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The benzene radical anion is a molecular ion per-
tinent to several organic reactions, including the
Birch reduction of benzene in liquid ammonia.
The species exhibits a dynamic Jahn–Teller ef-
fect due to its open-shell nature and undergoes
pseudorotation of its geometry. Here we char-
acterize the complex electronic structure of this
condensed-phase system based on ab initio molec-
ular dynamics simulations and GW calculations
of the benzene radical anion solvated in liquid
ammonia. Using detailed analysis of molecular
and electronic structure, we find that the spatial
character of the excess electron of the solvated radical anion follows the underlying Jahn–Teller distortions
of the molecular geometry. We decompose the electronic density of states to isolate the contribution of the
solute and to examine the response of the solvent to its presence. Our findings show the correspondence
between instantaneous molecular structure and spin density, provide important insights into the electronic
stability of the species, revealing that it is indeed a bound state in the condensed phase, and offer electronic
densities of states that aid in the interpretation of experimental photoelectron spectra.

I. INTRODUCTION

Liquid ammonia is particularly well-known as a sol-
vent which sustains long-lived solvated electrons formed
by the dissolution of alkali metals.1 Recently, we used
the flexible combination of refrigerated liquid microjet
X-ray photoelectron spectroscopy2,3 (XPS) and advanced
ab initio calculations to characterize the electronic struc-
ture of neat liquid ammonia4 as well as the alkali metal
solutions.5 In the latter, the hallmark XPS feature of the
solvated electron is located at the electron binding en-
ergy of −2.0 eV relative to the vacuum level and its con-
centration dependence was used to experimentally map
the electrolyte-to-metal transition.5 Solvated electrons,
essentially localized electrons bound in cavities formed
within the solvent structure, act as powerful chemical re-
ducing agents and, as such, find applications in numerous
organic reductions. Arguably, the best known example is
the Birch reduction of benzene in the environment of sol-
vated electrons with the addition of an aliphatic alcohol.6

During the course of the reaction, the solvated electron
binds to the benzene molecule, forming the benzene radi-
cal anion as the first reactive intermediate. This chemical
role of the benzene radical anion as well as its promi-
nent position as the simplest example of an aromatic an-
ion has prompted several experimental7–10 and theoreti-
cal11,12 studies of the species in the past. A particularly
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intriguing conclusion that arises from these studies is that
the stability of the species is environment-dependent. In
particular, the isolated benzene radical anion represents
an unbound metastable shape resonance with a life time
on the femtosecond time scale, which was consistently
demonstrated both by ab initio calculations11,12 and by
electron scattering experiments10 in the gas phase. In
contrast, the feasibility of the Birch reduction and vari-
ous spectroscopic experiments performed in different po-
lar solvents,7–9 which measure the species over extended
time scales, imply the stability of the electronic structure
of the benzene radical anion as well as its thermodynamic
stability in the context of a chemical equilibrium with sol-
vated electrons.13 In addition to the non-trivial behavior
of the electronic structure with respect to solvation, the
presence of an excess electron in an initially energetically
degenerate quantum state gives rise to a dynamic mul-
timode E ⊗ e Jahn–Teller (JT) effect14,15 which results
in complex behavior of the electronic structure as well
as the molecular geometry. In particular, the optimal
molecular structure of the benzene radical anion is not a
highly symmetric hexagonal one like that of the neutral
benzene parent molecule, but is rather represented by a
continuum of lower-symmetry structures that form the
so-called pseudorotation path.12

Anticipating a future XPS measurement of the ben-
zene radical anion as a natural continuation of the metal-
ammonia solutions research, we have previously investi-
gated the benzene radical anion in a liquid ammonia solu-
tion using computational methods with the aim to shed
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light on its structure, dynamics, and spectroscopy and
to provide a theoretical basis to aid the interpretation
of various experimental data. In our original work,16 we
performed ab initio molecular dynamics (AIMD) of the
explicitly solvated anion under periodic boundary con-
ditions. These simulations were realized at the hybrid
density functional theory (DFT) level of electronic struc-
ture which we have shown to be, despite its high com-
putational cost, a necessary methodological component
to obtain a physically meaningful description of the ben-
zene radical anion. At this level of theory, the excess
electron spontaneously localizes on the benzene ring and
remains stable for the length of the simulation, indicat-
ing the presence of a bound electronic state. Based on
these simulations, we then addressed the structure of the
solute and tracked the systematic geometry distortions
and pseudorotation due to the dynamic JT effect that
persist in the thermalized bulk system. More recently,
we approached the problem of the solvent-induced sta-
bility of the benzene radical anion from the point of view
of molecular clusters derived from the original condensed-
phase AIMD simulations.17 In that study, we calculated
the excess electron vertical binding energy using explicit
ionization in clusters of increasing size and found results
ranging from −2.0 to −3.0 eV at the infinite cluster size
limit depending on the specific methodology.

