—2.2 5400 Dip-and-pull, Pt/1 M KF 24

—-2.3 4000 Dip-and-pull, NiFe/0.1 M KOH 43

—2.4 4000 Dip-and-pull, NiFecoCeO,/1 M KOH 44
and 0.1 M KF

—2.8 4000 Dip-and-pull, Pt/6 M KF 45

“ Computed using the reported absolute 1s, IE (538.10 eV) of liquid
water and the gas-phase value (539.82 eV).

—— Pellegrin et al.
1.0 Liu et al.
—— Olivieri et al.
0.8
>
et
‘i 0.6
C
(]
=
— 0.4
0.2

0035 536 537 538 539 540 541
IE (eV)

Fig. 3 Experimental spectra from Pellegrin et al. (at 0.003 mbar and
room temperature),*? Liu et al.,>* and Olivieri et al. (at O V bias).*® The
spectra were aligned by the position of the gas-phase peak (the narrow
feature) by applying global shifts of +0.59 eV, +4.9 eV, and +0.87 eV,
respectively.
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experimental protocols, accurate theoretical modeling of the
core-ionization spectrum of water is important for providing a
robust theoretical reference.

Previous theoretical calculations of core-level ionization of
liquid water have been limited to density functional theory
(DFT) and Hartree-Fock methods,'"**?*8 and varied greatly in
terms of model structures and sampling of equilibrium
dynamics (many were carried out on model clusters rather
than bulk).

Here we employ high-level quantum chemistry methods to
compute intrinsic core-level IE of bulk water. In addition to
providing the best theoretical estimate of the bulk IE, we also
aim to carefully investigate the convergence of the spectrum
with respect to the details of computational protocol, to aid
future theoretical studies. We use MD simulations with classi-
cal forcefields and ab initio potentials to simulate bulk water,
and then use the snapshots from the MD simulations to carry
out QM/MM (quantum mechanics/molecular mechanics) cal-
culations of IEs using equation-of-motion coupled-cluster
(EOM-CC) methods*® adapted for calculations of core-level
states’®' by core-valence separation (CVS).*> EOM-CC is a
state-of-the art technique capable of treating electronically
excited and ionized species.*® Here we go beyond EOM-CC with
single and double excitations (EOM-CCSD) and also evaluate
the effect of triple excitations by using the MLCC3 method
(multilevel coupled-cluster method with triple excitations).**™>®
The main challenge in applying these methods to modeling
condensed-phase phenomena is how to properly account for
the effect of the solvent via embedding. Here we show that in
calculations of core-level IEs simple electrostatic embedding
(QM/MM)*"*® converges slowly with respect to the size of the
QM system, which illustrates the high sensitivity of the core-
level states to the environment. We also investigate the con-
tribution of different types of structures present in bulk water
in the overall spectrum. Our calculations represent the most
ambitious simulations that provide a reliable ab initio estimate
of the core-ionization spectrum of liquid water.

The structure of the paper is as follows: the next section
describes the details of computational protocols and Section IIT
presents the results of the simulations of core-level IE of bulk
water. In Conclusions, we outline the limitations of the current
simulations and provide suggestions for future studies.

[I. Computational details

The simulations of core-ionization spectra include two steps:
equilibrium simulations of bulk water and the calculations of
the IEs using the snapshots from the equilibrium simulations.
Electronic structure and AIMD calculations were carried out
using the Q-CHEM and eT electronic structure packages,’® *'
and MD simulations were carried out using GROMACS.**

A. Equilibrium simulations of bulk water

The equilibrium simulations were carried out using classical
MD with TIP3P® waters and with ab initio molecular dynamics

This journal is © the Owner Societies 2024
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(AIMD). In AIMD simulations, we used QM/MM scheme with
the QM waters described by ®B97X-D/6-31G* and MM waters
described by TIP3P.

The MD simulations were set up as follows. First, we
optimized the structure of a single water molecule with
®B97M-V/aug-cc-pVTZ. We then used this structure to create
a cubic water box 22 A x 22 A x 22 A to serve as the starting
structure for MD simulations. The simulation box consisted of
392 water molecules, giving rise to density of 997 kg m~>. The
system was then equilibrated using the NVT ensemble at 300 K
for 2 ns (the time step for the thermostat was 100 fs). Following
the equilibration, we ran a 3 ns production trajectory (with time
step of 2 fs) from which snapshots for the spectra calculations
were collected. This trajectory was also used to compute struc-
tural parameters of bulk water.

