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ABSTRACT: Molecular excitations in the liquid-phase environment are renormalized by the
surrounding solvent molecules. Herein, we employ the GW approximation to investigate the
solvation effects on the ionization energy of phenol in various solvent environments. The
electronic effects differ by up to 0.4 eV among the five investigated solvents. This difference
depends on both the macroscopic solvent polarizability and the spatial decay of the solvation
effects. The latter is probed by separating the electronic subspace and the GW correlation self-
energy into fragments. The fragment correlation energy decays with increasing intermolecular
distance and vanishes at ~9 A, and this pattern is independent of the type of solvent environment.
The 9 A cutoff defines an effective interacting volume within which the ionization energy shift per
solvent molecule is proportional to the macroscopic solvent polarizability. Finally, we propose a
simple model for computing the ionization energies of molecules in an arbitrary solvent

environment.

L iquid phase is the most practical environment for treating
multicomponent chemical systems. Applications in
synthetic chemistry and material processing rely on the
dissolving ability, primarily linked to the solvent’s permanent
dipole, i.e., the polarity. In the context of electronic excitations
(e.g, in spectroscopy) or charge transport, the dynamical
electric polarizability represents another fundamental property
characterizing the solvent medium; it is related to the
dynamically induced dipoles that screen the electron—electron
interactions. The charge carriers are “dressed” by mutual
interactions, forming quasiparticles (QP),"* and the electronic
structure is renormalized. Specifically, the presence of solvent
shifts the excitation energies of the solute molecule and leads
to their finite excitation lifetimes. The effects on molecular
energy levels of chromophores are commonly known as
solvatochromic shifts.”* In experiments, these shifts can be
measured by light absorption and emission spectroscopy as
well as photoelectron spectroscopy.

The detailed microscopic understanding of solvatochromic
shifts requires efficient and accurate first-principles simulations.
State-of-the-art theoretical approaches for simulating solute—
solvent systems are mainly formulated within the embedding
framework: quantum mechanical approaches, including
quantum chemistry methods® ' and time-dependent density
functional theory (TDDFT),”*>* apply only to the “core
region,” which consists of the solute molecule and sometimes a
small number of proximal solvent molecules;>*""'*!%207222
the solvent environment is treated most often with either the
polarizable continuum model>>™** (PCM) or classical
molecular mechanics.””*’ However, high-accuracy quantum
chemistry approaches are limited to small molecules due to the
steep cost-scaling. Additionally, TDDFT results from practical
implementations strongly depend on the choice of the
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IPgas - IPsov = AIP (Clm, NeFF)

exchange—correlation functional. For the environment, the
use of implicit solvent models (e.g, PCM) does not allow
detailed investigations, for instance, about the spatial decay of
the solute—solvent interactions. Furthermore, current stud-
es57910131417,1820-2224,2527-31333441 g ue’ mainly on the
optical absorption and emission processes but do not provide
direct information about the absolute energies of electronic
levels, i.e., ionization potential (IP) and electron affinity (EA),
which represent the electron-donating and accepting abilities
of the solute molecule. The development of liquid microjet
photoelectron spectroscopy>*° allows direct IP measure-
ments for solvated molecules. However, this technique applies
mainly to aqueous solutions due to the volatility of most
organic solvents. An affordable and accurate theoretical
approach is in demand for predicting the IP and EA of
molecules in diverse liquid environments.

Many-body Green’s function methods"” provide direct
access to single-quasiparticle energies, provided that the
system is weakly or moderately correlated. Indeed, the GIW
approximation,” ™ even at the lowest-order expansion in
which the electronic correlation is described merely through
charge density fluctuations, yields IPs that agree with
experiments for most molecular systems.”' ~>* Recent develop-
ments in efficient algorithm554_65 and high-performance
computing, "~ especially the linear-scaling stochastic formal-
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Figure 1. (a) HOMO of the isolated phenol molecule. (b) Reconstructed HOMO of the phenol molecule surrounded by 64 ACN molecules in the

simulation cell. (c) IP shifts Ae plotted as a function of the mean polarizability volume: A&® represents the first-principles results calculated as &

solv

— £°° Ag™ and Aeg," are derived from the proposed solvation model, where Ag,"™ uses N, derived from the solvent mass density, while Ae," uses

the average N over five selected snapshots from the MD trajectory.