The present work aims to shed light on the electronic
structure of the benzene radical anion by employing ad-
vanced electronic structure calculations and analysis per-
formed on our original AIMD thermal geometries. In the
spatial domain, we describe the probability distribution
of the excess electron and its correlation with the un-
derlying JT distortions of molecular geometry using un-
supervised machine learning methods.18 These methods
have been used to analyze molecular dynamics trajecto-
ries and characterize representative molecular configura-
tions of the studied systems in a bias-free way.19,20 Here,
we employ clustering analysis not only to the distribu-
tion of nuclear configurations of the benzene radical an-
ion, but we also use it in conjunction with dimensionality
reduction to characterize the electronic structure. Then,
in the energy domain, we aim to predict the binding en-
ergies of all the valence electrons in the studied system
which can be directly compared to XPS data. To avoid
the unphysical orbital energies directly available from the
AIMD on-the-fly Kohn–Sham (KS) DFT electronic struc-
ture, we perform computationally demanding condensed-
phase G0W0 calculations21,22 on the AIMD geometries to
predict the electronic densities of states (EDOS). To bet-
ter understand the contributions of the individual species
in the system in question, we additionally employ an ap-
proach which projects the EDOS on local atomic orbitals
to resolve the calculated data by species and in space.

The rest of this paper is organized as follows. In Sec-
tion II, we discuss the details of the performed simula-
tions and calculations and describe the technical founda-
tions of the employed analysis. The main findings are
then presented and discussed in Section III. There, we

first focus on the results pertaining to the JT effect on
the electronic structure and its correlation with the un-
derlying molecular geometry. Then, we move on to the
energetics of the electronic structure and the question of
the stability and binding energy of the solvated benzene
radical anion. These results are referenced against those
for neutral benzene solvated in liquid ammonia and neat
liquid ammonia itself. Finally, we summarize our results
and draw conclusions in Section IV.

II. METHODOLOGY

A. AIMD simulations

The original AIMD simulations of the benzene rad-
ical anion and neutral benzene in liquid ammonia un-
der periodic boundary conditions were realized using the
the CP2K 5.1 package23–25 and its Gaussian and plane
wave26 electronic structure module Quickstep.27 Both
simulated systems consisted of one solute molecule and
64 solvent molecules in a cubic box of a fixed side length
of 13.745 Å and 13.855 Å for the benzene radical anion
and neutral benzene, respectively. The nuclei were prop-
agated with a 0.5 fs time step in the canonical ensemble
at 223 K using the stochastic velocity-rescaling thermo-
stat.28 The electronic structure was calculated using the
revPBE0-D3 hybrid density functional29–32 to limit the
self-interaction error, as required for the localization of
the excess electron and the stability of the benzene rad-
ical anion.16 The KS wavefunctions were expanded into
the TZV2P primary basis set,33 while the density was
expanded in an auxiliary plane-wave basis with a 400 Ry
cutoff. GTH pseudopotentials34 were used to represent
the core 1s electrons of the heavy atoms. Additionally,
the auxiliary density matrix method35 with the cpFIT3
auxiliary basis set35 was used to accelerate the computa-
tionally demanding hybrid DFT electronic structure cal-
culations. The total simulated time was 100 ps for both
systems, each collected from five 20 ps trajectories initial-
ized from decorrelated and equilibrated initial conditions.

B. G0W0 calculations

In this work, we use the G0W0 method21,22 which gives
access to physically meaningful one-electron energy lev-
els of the investigated condensed-phase, periodic systems.
This is in contrast with orbital energies of the underly-
ing KS DFT which should not formally be considered as
one-electron energies. For each solute, these calculations
are performed on top of 205 DFT-AIMD thermal struc-
tures extracted from the AIMD trajectories with a 0.5 ps
stride with the revPBE0-D3/TZV2P KS wavefunctions
being used as a starting point to obtain the corrected
G0W0 energies. These calculations are realized using the
CP2K package, version 7.1. The self-energy is described
analytically over the real frequency axis using the Padé
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approximation and the Newton-Raphson fixed point it-
eration is employed for numerical solution of the corre-
sponding algebraic equations. The influence of periodic
boundary conditions on the G0W0 energies is minimized
by employing a periodicity correction scheme.36 The re-
sulting EDOS, obtained as the distribution of the G0W0