The QM/MM AIMD simulations were initiated from 40
structures taken from the equilibrium MD trajectory. The QM
region included all waters within 6.5 A radius from the central
water (this selection criterion resulted in the 35-40 QM water
molecules, depending on a snapshot). The QM part was treated
by ®B97X-D/6-31G* and the MM part by TIP3P. From each
starting structure, a 2 ps long trajectory was propagated with
a time step of 42 a.u. (1.016 fs) using the NVT ensemble at
T = 300 K (the thermostat was applied every 100 fs). The first
picosecond of each trajectory was treated as equilibration and
the second ps was treated as a production run. Hence, the total
simulation time in AIMD was 40 ps; these trajectories were used
to collect snapshots for the QM/MM simulations of the ioniza-
tion spectrum and to compute structural parameters of bulk
water. We note that this time is shorter than in the MD
simulations, however, the convergence of the radial distribu-
tion function, goo(r), shows that this simulation time is suffi-
cient (e.g., goo(r) computed from the full MD trajectory of 3 ns
and from a 40 ps segment look the same).

The link to downloadable tar files with 3000 MD and 400
AIMD snapshots is given in the ESL.¥

The simulation of bulk water properties is known to be
difficult. As discussed in several recent papers,®*®° the results
are sensitive to the interaction potentials used, the size of the
simulation box, the exact details of dynamics (e.g., thermostat),
as well as on whether nuclear quantum effects are included.

Although we used one of the best functionals (@B97X-D,”
which includes long-range Coulomb exchange and dispersion
correction) in our AIMD simulations, the analysis of structural
parameters (goo(r), the number of hydrogen bonds formed)
shows that our AIMD water is somewhat over-structured rela-
tive to TIP3P and state-of-the-art simulations,®>®® similar to the
simulations using less accurate density functionals. However,
the structure of the second solvation shell appears to be
reproduced better with AIMD than with TIP3P, as compared
to the experimental goo(r). The detailed analysis of structural
parameters extracted from the MD and AIMD simulations as
well as comparison with other simulations are given in the
ESL+ Overall, we find that the differences between the spectra
computed with MD and AIMD snapshots are small and are
washed out by the statistical averaging. However, it is desirable
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to improve the sampling in future work by using, for example,
path-integral simulations with accurate many-body potentials,
as was done in ref. 66.

Here we define hydrogen bonds by the criterion of Luzar and
Chandler,’® ie., when the 0-O distance Ro.o < 3.5 A and
£ 0---O-H < 30°. We use this definition in the analysis of
structures from the equilibrium simulations and in compar-
isons between different protocols of building up QM.

B. Calculations of core IEs

IEs were computed using the CVS-EOM-IP-CCSD method>%%%7°
and the 6-311+G(3df) basis set fully uncontracted on oxygen,
denoted below as u6-311+G(3df). Uncontracted Pople’s basis
sets have been shown to be effective in describing strong orbital
relaxation effects common in core-hole states.”* The effect of
triple excitations was accounted by additional CVS-EOM-IP-
MLCC3 calculations for a smaller number of snapshots.
There are two variants of CVS-EOM-CC approach, one in
which the core is frozen at the CCSD step (fc-CVS-EOM-CCSD’°)
and the one in which the core is active (CVS-EOM-CCSD®*"°).
Table 2 summarizes the results for the isolated water molecule
(using ®B97X-D/aug-cc-pVTZ optimized structure). As one can
see, the two versions of CVS-EOM-IP-CCSD differ by about 1 eV.
At the CCSD level, fe-CVS-EOM-IP-CCSD is closer to the experi-
ment due to fortuitous cancellation of errors, however, at the
CC3 level, CVS-EOM-IP-CC3 yields a smaller error than fc-CVS-
EOM-IP-CC3. The effect of triple excitations is —2.6 eV for both
methods. Remarkably, even when triples are included (at the
CC3 level), the computed IEs are red-shifted with respect to the
experiment by 1-2 eV. This large discrepancy can be attributed
to the slow convergence of the core IEs with respect to the
correlation treatment. According to a detailed benchmark
study,”? for molecules comprising first-row elements, quantita-
tive agreement with experimental IEs is achieved at the CVS-
EOM-IP-CCSDTQ level whereas CVS-EOM-IP-CCSDT is within
0.3 eV from the experimental values. The results for water from
this study are shown in Table 2 - as one can see, full inclusion
of triple excitations brings the computed IE within 0.01 eV from
the experiment. Whereas this calculation used a very large basis
set and included scalar relativistic correction, the comparison
between the respective CVS-EOM-IP-CCSD and CVS-EOM-IP-
CCSDT values shows that the main source of the errors in our
CC3 calculations is due to an insufficient correlation treatment.
Despite these discrepancies in the absolute value of gas-phase

Table 2 1sp IE of isolated water molecule

Method IE, eV A vs. exp.
fc-CVS-EOM-IP-CCSD* 540.26 +0.44
CVS-EOM-IP-CCSD* 541.32 +1.50
fe-CVS-EOM-IP-CC3* 537.68 —2.14
CVS-EOM-IP-CC3“ 538.72 -1.10
CVS-EOM-IP-CCSD/AC5Z? 541.78 +1.96
CVS-EOM-IP-CCSDT/AC5Z” 539.81 —0.01
Exp.° 539.82 4 0.02

¢ u6-311+G(3df). * From ref. 72, with scalar relativistic corrections;
AC5Z denotes aug-cc-pCV5Z. © From ref. 13.
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IE computed with CVS-EOM-IP-CC3, we anticipate much higher
accuracy in AIE, as the errors should cancel out. In the
simulations of the spectrum, we use fc-CVS-EOM-IP-CCSD
and evaluate the effect of triple excitations to the shift by
computing the difference between the AIE from CVS-EOM-IP-
CCSD and CVS-EOM-IP-MLCC3.