ism,”” "% have enabled large-scale GW calculations for systems
with thousands of electrons. Within the stochastic GW
framework,”””"”* our previous work’” established an efficient
approach for computing the photoemission spectra (i.e., IPs)
of various solvated molecules, in which the solute and the
solvent environment (containing ~1000 electrons) are treated
on the same footing. Excellent agreements with experiments
and other comparable methods have been achieved for
molecules solvated by water.

In this work, we investigate the molecular ionization in
various polarizable solvents and the spatial decay of the
solvation electronic effects on the ionization energy. We use
regionally localized” Pipek—Mezey®"™* orbitals to separate
the electronic subspaces and decompose the correlation
contributions into fragments. The methodology is exemplified
on a phenol molecule in five different solvents, with geometric
structures generated from molecular dynamics (MD) simu-
lations (details are provided in the Supporting Information).
The energy shifts of the phenol’s IP are computed and related
to the macroscopic solvent polarizability. The rapid con-
vergence of the IP shifts with respect to the number of
surrounding solvent molecules indicates that the solute—
solvent interactions vanish at some distance, which is fairly
uniform across vastly different types of solvents. From the
decay of the GW correlation self-energy, we identify an
effective interacting radius for the solute molecule to interact
with the induced charge density from the environment. Within
the effective interacting volume, we find that the IP shift per
solvent molecule is proportional to the polarizability volume
calculated for each solvent. Finally, a simple solvation model is
proposed for computing the IP of molecules in an arbitrary
solvent environment.

In the Green’s function formalism,"” the electron—electron
interactions are represented by the nonlocal and dynamical
exchange—correlation self-energy, Xy and X. In practice, we
compute Xy and X as perturbative corrections to the mean-
field eigenvalue yielding the following QP energy

p PO & P
el.Q = (¢jlej° -+ Xy + Lo(w = el.Q )|¢l> (1)

Here, qu is a reconstructed molecular state on the solute,”” and

0 83,84
&

(DFT) calculation of the isolated solute;”’

comes from an auxiliary density functional theory
is the PBE

exchange—correlation potential,*® and ¥, is the nonlocal

A
VXC

exchange interaction equivalent to the Fock operator;” ﬁlc(a))
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is the frequency-dependent correlation self-energy. This work
employs the one-shot GW (Gy,W,) approach, in which the
correlation corresponds to the potential due to charge density
fluctuations. In the following, we use X to denote the

expectation value (d)jlicld)j>, where the spatial coordinates are

integrated out.

We demonstrated the separation of 2 into the molecular
and the environmental contributions in ref 77. In this work, we
generalize this separation to multifragments in the solute—
solvent systems. The definition of a fragment is arbitrary, and
in the remainder of this text, a fragment refers to a solvation
shell consisting of one or multiple solvent molecules. The
electronic subspace of a fragment is represented by the
following projector

N,
P = Z |l//l.k><l//ik|
i (2)

where y* form a localized basis and N, includes all the valence
electrons of the kth fragment. The corresponding electronic
subspace is sufficiently defined by the full set of occupied states
based on the “local density fluctuations” assumption: the
perturbed and time-evolved y* stay localized on the kth
fragment. In other words, we assume no intermolecular charge
transfer happens, and all the density fluctuations remain on the
fragment. This assumption is reasonable when no apparent
donor—acceptor character is found in a van der Waals-bound
molecular system. It follows that the time-dependent charge-
density fluctuations 6n(r, t) are decomposed into fragments