energies, is described as a continuous probability density
function through the kernel density estimation method
using a Gaussian kernel with a 0.02 eV bandwidth. The
G0W0 calculations performed in periodic boundary con-
ditions do not directly provide the absolute values of elec-
tron binding energies due to the absence of the explicit
liquid-vacuum boundary. Thus, to access the absolutely
positioned EDOS, the whole spectrum must be shifted on
the energy axis by a suitable constant. In other works,
this was achieved by auxiliary slab calculations that pro-
vide an estimate of the shift.37,38 In our previous work on
neat liquid ammonia combining G0W0 calculations with
liquid XPS,2,4 we aligned the average energy of the cal-
culated liquid 3a1 peak to −9.09 eV, the average of the
same peak obtained experimentally. This bypassed the
need for additional ab initio calculations and facilitated
the comparison of the whole spectrum between theory
and experiment. Here, we exploit the fact that, as de-
tailed in Section III, the electronic perturbation of the
liquid ammonia solvent by the presence of the benzene
radical anion is minor. As such, the total EDOS was
shifted to match the same experimental valence liquid
ammonia peak as in our previous work. The value of
the shift was determined from the mean energy of the
3a1 ammonia peak of the total EDOS with the solute in-
cluded (other options are discussed in Section S2 of the
supplementary material).

To gain insight into the contributions of individual
chemical species to the total G0W0 EDOS, we decompose
this quantity into separate densities for each species and
address the differences between the neat ammonia data
and the data from systems with solutes. Specifically, we
rely on the original formulation of the projected density
of states (PDOS) for KS orbitals,39 which projects the
total EDOS on the respective part of the atomic orbital
basis set of every atom in the system individually. Ex-
tending the original approach, we use these projections
for the G0W0-corrected binding energies, since the spatial
orbitals are identical between KS DFT and G0W0. For
each atom and each configuration, each G0W0 energy is
assigned a weight based on the magnitude of the projec-
tion of the corresponding orbital on that atom. Naturally,
these atomic contributions can be collected into molec-
ular contributions as needed for each particular system.
The total EDOS can be expressed as the following en-
semble average over the contributing structures

ρ(E) =

〈∑
n

δ(E − En)

〉
, (1)

where En are the G0W0 one-electron energy eigenvalues
and angle brackets denote an average over the ensemble

of thermal structures. To decompose it, we use a projec-
tion on an atom-centered linear combination of atomic
orbitals (LCAO) basis set {|Iγ〉}. This basis satisfies the
completeness relation over the spanned space∑

I

∑
γ

|Iγ〉 〈Iγ| = 1̂, (2)

where the summation runs over all atoms I and all ad-
ditional quantum numbers γ and 1̂ denotes the identity
operator. Using the orthonormality of the original KS
orbitals |ψn〉 that remain unchanged during the G0W0

calculation, we can expand the total EDOS definition as
a sum over atomic projections as

ρ(E) =

〈∑
n

〈ψn|ψn〉 δ(E − En)

〉

=

〈∑
n

∑
I

∑
γ

〈ψn|Iγ〉 〈Iγ|ψn〉 δ(E − En)

〉

=
∑
I

〈∑
n

∑
γ

| 〈ψn|Iγ〉 |2δ(E − En)

〉
≡
∑
I

〈SI(E)〉 ≡
∑
I

ρI(E),

(3)

where we have labeled the overlap-weighted kernel of the
thermal average SI(E) and the whole thermally averaged
atomic projection ρI(E). These atomic projections can
then be summed over arbitrary subsets of atoms to ob-
tain a PDOS on any species in question. Moreover, we
can further resolve the atomic contributions as a func-
tion of distance r from a chosen point of reference as the
following two dimensional distribution

ρ(E, r) =
1

4πr2g(r)

∑
I

〈SI(E)δ(r − rI)〉, (4)

where rI is the distance of the I-th atom from the point
of reference and the normalization factor in the denomi-
nator based on the radial distribution function g(r) of the
chosen species around the same point of reference ensures
a uniform marginal distribution in r.

C. Clustering Analysis

The clustering of the relevant feature space vectors is
based on the Gaussian Mixture Model (GMM) as im-
plemented in the scikit-learn Python library.40 For the
molecular geometries, we assign features as all vibrational
normal modes with JT-active symmetry to naturally de-
scribe the distortions in an 8D configuration space. For
the electronic structure, we use a high-dimensional ab-
stract feature space that relies on a Fourier decomposi-
tion of the respective spin densities. Both feature spaces
are described in detail in the following paragraphs. The
GMM algorithm was chosen over the commonly used k-
means clustering since it allows to reach a similar goal
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in a more flexible and general way and, moreover, yields
a continuous parametrization of the obtained clusters in
terms of high-dimensional Gaussian functions that can
be used to evaluate the cluster membership probability.
The full covariance in all dimensions was employed to ac-
count for possible spatial anisotropy of the clusters and
a tight convergence limit of 10−5 was used.