In order to estimate the effect of the structure on the IE, we
also computed IEs (with fc-CVS-EOM-IP-CCSD) for the struc-
tures optimized with ®B97X-D/6-31G* (the level at which the
AIMD simulation was performed) and the TIP3P water struc-
ture. The respective IEs are 540.26 €V and 540.25 eV, respec-
tively, which is close to 540.26 eV (for the ®B97X-D/aug-cc-pVTZ
structure). Hence, small differences of water structures due to
different levels of theory used to simulate the bulk are not
expected to affect the computed IEs.

To compute bulk spectra, we considered several protocols
designed to mitigate potential issues due to the description of
waters on the boundary between the QM and MM parts. Our
results indicate that electrostatic embedding in which the MM
waters are described by point charges is not sufficient for
describing core-level IEs and that the IEs of the water molecules
on the boundary are not accurate. Therefore, we used the
following multi-layer scheme for the calculation of the spectra.
We first computed all core IEs in the QM part - for example, for
a calculation with 5 waters in the QM part, we computed 5 IEs.
We then analyzed the respective Dyson orbitals® to assign the
computed IEs to particular water molecules. Fig. 4 shows a
structure of 5 water molecules embedded in the MM part with
the Dyson orbital on the central water molecule. The assign-
ment of IEs can also be accomplished by considering the
Mulliken charges from the natural orbital analysis” (we used
this approach in the production simulations). We then con-
structed the bulk spectra by taking the IEs corresponding to a
specified number of water molecules. For example, in the
calculations with 5 QM waters, one can construct the spectrum
by taking all 5 IEs or by taking only the IE of the central water
molecule. The overall spectra were constructed as histograms
(with 0.05 eV bins) by collecting the IEs from the snapshots and
then convoluted with gaussians. The spectra shown in the
manuscript were produced using gaussians with 0.2 eV width
(FWHM). Discarding some of the computed IEs in the con-
struction of the spectra slows down the convergence with
respect to the number of snapshots, but removes the artifacts
due to waters on the QM/MM interface. As we show below, the
best protocol (in terms of balancing accuracy of IEs and
convergence with respect to sampling) entails using 20 QM
waters and assembling the spectra by taking the IEs of the
5 central waters.

Triple excitations are important for obtaining accurate core
excitation and ionization energies within the CC/EOM-CC
framework.”*”® The CC3 model includes the effects of triple
excitations in a perturbative manner.”® This method generally
scales as O(N7). However, for core excitations using the CVS
scheme, the scaling is O(N®) in an optimized implementation.>®
Nevertheless, the ground-state calculation is rather expensive, even
for systems where the CCSD calculation is routine. The costs can
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Fig. 4 Model system for liquid water. Top: Simulation box with 392 water
molecules. Bottom: A cluster from the center of the box of one water
molecule and its first solvation shell representing a minimal QM subsystem.
The Dyson orbital associated with the 1sq ionization of the central water is
shown in blue.

be significantly reduced using the multilevel coupled-cluster
approach (MLCC) in which the higher-order excitations in the
cluster operator are restricted to an active orbital space. In the
MLCC3 model, the triple excitation operator is restricted while
the single and double excitation operators are unrestricted and act
in the entire orbital space. The MLCC models target intensive
properties, such as excitation or ionization energies. Additional
reduction in cost can be achieved by restricting the entire cluster
operator to an active space. In this way, one obtains the CC-in-HF
models, where the inactive orbitals are not correlated but con-
tribute to the energy via the Fock matrix.*”””® This approach,
which can be described as a type of electronic embedding, has
been demonstrated to work well for modeling solvent effects in
spectroscopy.”’

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d3cp02499g

Published on 04 January 2024. Downloaded on 2/12/2024 8:43:16 PM.

PCCP

The multilevel models rely on a physically appropriate
selection of the active orbital space. Localized orbitals are an
obvious option when the property of interest is localized. Core
IEs is an example of such local properties. Another option is to
use correlated natural transition orbitals (CNTOs),*® which use
information from the excitation amplitudes of a lower-level
model to generate an active space for the MLCC calculation,
similarly to other approaches using virtual orbital spaces
truncated on the basis of lower-level natural orbitals.®"**

Here, we use a hybrid active orbital selection strategy where
CNTOs are used for the occupied orbital space and projected
atomic orbitals (PAOs)*® on the five central water molecules
determine the virtual orbital space. In the present MLCC
calculations, the active orbital space contains 25 occupied
and 245 virtual orbitals. A detailed description of the orbital
selection procedure with CNTOs and PAOs for the MLCC
models can be found in ref. 84.