Nig

on(r, t) = Z Snk(r, t)
k 3)

where Nj,, denotes the number of fragments and on'(r, t) is
the density fluctuations contributed by the kth fragment.
Since the GyW, correlation self-energy stems from the
charge density—density interactions (i.e., induced dipole
interactions), the X can be immediately written as

Niog
Eclon(t), t] = Y ZE6n (x, ), t]
k (4)
In this work, we use the stochastic GW method®””""* to

compute the correlation self-energy contributed from a specific
fragment, e.g., a solvation shell at distance R, and then study

the decay of Zlé as a function of RX.
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The construction of P, the decomposition of n(r, t), and

the calculation of Zlé are detailed in the Theory and
Methodology section in the Supporting Information.

To practically investigate the energy shifts contributed by
the solvent environment, we explore the vertical ionization
potential (corresponding to the negative of the HOMO QP
energy) of phenol in five different solvents: water (H,0),
acetonitrile (ACN), dichloromethane (DCM), tetrahydrofuran
(THF), and benzene (BEN). The solute—solvent systems are
constructed and propagated using a cubic cell with lateral
dimensions of 18—21 A in MD simulations (see Figure S2 and
Table S7). The solvent environment contributes to the solute’s
electronic structure in two ways: direct electron—electron
interactions and structural relaxations. The latter also involves
direct electron/hole—vibrational couplings, which are, how-
ever, not considered in this work. The structural effects are
thus reduced to conformational changes and the corresponding
QP energies of the isolated phenol molecule (&), with
molecular structures extracted from snapshots (Figures SI and
S2) of the MD trajectories. Figure 1a shows the HOMO of an
isolated phenol molecule, which is obtained by simply
removing all the solvent molecules (Figure 1b). The &*°
results do not differ too much among the five solvents (see
Table S8), ie, the solvent-induced structural changes of
phenol are consistent regardless of the actual chemical
environment in the liquid phase. Note that flexible molecules,
e.g., phenylalanine with a chain group attached to the aromatic
ring, will display a more pronounced dependence on the
structural variation (see our reported results in ref 77). Since
we focus on the purely electronic contributions stemming from
the dynamical electronic interactions with the solvent environ-
ment, phenol thus appears to be an appropriate choice as a test
system.

The solvation many-body effects on the IP of phenol
correspond to the energy shifts, A¢, defined as the QP energy
difference between the solvated and the isolated HOMO (&%
— £°). For each solvent environment, we sample A¢ using five
snapshots and obtain the average value (see Figure S4). The
standard deviation of Ae is lower than that of £V, indicating
that the sampling of Ae represents the average solvation effects
along the MD trajectory. A significant part of these effects is
due to the dynamical screening by the induced charge density
fluctuations of the solvent environment.”” Hence, it stands to
reason that Ae is related to the macroscopic solvent
polarizability, which is further related to the refractive index
n, of the liquid by the Lorentz—Lorenz equation, ¢,

3(nr2 - 1)/477:(nr2 + 2). a,, is the mean polarizability volume,
and N, is the number of molecules per unit volume. The
derivation of N, takes the solvent’s mass density at 293 K. Both
n, and mass density data are readily accessible in the CRC
Handbook of Chemistry and Physics.”® In Figure lc, the Ae’
(blue circles, first-principles values) averaged over five
snapshots of each solvated system is plotted with respect to
the corresponding a,,. While there is a general trend, the
dependence is not straightforward: most importantly, the
DCM environment exhibits the largest Ae” (IP shifts), despite
its polarizability volume being in the middle of the range. The
results in Figure 1c are then compared with simulations using a
smaller cell and fewer solvent molecules (see Figures S1 and
S3). Even though the numbers of solvent molecules are
(nearly) doubled (Table S7), the Ae® are increased by at most
15% (see Figure SS). This implies that the solute—solvent
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many-body interactions are converging rapidly with an
increasing number of solvent molecules, at least at the GIW
level. In fact, we expect that these intermolecular interactions
decay with distance, and the decay is governed by the
polarizability of the solvent molecules.