III. RESULTS AND DISCUSSION

In the following paragraphs, we focus on the spatial
character of the excess electron of the benzene radical
anion using the spin density, an observable quantity ob-
tained directly from an unrestricted Kohn–Sham (KS)
DFT calculation. We aim at a description of the evolu-
tion of the spin density in the context of the condensed-
phase JT effect, which governs the distortions of the un-
derlying molecular geometry of the benzene radical anion
solvated in liquid ammonia.16 Specifically, we ask if the
molecular distortions correlate with the immediate shape
of the spin density and, therefore, if information about
the JT state of the solute can be extracted directly from
the electronic structure of the solvated species, similarly
to how it can be extracted from its molecular geometry.
Later on, we turn our attention to the energetics of the
electronic structure, predict electronic densities of states
for the studied system, and discuss then in detail in the
context of the question of the stability of the solvated
benzene radical anion as well as from the perspective of
interpretation of XPS data.

A. The Jahn–Teller Effect on the Molecular and
Electronic Structure

The essence of the JT effect in the benzene radical an-
ion is as follows. As the D6h-symmetric benzene molecule
accepts an excess electron, the formed degenerate E2u

electronic state of the radical anion becomes unstable
since it corresponds to a conical intersection between
two adiabatic potential energy hypersurfaces (APESs).
This instability is resolved by a symmetry-lowering dis-
tortion along the JT-active normal modes of e2g sym-
metry, which brings the system into a minimum on the
pseudorotational path on the lower branch of the JT-split
APES. At the same time, the symmetry of the initial
electronic state is reduced as well, with two new possi-
ble lower symmetries, Au and B1u, corresponding to the
ground state of the benzene radical anion in the two op-
posite distortions of the molecular geometry.

Clustering of Molecular Geometries

The natural coordinates to describe the molecular dis-
tortions are the four degenerate pairs of JT-active normal

modes. These are adopted here consistently with our pre-
vious work from the vibrational normal modes of an opti-
mized neutral benzene molecule since it shares the same
molecular structure and the point group with the radical
anion in its reference undistorted geometry. A physically
meaningful observation of the JT pseudorotation can be
made by averaging the full 8D data over all modes that
do not exhibit a strong enough JT split to be observable
in the thermal system. Thus, the pseudorotation can be
represented as a 2D distribution in the pair of remain-
ing e2g modes at 1654 cm−1 which show an appreciably
strong JT effect. In this case, the free energy landscape
of the pseudorotation valley is essentially flat and the
path around it is described by the pseudorotation angle
θ = arctan2(Qy/Qx), a scalar parameter which repre-
sents the polar angle in the 2D subspace of the relevant
normal mode coordinates labeled as Qx and Qy.16

In order to analyze the full 8D distribution, we ap-
plied the GMM clustering algorithm to the normal modes
data set with the aim to find representative distortions.
However, unlike in the case of the electronic structure
discussed in the following paragraphs, the resulting clus-
tering of the data is not satisfactory for several reasons.
Motivated by the threefold symmetry of the reference
gas-phase APES, we attempted to separate the data into
both three and six clusters. In both cases, clustering
of comparable quality was obtained which implies that
there is no clear number of natural clusters in the data
set. This is further supported by additional attempts to
cluster the data into a number of clusters that does not
respect the inherent symmetry of the problem: again,
similar outputs were produced. Moreover, the clustering
is generally not reproducible and inconsistent positions
of clusters are obtained each time. As a measure of clus-
tering performance, we use silhouette coefficients, which
range from −1 (wrong clustering) through 0 (poor clus-
tering) to +1 (excellent clustering).41 If we cluster our
data into three groups, the average silhouette coefficient
does not exceed the value of ∼0.08, which quantifies the
insufficient separation of the data (a silhouette plot is
presented in Section S2 of the supplementary material).
This demonstrated lack of clear separation in the molecu-
lar geometries suggests that the remaining modes do not
bring much additional structure to the data set in com-
parison to the reduced 2D distribution in Qx and Qy and
the essentially flat character of the probability distribu-
tion around the pseudorotation valley generalizes to the
full dimensionality. Therefore, we adhere to the simpler
continuous parametrization by the pseudorotation angle
θ to describe molecular distortions in the following anal-
ysis.