C. Protocols for selecting the QM subsystem for IE
calculations

The first solvation shell of a water molecule comprises 4-5
water molecules®®” (Fig. 4 shows a typical structure from the
equilibrium simulations). Thus, our minimal QM system for
computing bulk IEs comprises 5 water molecules. As we show
below, the convergence of the core IEs with respect to the QM
size is slow and much larger QM systems are needed for
converged results.

To determine an optimal protocol for building up a larger
QM system, we compared two different approaches. In the first
approach, we used the distance from the oxygen or hydrogen of
the central water Ocen(Hcen) - -H(O) to select the next water
molecule to be added to the QM system. In the second
approach, we used the distance from the waters in the first
solvation shell Os¢shen(Histshen): - -H(O) to select the next water.
Fig. 5(c) and (d) shows the shifts in the IE of the central water
(0) upon increasing the QM size from 5 to 6 waters (with the rest
of the waters described by point charges) for two MD snapshots
(the 5 waters are chosen to represent minimal QM in the center
of the box and the 6th water is taken at random from the
simulation box). For each snapshot, we determine whether the
6th water molecule acts as a donor or acceptor (or both). As
expected, the shifts in IE (J) are mostly positive when the added
water molecule acts as hydrogen-bond donor and negative
when the added water molecule acts as hydrogen-bond accep-
tor. For the structures used to construct Fig. 5, the JIE for
hydrogen-bond acceptor structures, hydrogen-bond donor
structures, and non-hydrogen bonded waters range between
—0.016 and —0.150 eV, —0.024 and 0.109 eV and —0.032 and
0.039 eV, respectively. The waters that act as both hydrogen bond
acceptor and donor result in J between 0 and —0.05 eV. The
magnitude of the shifts shown versus minimum Ocen(Heen)- - -H(O)
distance (Fig. 5c) exhibit no systematic trend. In contrast, when ¢
are shown against the minimum O; gehen(Histshen): - -H(O) distance
(Fig. 5d), we observe a smoother behavior - as the distance
increases, the shifts become less negative for the structures with
hydrogen-bond acceptors and less positive for the structures with
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Fig. 5 Panels (a) and (b) show in bright colors 6-water QM systems
comprising the central water, its first solvation shell, and a 6th water
selected from the second solvation shell. In panel (a), the 6th water
molecule accepts a hydrogen bond from a water molecule from the first
solvation shell. In panel (b), the 6th water molecule donates a hydrogen
bond to a water molecule from the first solvation shell. The points in panels
(c) and (d) represent the shift in IE of the central water molecule (6) due to
adding the 6th water. Each point corresponds to a different selection of
the 6th water sampled over two snapshots from the TIP3P waterbox.
The points are color-coded to show whether the 6th water acts as a
donor (pink), acceptor (yellow), or both (blue). Panel (c) shows & versus
the shortest Ocen(Hcen): - -H(O) distance and panel (d) shows d versus the
shortest Osgishet(Histshe) - -H(O) distance.

hydrogen-bond acceptors. Thus, water molecules that form hydro-
gen bonds with the waters in the first solvation shell have a
greater impact on the IE of the central water molecule.

The above analysis shows that waters that are hydrogen-
bonded to the first solvation shell have the strongest effect on
the IE of the central water. Hence, we can use this criterion of
building up the QM system instead of the distance from the
central water. Fig. 6 shows the convergence of the core IE of the
central water with respect to the QM system size using these two
criteria for growing the QM system. The smallest QM comprises 5
water molecules (we pick a water molecule at the center of the

==e== Protocol 1
Protocol 2
=== Protocol 3

539.6

539.5

539.4

539.3

IE (eV)

539.2

539.1

539.0

5 7 9 11 13 15 17 19 21 23 25 27 29
Number of QM waters

Fig. 6 IE of the central water molecule for a single snapshot computed
using different protocols for selecting the QM system in the CVS-EOM-IP-
CCSD calculations. The rest of the waters are described by point charges.
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simulation box and chose 4 closest waters). We then increase the
QM size by adding more waters. In protocol 1, we add the next
water based on the Ocen(Heen): - -H(O) distance. In protocols 2 and
3, we add waters based on their O;gshen(Histshen): - -H(O) distance.
The central water and the first solvation shell are described with
the fully uncontracted 6-311+G(3df) basis on oxygen and the
6-311G basis on hydrogens. The rest of the waters in the QM
system are treated with a smaller basis - 6-311G* in protocols
1 and 2, and 6-31G in protocol 3. The rest of the waters are
described by point charges. We freeze all the oxygen cores in the
QM system in the CVS-EOM-IP calculations and request the
number of IEs equal to the number of oxygen atoms in the QM
system. We then select the IE of the central water.