Next, we investigate the distance (R¥)-dependence of the
correlation self-energy (Elé) contributed from the liquid
environment. At the GyW, level, this corresponds to the
polarization screening effects stemming from the induced time-
dependent dipoles on the solvent molecules. The solvent
environment is fragmented into solvation shells (Figure S6),
each of which is represented by a set of localized orbitals (eq
2). Note that the shell in this work is constructed by a cluster
of solvent molecules at a similar distance (+0.2 A). We set
integer distances ranging from 3 to 10 A for the fragment
selection, while the actual distance R is derived by averaging
the distances of all molecules within the same shell. In total, six
shells are chosen from a typical snapshot of each solvated
system, and most of them contain more than one molecule in
order to cancel out the solvent orientation effects (Figure S6).

First, we focus on the investigation of the H,O environment.
Figure 2a shows one of the localized orbitals on the H,O

a ot ﬁ%k‘:
AP
46 5%
o D o
,@'y(’-o .,gc% P
iP o v
S bﬁpb(
» z;q-ég
° ,,Eva D
348
& o4 v
foe,
G INE I A
R
q,’ b,‘ﬁ
C
D state 1
= state 9
M state 18
s
o
E
= O
Al
]
-4
7
_20 1 I/ 1 | 1 1 0 1 1 1 1
-80 -60 -40 -20 0 20 40 60 3 4 5 6 7 8 9 10
o (eV) R (A)

Figure 2. (a) A typical localized orbital on the fragment with S H,0
molecules at ~5 A. (b) Localized electron density on the fragment
with § H,0 molecules at ~5 A. (c) Real part of the normalized
fragment correlation self-energy for each H,O shell. The dashed line
indicates the HOMO QP energy. (d) Normalized fragment
polarization energy plotted as a function of the shell distance for
the three chosen valence states of phenol.

molecules at ~S A. This is a hybridized state distributed on five
molecules that are spatially separated. The total charge density
for this H,O shell (Figure 2b) then enters the G,W,
calculation and leads to the fragment correlation self-energy
Zlé. As Zlé is computed for multiple solvent molecules, we
divide it by the number of solvent molecules in the shell and
obtain a normalized fragment correlation self-energy ilé. The
real part of EIE for each H,O shell is presented in Figure 2c.
The labels from 1 to 6 correspond to the actual distances from
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Figure 3. (a) Real part of the normalized fragment correlation self-energy for the shell at ~5 A of each solvent. The dashed arrow indicates the shift
of the pole, and the solid arrow denotes the order of a,,. (b) Normalized fragment polarization energy plotted as a function of the shell distance for
the HOMO state of phenol in each solvent. (c) Averaged IP shifts plotted as a function of the mean polarizability volume. The straight line is fitted
using the linear regression model, where the slope is 8.59 meV/A? with an intercept of —0.51 meV at a,, = 0.

4 to 9 A. Around the peak of Z{ (the plasmon pole), the
magnitude decays as the solvent molecules get further away.
The vertical dashed line indicates the frequency where » = ¢,
i.e, the HOMO QP energy; the vertical coordinate of each
intersection represents the actual polarization contribution
from each shell to the QP energy. This derived polarization

energy is denoted as ngo]. In Figure 2d, the solid red squares
are the plot of the E}’fol induced by the HOMO (the 18th

valence state of phenol) at each distance, and the red line is
fitted to this data set. The E[’fol decreases with increasing R* and
practically vanishes at ~9 A.

Surprisingly, this is a very robust decaying pattern, as we

observe a similar behavior from the first and the ninth valence
states of phenol (half-filled squares with fitted lines in Figure
2d). All three E}iﬂ vanish at ~9 A. The decaying pattern shows
little dependence on the state’s QP energy or its spatial
distribution (Figure S7) on the solute molecule. We surmise
that this pattern also applies to other small molecules similar to
phenol, and further explanations are provided after discussing
the nonaqueous solvents.