Spin density dimensionality reduction

To motivate the analysis of the electronic structure
of the solvated species, we consider optimized gas-phase
benzene radical anion structures where the excess elec-
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Spin density, Au state Spin density, B1u state

FIG. 1. The spin densities of the Au and B1u electronic states
of the benzene radical anion. The presented idealized geome-
tries and spin densities were obtained from a finite basis set
gas-phase calculation at the hybrid DFT level, as used for
the AIMD simulations; similar spin densities are however ob-
served in the condensed-phase simulations. The positive devi-
ations of the spin density are shown in green at two contours,
0.025 a−3

0 (opaque), and 0.006 a−3
0 (transparent), while the

negative deviations are shown in purple at the same isovalues
with a negative sign. The molecular structure of the benzene
radical anion is shown in gray as a whole.

tron is artificially localized due to a finite orbital basis
set. The spin density distributions for the two distinct
JT distoritions are shown in Figure 1. The spin den-
sity of the Au state (left) is characterized by four atom-
centered maxima and two less pronounced minima local-
ized along one of the C2 symmetry axes; the B1u spin
density (right) exhibits two maxima localized on distal
carbon atoms along the corresponding C2 axis and two
elongated bridge-like positive deviations over a pair of
carbon–carbon bonds parallel with this C2 axis. We also
have to take into account that the high symmetry of the
benzene molecular geometry allows for distortion in three
equivalent directions corresponding to the three horizon-
tal, apex-to-apex C2 axes in the D6h point group. These
distortions are represented by two sets of three equiva-
lent stationary points around the point of high symmetry
on the pseudorotation APES, each separated by a pseu-
dorotation angle of 60◦ from its opposite-kind neighbors
and by 120◦ from its pseudorotated images. As a con-
sequence, three equivalent Au-type and three equivalent
B1u-type spin densities exist which correspond to the six
APES stationary points. The pseudorotation of the nu-
clear geometry between these minima is discussed in de-
tail in Reference 16; a video file illustrating the evolution
of the spin density on top of the pseudorotating geometry
in the idealized gas-phase case is included in the supple-
mentary material and described in Section S3.

Eventually, we want to analyze the thermal data in
the condensed phase—the natural environment where the
solvated benzene radical anion is electronically stable and
physically relevant observation of the JT effect and the
associated spin density can be made. For this purpose,
we design a two-step dimensionality reduction procedure
that represents the spin densities in a feature space of rea-
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FIG. 2. The relevant 1D spin densities ρs(ϕ) for the Au and
B1u states (Figure 1). The original functions are shown as
black solid lines. The N = 20 Fourier-reconstructed curves
are shown as dashed blue and orange lines, respectively. The
bottom panel illustrates five samples equidistant in their de-
gree n from the employed N = 20 Fourier basis with the sine
components shown in dark gray and cosine components in
light gray.

sonable dimension in such a way that the two idealized
JT-distorted cases can be distinguished. The periodicity
of the spin density along the aromatic ring makes it ad-
vantageous to express its spatial dependence in terms of
a local spherical coordinate system r, ϑ and ϕ (where ϕ is
the polar angle ranging from 0 to 2π). These coordinates
are obtained by the usual transformation from a local
Cartesian system in which the x, y-plane is represented
by the molecular plane of the benzene radical anion and
the z-axis by its normal with its origin at the solute cen-
ter of mass (see Section S1 of the supplementary material
for details). The spherical coordinates represent a natu-
ral description for the systems in question and allow to
reduce the dimensionality of the full spin density into a
one-dimensional (1D) function by partial integration. As
documented in Section S2 of the supplementary mate-
rial, the 1D spin densities in r and ϑ show practically
perfect overlap for the two spin density types and thus
bring no distinction between them. The information that
distinguishes the two types is contained in the remaining
possible spin density in ϕ

ρs(ϕ) =

∫ π

0

∫ rmax

0

dϑdr r2 sinϑρs(r, ϑ, ϕ), (5)

that describes the character of the spin density around
the benzene ring. Its shape can be traced back to the
spatial characteristics of the full spin densities through
the respective sequence of the 1D maxima and minima
along the aromatic ring, as shown for the idealized spin
densities in Figure 2, top panel, full lines. In terms of
ρs(ϕ), the pseudorotation of each type of the full spin
density by 120◦ translates simply into a 120◦ shift on the
ϕ-axis.
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At this point, the 3D spin density is reduced to a 1D
function that is still fully capable of distinguishing be-
tween the two spin density types. An additional level of
simplification that opens the door to numerical analysis
is achieved by mapping the continuous 2π-periodic 1D
spin densities onto discreet vectors by means of a Fourier
series and noting that only the first few harmonics are
necessary to achieve a highly accurate decomposition as
demonstrated by the dashed curves in the top panel of
Figure 2. This set of Fourier coefficients clearly distin-
guishes the two idealized spin densities in relatively few
dimensions. While the technical aspects of this step are
discussed in detail in Section S1 of the supplementary ma-
terial, we note here that the Fourier decomposition was
performed using the first 20 harmonics, yielding an 82-
dimensional Euclidean feature vector for each spin den-
sity sample (a total of 2(2N + 1) real coefficients are
needed for a Fourier series counting N harmonic func-
tions).