As Fig. 6 shows, increasing the QM size results in a red shift
of the 1s, IE of the central water. The minimal QM is clearly not
sufficient - increasing the size from 5 to 20 waters leads to the
red shift of 0.3-0.4 eV. The convergence is not monotonous and
quite slow — we observe small fluctuations (~0.1 eV) even
beyond 25 waters. Fig. 6 also shows that selecting waters by
the distance from the first solvation shell is more effective and
results in faster and smoother convergence. For the QM size of
20 water molecules, the difference in the IE between protocol 1
and 2 is 0.06 eV and between protocol 2 and 3 (basis-set effects)
- 0.107 eV. We note that the difference due to using a smaller
basis increases with the system size (5-12) and then becomes
nearly constant (about 0.10 eV for the QM sizes of 12-20).
Hence, in our production-level simulations we use protocol 3
and estimate the basis-set correction by taking a difference
between protocols 2 and 3 for a small number of snapshots.
Fig. 7 shows the convergence of the shift in 1s, IE of the central
water for the simulation with the 20 QM waters between
protocol 2 and protocol 3. The average value of the shift (Jpasis)
is 0.105 eV.

To further analyze the convergence with respect to the QM
size, Fig. 8 shows the number of hydrogen bonds formed by the
water molecules of the first solvation shell as a function of the
QM size for the same snapshot as used in Fig. 6. As one can see,
beyond the QM size of 10, the protocol based on the distance
from the first solvation shell captures more hydrogen bonds
than the protocol based on the distance from the central water.

0.120

0.115

(eV)

0.110

is

Opas:

0.105

0.100

0 5 10 15 20 25 30
Number of snapshots
Fig. 7 Convergence of the shift in IE in between protocols 2 and 3
(Opasis) With the 20 QM waters. The estimated shift dpasis = 0.114 eV, with
a 0.035 eV standard deviation.
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Fig. 8 The number of hydrogen bonds in the first solvation shell as a
function of the QM system size for a single snapshot.

We also see that all bonds are captured for a smaller QM size
when QM is selected using the former protocol: saturation is
reached at 15 waters versus 18. On the basis of this analysis, we
conclude that the QM size of 20 waters should be sufficient to
capture all hydrogen bonds formed by the first solvation shell and
we use QM size of 20 waters in our production-level calculations.

Table 3 shows the effect of triple excitation and different
types of embedding evaluated for the same snapshot as used in
Fig. 6. The u6-311+G(3df) basis was used for 5 waters and 6-31G
for the rest of quantum waters. Although the absolute values
of IEs vary between the methods, the value of the shift, AIE, is
rather insensitive to the type of embedding, CVS scheme, or
correlation treatment. The effect of MM charges (beyond
20 quantum waters) is about 0.1 eV and the effect of freezing
the second solvation shell (15 water molecules) at the Hartree—
Fock level of theory is approximately 0.1 eV (decreasing the
magnitude of the red shift). The effect of including triple
excitations with MLCC3 is almost 0.4 eV (increasing the mag-
nitude of the red shift) for this snapshot.

The multilevel framework makes it possible to use approx-
imate triples for a study such as this. However, the cost remains

Table 3 Effect of triple excitations on IE (eV) from multi-level calculations

Method Gas-phase IE Bulk IE AIE

CVS-EOM-IP-CCSD (20)* 541.32 540.36 —0.96
CVS-EOM-IP-CCSD-in-HF (5/15)b 541.32 540.45 —0.87
CVS-EOM-IP-CCSD (20) in MM*® 541.32 540.24 —1.08

CVS-EOM-IP-CCSD-in-HF (5/15) in MMY 541.32 540.33 —0.99

CVS-EOM-IP-MLCC3 (20)° 538.72 537.38 —1.34
CVS-EOM-IP-MLCC3 (20) in MM 538.72 537.25 —1.47
fc-CVS-EOM-IP-CCSD in MM# 540.26 539.17 —1.09

%20 water molecules are treated by CCSD, MM water molecules are
ignored. ? 5 water molecules are treated by CCSD, 15 water molecules
are treated by HF, MM water molecules are ignored. 20 water mole-
cules are treated by CCSD, MM water molecules are treated as MM
charges. ¢ 5 water molecules are treated by CCSD, 15 water molecules
are treated by HF, MM water molecules are treated as MM charges. ¢ 20
water molecules are treated by MLCC3, MM water molecules are
ignored. CNTO/PAOs used for active orbital selection.’ 20 water mole-
cules are treated by MLCC3, MM water molecules are treated as MM
charges. CNTO/PAOs used for active orbital selection. ¢ 20 water mole-
cules are treated by CCSD, the rest by MM charges.
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Fig. 9 Convergence of the shift in IE due to approximate triples (dripies)
through the CVS-EOM-IP-MLCC3 approach. The estimated effect of
triples on the shift in AIE dyipes = —0.34 eV, with a 0.07 eV standard
deviation.

a limitation and performing such calculation for hundreds of
snapshots is impractical. We therefore use a subset of 40
snapshots to estimate the effect of approximate triples; the
results are shown in Fig. 9. The average shift is —0.34 eV, with a
0.07 eV standard deviation. This correction will be applied to
the final averaged fc-CVS-EOM-CCSD result to provide our best
estimate for the AIE.