The same fragmentation analysis is performed on the
HOMO of the other four solvated systems (Figure S6), in

which the decays of i’é of each individual solvent with respect
to R are consistent (Figure S9). Further, we compare the T

from the shell at the same distance (~5 A) of each solvent, as
shown in Figure 3a: around the solvent plasmon pole (ie., a

polarizability resonance), the magnitude of i’g has its
maximum. At the same time, the pole shifts gradually to a
higher frequency (indicated by the dashed arrow line),
corresponding to a faster response sustained by a more

polarizable solvent. Further, the overall magnitude of fé
increases with the polarizability volume of the liquid
environment. In Figure 3b, the normalized polarization energy

E}fol is plotted with respect to R* for each solvent. Within 7 A,

the magnitude of E;fol along the vertical axis represents the
strength of the interactions, which follows the order of e, in
Figure 1c. However, the decay of E}fol along the horizontal axis

does not differ too much among various solvents: particularly,
the 9 A distance appears to be the common point at which the
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Elfol for all the five solvents practically vanishes (E;fol

meV).

From the observations above, we find that the macroscopic
solvent polarizability dictates the temporal behavior (i.e., how
fast the response is) and the strength of the response (i.e., the
magnitude of the nonlocal correlation self-energy). A common
cutoff distance, within which the solvent molecules are
considered effective, is found at ~9 A away from the phenol
solute. This effective interacting radius depends on neither the
ionization state nor the solvent type, and this phenomenon, as
we believe, can be attributed to the localized molecular
excitation on phenol. In practice, electronic states on the
solvent molecules are only mildly perturbed by the excitation
of the solute. For solvent molecules at long distances, the
perturbation is even weaker. Hence, the 9 A cutoff should be a
consequence of the localized molecular excitation and applies
likely to other molecules of similar size to phenol.

Based on the effective interacting radius, we identify the
number of effective solvent molecules N4 for each solvated
system (see Table S9). From H,0 to BEN (as ordered in
Figure 1c), the N4 (averaged over five snapshots) are found to
be 97, 32, 24, 19, and 16. This will help to explain the apparent
contradiction observed for the DCM solvent (Figure Ic):
although DCM is less polarizable than THF and BEN, it leads
to stronger energy shifts because of a larger N (i.e, more
effective solvent molecules). The difference in N4 originates
from the molecular size and mass density difference among
various solvents. Moreover, we divide the QP energy shifts Ae
by the number of effective solvent molecules N, and denote
the result as Ae. The A¢ represents the IP shift per effective
solvent molecule. In Figure 3¢, the derived Ae is plotted as a

<10

function of a,,, with a,, = Ae = 0 representing the solvent-free
(i.e., solute placed in a vacuum) case. This data set is fitted to
the linear regression model, resulting in a determination of R?
> 0.99. The A¢ is shown to depend linearly on a,, with a slope
of 8.59 meV/A? and an intercept of —0.51 meV at a,, = 0.

The linear relationship between A¢ and a,, shown in Figure
3¢ can lead to a potential solvation model for computing the
QP excitation energies, corresponding to the ionization
potentials in this particular case, of molecules in an arbitrary
solvent environment. The current work presents a model
parametrization for phenol, and its generalization to different
solutes is discussed below

https://doi.org/10.1021/acs.jpclett.3c00208
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solv

£ = % + Ae™
— Eiso + MEEW‘ (5)
where £*° denotes the QP energy of the isolated molecule from

first-principles calculations and Ag™, derived as a product of
N.; and Ae”, is the QP energy shifts (i.e., the IP shifts)
induced by the solvent environment. Using the 9 A cutoff
radius, the number of effective solvent molecules N4 can be
determined by sampling snapshots from MD simulations
(denoted Neoff) , or estimated by the solvent’s mass density and

the solute’s exclusion volume®” (denoted N'f;). The Ae™ in eq
S is obtained by inserting the solvent polarizability volume a,,
(derived from n,) into the linear equation shown in Figure 3c.
The A€™ in eq 5 can thus be derived from only classical solvent
properties, which are accessible for most common solvents.
Although we hypothesize that the linear equation shown in
Figure 3c should be universal, the exact proportionality
coefficient would likely change for another solute molecule
since the solute—solvent interactions are coupled. For instance,
a more polarizable solute might cause a stronger response from
the solvent environment, leading to a coeflicient larger than the
one found in Figure 3c.