Clustering of the Electronic Structure

We are now able to represent each spin density distri-
bution in a compact way and can move to the analysis of
the electronic structure of the condensed-phase system.
A visual inspection of the trajectory16 of the solvated
benzene radical anion clearly reveals the presence of two
limiting spin density structures similar to the optimized
ones. Therefore, we aim to perform an analysis that will
allow us to divide the observed ensemble of condensed-
phase spin densities into six categories centered around
each of the limiting spin density structures and includ-
ing the surrounding thermal population. Once this is
established, one can examine the correlation between the
immediate electronic structure and the underlying molec-
ular geometry of the solute.

To categorize the spin densities of the thermal solvated
system, we turn again to GMM clustering to separate the
data now concisely represented as feature vectors con-
structed out of Fourier coefficients. GMM is able not only
to split the data into natural clusters, but also to pro-
vide a continuous parametrization of each cluster through
evaluation of posterior probabilities of cluster member-
ship. Indeed, in this case, the data set splits cleanly into
six clusters as shown by the cluster silhouettes presented
in Figure 3 which average to the mean silhouette coef-
ficient of ∼0.4 and contain no outliers for the Au state
and only a small number of outliers (negative silhouette
coefficients) for the B1u state. Additional clustering vali-
dation is documented in Section S2 of the supplementary
material. The centers of the six clusters then correspond
to the electronic structure at the six possible D2h dis-
tortions and the population of each cluster corresponds
to the thermal fluctuations around these minima. This
is directly shown by summing up the Fourier series de-
fined by the coordinates of the cluster centers to obtain
new 1D spin densities. These exhibit physically mean-

0.2 0.0 0.2 0.4 0.6
Silhouette Coefficient

FIG. 3. Characterization of the clustering of the electronic
structure by the means of silhouette plots. The top three
clusters represent the Au clusters, the bottom three the B1u

clusters.

ingful properties such as close-to-reference shapes (such
as those shown in Figure 2) and the expected 120◦ shifts
within each type group (see the supplementary material,
Section S2). While these findings show that the excess
electron structure is analogous to that found for the ben-
zene radical anion in the gas phase using a comparable fi-
nite orbital basis set, it is important to keep in mind that
such a system converges to an unbound state when the
size of the basis set is increased. Only in the condensed
phase is the species actually bound and its JT effect ob-
servable and the electronic states physically meaningful
and potentially experimentally measurable.

Correlation between the electronic structure and molecular
geometry

To quantify the correlation between the molecular
structure and the spin density we exploit the features
of the trained Gaussian mixture model to assign a poste-
rior probability of belonging to a specific cluster to each
spin density data point. Thus, a generalized single-valued
parameter p(Au), which can be defined as a sum over
all Au-type cluster probabilities, gives the overall prob-
ability that a data point is of the Au-type, including all
three possible pseudorotations. Clearly, the same can be
done for the B1u-type clusters and the identity for com-
plementary probabilities that p(Au) + p(B1u) = 1 has
to hold. Now, since each spin density data point has a
unique molecular geometry associated with it, the pro-
posed probability parameters can be directly correlated
with the underlying molecular distortions characterized
by the pseudorotation angle θ as defined above.

We use these electronic probability parameters to
weight each point contributing to the probability distri-
bution in θ, which is almost uniform originally. This
splits it into two distinct distributions, each with three
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FIG. 4. Correlation of the electronic structure with the distor-
tion of nuclear geometry. Each molecular distortion is charac-
terized here by the value of the pseudorotation angle θ. The
distributions of θ weighted by the corresponding electronic
parameters p(Au) (blue) and p(B1u) (orange) are shown in
polar coordinates with an offset zero-distance.

well-defined peaks separated by a 120◦ increment. These
are shown in Figure 4, exploiting a representation in po-
lar coordinates with an offset origin. The presented com-
plementary distributions clearly show that the individual
symmetries of the molecular distortions are accompanied
by spin densities of the same type, as can be deduced
from the fact that the distortion at θ = 0◦ is uniquely
identified with the distortion of molecular geometry cor-
responding to the Au electronic state. It thus appears
that the electronic character of the JT effect of the ben-
zene radical anion in liquid ammonia follows closely the
predicted gas-phase theory while the solvent acts as a
stabilizing, but non-perturbing environment. Due to the
correlation shown in Figure 4, we conclude that similar
information about the JT effect can be extracted from
the immediate spin density as well as from the immedi-
ate molecular geometry of the solute.

Even though the molecular geometries undergo almost
free pseudorotation with effectively no free energy bar-
riers and can not therefore be clustered into distinct
populations of different pseudorotamers, the situation
is different for the electronic state of the system. As
it moves along the pseudorotation path, it transitions
rather sharply between ground-state spin densities of the
two possible symmetries, as revealed by our analysis.