D. Extrapolation to bulk

To obtain bulk IE, one needs to extrapolate the results from
finite-size simulations, such as our simulation box used in IE
calculations, to the infinite system size. The importance of this
step has been recently illustrated by Tazhigulov and Bravaya®® -
they have shown that the computed energies converge very
slowly with the simulation size. Based on the linear dependence
of the energies on the inverse system size, they derived a simple
correction using Born solvation model.*

For vertical IEs of the solvated neutral species, the Born
correction is®®

VIE® = VIER — l(1 - L)l, (6)
2 gopt) R
where VIE™ is intrinsic vertical IE in the bulk, VIE® is VIE
computed in a finite cluster of radius R, and &g is solvent’s
optical dielectric constant (1.78 for water); all quantities are in
atomic units. For our simulation box (R ~ 11 A), the correction
results in an additional red shift in IE of 0.29 eV.

I1l. Results and discussion

One of the two goals of this study is to understand the effect of
the simulation protocol on the computed spectra. We begin
with comparing the results of the MD and AIMD simulations.
Fig. 10 (top panel) compares the spectra constructed using the
MD and AIMD snapshots. In this calculation, we used the
smallest QM size (5 waters only, the rest being treated by point
charges) and constructed the spectra using the IE of the central
water molecule. The two simulations yield essentially identical
spectra, both in terms of the band maximum and in terms of

This journal is © the Owner Societies 2024

View Article Online

Paper
—— AIMD
L0 __ wp (e3P
0.8-
>
-+
= 0.6
)
[=
Z04
0.2-

%350 5385 539.0 539.5 540.0 540.5 541.0

IE (eV)

10 —— 3000 snapshots (FWHM=0.05 eV)
0.8

>

+—

‘" 0.6

C

(]

=

— 0.4
0.2

05%7.5 538.0 538.5 539.0 53’:5).5 540.0 540.5 541.0
IE (eV)

Fig. 10 Theoretical 1so spectra of liquid water computed using the
minimal QM system (5 waters) and assembled using the IE of the central
water molecule. Top: Spectra constructed from the MD (TIP3P) and AIMD
trajectories (400 snapshots). Bottom: Spectra constructed from the MD
trajectory using different number of snapshots. All spectra were obtained
using gaussians with FWHM = 0.2 eV, except for the black trace in the right
panel which was produced using 0.05 eV FWHM to show the intrinsic
roughness of the spectrum produced from the 3000 snapshots.

the bandwidth (inhomogeneous broadening). There are small
differences in fine structure, but, as we show below, these
features become smoothed out when the sampling is increased.
Thus, we conclude that for this system the core IE spectra are
not sensitive to the differences between TIP3P and AIMD
sampling of the equilibrium dynamics. The bottom panel of
Fig. 10 shows the convergence of the spectrum with respect to
the number of snapshots. As one can see, while the band
maximum and its width are captured by the simulation with
400 snapshots, the finer details continue to evolve and the
spectrum converges only around 3000 snapshots (although the
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remaining roughness remains visible). We note that the con-
vergence can be accelerated when using more than one IEs, as
we do in the simulations with larger QM sub-systems.

We also point out that the double-peak structure, which is
not visible in the experiments, persists and remains visible even
for the simulation with 3000 snapshots. It becomes more
pronounced when thinner gaussians are used. This feature is
reminiscent of the double-peak structure observed on the X-ray
emission spectra in liquid water.®

Fig. 11 shows the spectra constructed from either one IE (of
the central water) or 5 IEs (of the cluster of 5 waters). As one can
see, for the small QM (5 waters), the spectrum changes qualita-
tively when the IEs of all 5 waters are used, leading to a much
smaller red shift relative to the gas-phase peak than the
calculation using the IEs of 1 central water (the difference
between the two calculations is 0.25 eV). This illustrates the
limitations of the electrostatic embedding, which apparently is
not able to correctly describe the waters on the QM/MM
boundary. Using the QM of 20 waters, results in a larger red
shift (by about 0.5 eV), consistent with the benchmark calcula-
tions for a single snapshot (Fig. 6). Moreover, the calculations
with the large QM yield the same spectra (in terms of the peak
maximum and its width) whether using the IEs of one or five
waters, suggesting that the boundary is sufficiently far in this
case. The spectrum computed with the IEs of 5 waters is
smoother, as in such calculation the sampling is effectively
improved by a factor of 5. Hence, we construct our best spectrum
by using the IEs of the five water molecules embedded in the QM
cluster of 20 waters (with the rest of waters described by point
charges). The effect of triples is evaluated using the MLCC3
method with 20 CCSD waters and the triples operator restricted