We use the proposed solvation model to compute the IP
shifts for phenol in the five investigated solvents and compare
them with the first-principles results. The a,, listed in Figure 1c
are inserted into the linear equation in Figure 3c to derive Ae",
which show differences from the first-principles values (Figure
S11). For the number of effective solvent molecules, we
consider both N and NY (defined above). Numerical details
are provided in Table S10. The computed results using the
combination of N'f and Ae" are plotted in Figure l1c (Ag]",
red squares). For the first four solvents, the derived trend
agrees well with the first-principles one (blue circles), despite a
common overestimation of ~0.1 eV. The deviation of Ag|" for
BEN is more significant due to an overestimated Nl;. By
replacing N'f with Ny (Aée])", orange diamonds), the derived
IP shifts for the BEN solvent become closer to the first-
principles result. For the DCM solvent, Ae," underestimates

the IP shifts due to a smaller Ae" than the first-principles A
(Figure S11). However, the agreement with the first-principles
results is generally improved when the N, is estimated by MD
simulations.

For further development and optimization of this simple
solvation model, we note that (1) the full parametrization
relies on exploring multiple solute molecules to elucidate the
solute-dependence discussed above; (2) the linear equation in
Figure 3c can be improved, e.g, by sampling more solvent
cases and averaging over more MD snapshots.

In summary, this work introduces a generalized decom-
position scheme of the GW correlation self-energy based on
the fragmentation of a multimolecule system. This method-
ology is employed to investigate the energy shifts of single-
(quasi)particle excitations in various solvent environments.
The fragmentation (decomposition) of the correlation self-
energy is formulated upon the assumption that the induced
density fluctuations, represented by Pipek—Mezey localized
orbitals, are local on each fragment.

We sample molecular dynamics simulations using water and
four other organic solvents together with the phenol solute.
The first observation is that the explicit IP shifts do not follow
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the order of the mean polarizability volume computed for each
solvent. To investigate this disagreement, we apply the self-
energy fragmentation scheme to explore the solvation many-
body effects in these systems. Specifically, we compute the
fragment correlation contributions for solvation shells at
various distances away from the solute molecule. The fragment
correlation self-energy decays monotonically as a function of
the shell distance. At the distance of ~9 A, the correlation
contribution practically vanishes. This distance corresponds to
an effective interacting radius for considering the solvent
response stemming from the induced dipole interactions. The
9 A effective interacting radius depends neither on the
ionization state of the solute nor on the solvent type. This
phenomenon can be attributed to the localized feature of QP
excitations on the solute.

Comparing the correlation self-energies among various
environments, we find that the macroscopic solvent polar-
izability is directly related to the temporal behavior and the
correlation strength. However, the apparent 9 A cutoff radius is
unaffected by the polarizability of the solvent. This existing
cutoff radius indicates that the explicit solvation many-body
effects on the ionization energy depend not only on the
polarizability but also on the number of effective solvent
molecules. The latter can be extremely sensitive to practical
experimental conditions. Indeed, if both the polarizability and
the number of solvent molecules within the effective volume
are considered together, the average IP shift is perfectly
reflected by the mean polarizability volume and exhibits a
linear dependence. Based on this connection, we further
propose a possible solvation model to compute the QP
energies of solvated molecules. This model requires only
classical parameters that are readily accessible.

Although further explorations are needed to confirm the
universality of the effective interacting radius and the solvation
model, rich information about the solvation many-body effects
has been unveiled by the proposed self-energy fragmentation
method. We believe this approach will provide a powerful tool
for understanding and analyzing the interactions and couplings
between specific fragments in composite condensed systems.
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