B. Energetics of the Electronic Structure

At this point, we turn our attention to the energet-
ics of the electronic structure of the whole studied sys-
tem in terms of one-electron levels. The single-electron
energies are calculated using the G0W0 method21,22 on
an ensemble of 205 structures drawn with a 0.5 ps stride
from our previously published hybrid DFT trajectories of
the benzene radical anion as well as neutral benzene for
comparison. The absolute energies of the whole spectrum
were shifted as detailed in Section II. The distribution of
the obtained G0W0 quasiparticle energies, which accu-
rately approximate electron binding energies, represents
the EDOS and is shown in panel A of Figure 5. The dom-
inant three-peak pattern in both systems can be readily
related to the neat liquid ammonia EDOS,4 shown here
in gray shading for reference. In our systems with so-
lutes, it is accompanied by a multitude of low-intensity
features along the whole range of energies. We can now
use the projection approach detailed in Section II to iso-
late these features and examine the solute and solvent
spectra separately.

Focusing first on the benzene radical anion, we obtain
the solute PDOS shown in panel B of Figure 5. Clearly,
this component isolates the low-intensity features that do
not overlap with the neat ammonia EDOS and, moreover,
uncovers additional ones that were previously contained
in the high-intensity solvent peaks. Most notably, this
solute PDOS suggests that the highest energy state, oc-
cupied by the excess electron, is fully accounted for by
the solute, consistent with the previously observed spa-
tial localization of the spin density.16 Its mean binding
energy of −2.34 eV and the absence of tails extending
into the positive values prove that the excess electron on
benzene is bound relative to the vacuum level, thus con-
clusively answering the question of stability of the molec-
ular structure of the anion as long as it is solvated in
liquid ammonia. This is in excellent agreement with the
vertical electron binding energy of −2.30 eV obtained by
explicit ionization calculations of benzene radical anion
and ammonia gas-phase clusters in the infinite cluster size
limit.17 Compared to neutral benzene (Figure 5, panel
D), the whole G0W0 anion solute PDOS is systemati-
cally shifted towards weaker binding energies by several
electronvolts. Its shape is modified as well, including sev-
eral peak splittings not observed in the neutral system.
These are likely due to the overall lower symmetry of the
anion, rather than due to the presence of two distinct JT
pseudorotamers, which give rise to identical PDOS within
the available statistical sampling, as shown in panel C of
Figure 5. Since the excess electron binding energy in the
benzene radical anion is close to the binding energy of the
solvated electron of−2.0 eV,5 an overlap might arise in an
experimental photoelectron spectrum if the two species
coexist in equilibrium, leading to a single broader peak or
perhaps a double peak feature. This suggests that the ex-
cess electron binding energy itself might not be sufficient
to prove the presence of the benzene radical anion. How-
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FIG. 5. The solvated benzene radical and neutral benzene
total G0W0 EDOS and the PDOS projections on the solutes.
Panel A: the total EDOS of the benzene radical anion (red)
and neutral benzene (black) in liquid ammonia. The calcu-
lated pure liquid ammonia EDOS4 is shown in gray. Consis-
tently with the published pure ammonia data, the correspond-
ing peaks are labeled by the symmetry labels of the gas-phase
ammonia molecular orbitals. Panel B: PDOS of the benzene
radical anion. The projection shows a detailed account of
the electronic structure of the anion, including the highest
occupied state, marked by its binding energy and a black tri-
angle. Panel C: The benzene radical anion PDOS resolved
for the two type of JT-relevant electronic structure symme-
tries. Note that the small differences between the blue (Au)
and orange (B1u) curves, caused by sampling from the cor-
responding smaller subsets of the calculated G0W0 energies,
are insignificant within the available statistics. The PDOS of
both JT structures is therefore identical. Panel D: PDOS of
neutral benzene in liquid ammonia.

ever, a viable workaround exists in the predicted changes
of the lower electronic levels of benzene after the addi-
tion of the excess electron. These are large enough to be
measured and several bands are localized in the regions
where no overlap with the solvent signal is expected, as
clearly shown by the projected densities.