1 0 jim== 5w/20QM
— 1w/20QM
— 5w/5QM
107 — 1w/sQm
—— gas phas
>0.8
—
o \
-
© 0.6
=
=
0.4-
0.2-
0'837 538 539 540 541

IE (eV)

Fig. 11 Theoretical 1so spectra of liquid water computed using small (5)
and large (20) QM systems constructed from the AIMD trajectory (400
snapshots). The spectra were constructed using the 1sg IEs of either one
central water or five QM waters.
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to orbitals within the first solvation shell of the central water
molecule.

Fig. 12 shows our best spectrum and compares it with the
available experimental spectra.’®**>* We note that the reported
spectrum of Olivieri et al.*? is for zero bias and, therefore, does
not include the correction due to the workfunctions difference.
The corrected values from this experiment are given in Table 4,
which also lists the computed peak positions and widths for
different protocols and compares them with the experimental
values. To extract the value of the peak maxima and the width
from the computed spectra, we convoluted the computed
spectra with broad gaussians (FWHM = 0.5 eV) to remove the
noise due to finite sampling. The effect of this broadening is
analyzed in the ESL:{ Fig. S4 in the ESI{ shows the sample
spectra obtained by convoluting the raw data with Gaussians of
different widths. As one can see, using broad gaussians does
not introduce noticeable change in the band width.

Our best value of the shift is —1.79 eV - it is computed from
the spectrum based on 400 AIMD snapshots with 20 QM waters
and using the IEs of 5 waters (AIMD/400, 5w/20QM scheme)
treated with fc-CVS-EOM-CCSD, to which we add the triples,
basis-set, and Born corrections. This protocol yields the abso-
lute value of the bulk IE of 538.47 eV. Our results agree well
with the best experimental values, i.e., by Olivieri et al.,"* who
reported the bulk water IE of 538.21 £ 0.07 eV and the shift of
1.61 £ 0.09 eV, and with Thiirmer et al,'® who reported IE of
538.10 £ 0.05 eV.

A. Analysis of structures

The spectra of the bulk species report on the structure of the
solvent around the solute and its dynamic fluctuations. In

1.4
—=—=- Theoretical liquid water
121 77" GaSGOL.IS water
—— Pellegrin et al.
Liu et al.
1.0
>
0.8
0
e
Los
k=
0.4
0.2
0.0

536 537 538 539 540 541 542
IE (eV)

Fig. 12 Experimental'?!*24 and theoretical 1so XPS spectra of water. The
spectra of Pellegrin et al.,*? Liu et al..>* and Olivieri et al.'* spectra has been
shifted by +0.59 eV, +4.9 eV, and +0.87 eV, respectively, to match the
theoretical gas-phase peak. The computationally constructed spectrum is
shown by dashed line. The computed spectra of liquid water includes
triples, basis-set, and Born corrections.
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Table 4 Shift (AIE) of the 1so IE of liquid water relative to the gas-phase
water and the width (FWHM) of the band

Setup” AIE, eV FWHM, eV
AIMD/400, 1w/5QM —0.84 1.40
AIMD/400, 5w/5QM —0.45 1.55
MD/400, 1w/5QM —0.74 1.43
MD/400, 5w/5QM —0.41 1.50
MD/3000, 1w/5QM -0.75 1.42
MD/3000, 5w/5QM —0.40 1.51
AIMD/400, 1w/20QM —-1.37 1.41
AIMD/400, 5w/20QM —-1.27 1.44
AIMD/40, 5w/20QM?” -1.15

Best estimate® -1.79 1.44
Exp. (ref. 13), zero bias -1.77 1.53
Exp. (ref. 13), corrected —-1.61 1.53
Exp. (ref. 16) -1.72

Exp. (ref. 24) -2.2 1.93

“ Sampling/snapshots, number of IEs/size of QM; fc-CVS-EOM-IP-
CCSD/u6311+G(3df). © CVS-EOM-IP-CCSD/u6311+G(3df). © ATIMD/400,
5w/20QM/fc-CVS-EOM-IP-CCSD value with the CC3 (J¢ripies = —0.340 eV)
and basis-set (Jpasis = +0.114 eV) corrections, as well as Born correction
(—0.29); see text.

particular, the spectrum of water reflects the contributions
from different hydrogen-bonding patterns. Computationally,
it is possible to break down the total computed spectra into
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Fig. 13 The 1so spectra of liquid water constructed from the central
water and the first shell (total 5 waters) broken into the contributions from
structures with different hydrogen-bonding patterns (raw spectrum with-
out corrections). Panel (a) shows the contributions from structures with
different hydrogen-bonding patterns around the central water and panel
(b) shows the contributions of different hydrogen-bonding patterns
around the first solvation shell. The spectra were computed from the
AIMD snapshots trajectory using QM with 20 waters and treating the rest of
the waters as point charges.
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different contributions, similarly to the analysis in other theo-
retical studies.'™®® Fig. 13 shows the breakdown of the total
spectrum into the contributions from structures with different
hydrogen-bonding patterns. Panel (a) shows contributions from
snapshots where the central water molecule forms a single donor-
single acceptor (DA), single donor-double acceptor (DAA), double
donor-single acceptor (DDA), and double donor-double acceptor
(DDAA) hydrogen bonds. Collectively, these types of structures
add up to 97.2% of the structures sampled in the simulation. The
shape of the band is dominated by the DDAA pattern, which has
the largest population. The structures in which the central water
acts as hydrogen-bond donor yield red-shifted IEs and the struc-
tures in which the central water acts as hydrogen-bond acceptor
are blue shifted. The DDAA motif, in which there is an equal
number of both kinds of hydrogen bonds, features a high-energy
and a low-energy peaks. The DDA and DAA motifs have peaks at
lower and higher energies, respectively.

The bottom panel of Fig. 13 shows the analysis of the spectrum
in terms of the contributions from different hydrogen-bonding
patterns around the first solvation shell. The motifs shown in the
figure add up to 68.9% of the structures sampled in by the
simulation. The 6D6A motif, which corresponds to the DDAA
motif of the central water, has the highest contribution. Due to
many different motifs of hydrogen bonding around the first shell,
the overall effect is that these structures cannot be mapped into
particular spectral features but rather they collectively contribute
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Fig. 14 The 1so spectra of liquid water (raw spectra without corrections)
constructed from the (a) central water molecule and (b) 5 water molecules
computed using AIMD snapshots (black) and synthetic spectra obtained by
re-weighting the contributions from the dominant hydrogen-bonding
patterns to match the distributions from other simulations (see text).
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to the inhomogeneous broadening and smoothening of the
spectrum.

Finally, we use the contributions of different hydrogen-
bonding patterns to estimate the effect of different equilibrium
sampling on the computed spectra using the approach from
ref. 66. Fig. 14 shows our original spectrum computed using
400 AIMD snapshots and several synthetic spectra obtained by
rescaling the relative contributions of the structures with
double donor (sum of contributions of the DDA and DDAA
structures) and single-donor (sum of the contributions of the
DA and DAA structures) motifs to match the results from other
simulations (see Table S2 in the ESIT). We see that the effect on
the overall shape of the band, its maximum and width, are
negligible, especially, when sampling is adequate (such as in
the simulations using the IEs of the 5 waters). Hence, imperfec-
tions in the equilibrium water structures seem to be washed out
by the averaging and are not expected to affect the computed
value of the AIE.

V. Conclusion

We presented a state-of-the-art simulation of the 1s¢ ionization
of liquid water. We employed highly accurate EOM-CC methods
adapted to core-vacancy states by using the CVS scheme.
Equilibrium sampling was carried out using MD and AIMD
simulations. We carefully analyzed the effect of the embedding
on the computed IEs and show that the convergence of the
result with respect to the size of the QM system is slow. Our
production-level calculations were carried out using the QM
system of 20 water molecules embedded in the MM charges. We
also evaluated the effect of triple excitations using the MLCC3
framework. Our calculations yield the value of the intrinsic bulk
IE of 538.47 eV and the FWHM of the bulk peak of 1.44 eV; the
computed shift relative to the gas-phase IE is —1.79 eV (includ-
ing MLCC3 and basis-set corrections).

These results agree well with the best experimental values
from the most recent liquid-jet experiments of the bulk water IE
of 538.21 £ 0.07 eV and the shift of 1.61 & 0.09 eV (ref. 13) and
538.10 £ 0.05 eV (ref. 16). Given the remaining uncertainties in
the experimental determination of the true (intrinsic) bulk IEs
(surface potential, presence of solvated species, etc.), our results
provide an important reference value.

We conclude with listing the aspects of the present theore-
tical treatment that need improvement. First, improved equili-
brium sampling is highly desirable, i.e., using higher-quality ab
initio treatment, larger QM sizes, and including nuclear quan-
tum effects. Second, one can further increase the size of the QM
system in the IE calculations, which can be achieved using
multi-level methodologies, to achieve full convergence. Third,
improving correlation treatment beyond CC3 is desirable.
Fourth, the effect of electrolytes both on the bulk IE and on
the surface potential needs to be studied. Fifth, the effect of the
finite-depth probed in microjet experiments needs to be inves-
tigated by simulations. We hope to address these issues in
future studies. The availability of accurate intrinsic bulk IE and
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reliable experimental value (real IE) can provide an estimate of
the surface potential (¢i,) of water.
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