Next, we concentrate on the solvent subspace. In Fig-
ure 6, the solvent PDOS shown in the left-hand side pan-
els in gray shading features subtle differences compared

to the EDOS of neat ammonia. These appear because
of the changes of the electronic structure of the solvent
molecules induced by the interaction with the radical an-
ion solute. To better quantify this perturbation, we ex-
ploit the molecular resolution of the PDOS projection
to resolve the solvent PDOS as a function of distance
between the solute center of mass and the ammonia ni-
trogen atoms (Figure 6, main panels). The uniformity
of the resolved distribution along the distance axis is
achieved by factoring out the probability density in this
distance. In an infinite system, this is proportional to
4πr2g(r), where g(r) is the radial distribution function.
For our finite simulation cell, this quantity is shown in
the bottom panel of Figure 6; note the decay starting
after ∼7 Å that corresponds to half the length of the
simulation box. The distance resolution reveals a small
systematic shift towards weaker electron binding energies
in the proximity of the charged solute, up to 0.4 eV in
the case of the 1e peak. The origin of this effect can be
attributed to the presence of the excess electron, since
neutral benzene does not have a similar effect on liquid
ammonia; its resolved peaks are essentially flat over the
studied distance range (see Section S2 of the supplemen-
tary material). The small magnitude of the perturbation
of solvent one-electron levels by the solute can be used
to justify the alternative method of spectrum resolution
by subtraction of the neat solvent that is typically used
in an experimental setting where a projection is not an
option.42 The possible causes of the observed effect in-
clude the screening of the electrostatic interaction with
the excess charge by the bulk solvent and are discussed
in Section S2 of the supplementary material in terms of
molecular clusters in open boundary conditions. Addi-
tionally, we present a detailed validation of the required
PDOS properties in Section S2 of the supplementary ma-
terial.

IV. CONCLUSIONS

The reported analysis of the electronic structure of the
solvated benzene radical anion in liquid ammonia com-
plements the analysis of molecular geometry from our
previous work and provides results that can be directly
related to future experimental measurements of the sys-
tem studied here.

The JT behavior of the solvated radical anion is analo-
gous to that predicted for the idealized gas-phase species
based on fundamental theory and symmetries. The elec-
tronic state and its associated spin density correlates
strongly with the dynamic distortion of the molecular
geometry as it undergoes motion through the almost flat
pseudorotation valley. It thus turns out that the pres-
ence of the solvent is key to stabilize the studied system
electronically but does not perturb it substantially from
the perspective of the JT effect. This sets the stage for
possible experimental studies of the consequences of the
JT effect on the molecular and electronic structure of
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the benzene radical anion which is not an option in the
gas phase where the radical anion does not exhibit long-
term stability. However, such experiments would have
to rely on ultrafast techniques so that the individual JT
structures are observed rather than their high-symmetry
average.

We quantified the solvent-induced stability of the
benzene radical anion using accurate and computation-
ally demanding condensed-phase G0W0 calculations per-
formed on thermal geometries sampled from a hybrid
DFT AIMD simulation. We estimated the binding en-
ergy of the excess electron to be −2.34 eV relative to the
vacuum level, clearly showing that the excess electron
represents a bound quantum state in solution. Moreover,
the density of states obtained from such calculations pre-
dicts the complete valence electronic structure and thus
provides a way to interpret future photoelectron spec-
troscopy measurements.

The present work showcases the descriptive power of
accurate molecular simulations and detailed analysis of
their outputs. We captured subtle quantum effects in
both the spatial and energy domains and obtained a de-
tailed description of the solvated benzene radical anion
in liquid ammonia, as well as a prediction of its elec-
tronic density of states that complements our previous
prediction of the vibrational density of states. The im-
mediate next step lies in exploiting the synergy between
the calculations reported here and future liquid photo-
electron spectroscopy measurements. Referencing the re-

sults against the baseline of the solvated neutral benzene
molecule further aids the interpretation of the anticipated
experimental results. This combination has the potential
to experimentally corroborate the solvent-induced sta-
bility of the benzene radical anion. One remaining issue
is the computational description of the thermodynamic
equilibrium between the benzene radical anion and sol-
vated electrons that will provide additional insight into
the experimentally observable chemical properties of the
solvated benzene radical anion as well as an entryway to
the theoretical exploration of the chemistry of the Birch
reduction.

SUPPLEMENTARY MATERIAL

Additional data analysis details, additional results con-
cerning the spin density dimensionality reduction, the
evaluation of the GMM clustering and the projected den-
sities of states as well as a video file visualizing the evo-
lution of spin density over the pseudorotating molecular
structure of the benzene radical anion are presented as
supplementary material.
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S1. ANALYSIS DETAILS

In the following paragraphs we discuss the details of
the methods of data postprocessing and analyses that
were used to obtain the key results presented in the main
text.

A. Spin density analysis details

The 1D spin densities were obtained by partial integra-
tions of the full, 3D spin density described using a local
coordinate system as explained in the main text. The
radial density is calculated as

ρs(r) =

∫ π

0

∫ 2π

0

dϑdϕ ρs(r, ϑ, ϕ) sinϑ, (S1)

the density in the azimuthal angle ϑ as

ρs(ϑ) =

∫ rmax

0

∫ 2π

0

drdϕ r2ρs(r, ϑ, ϕ) (S2)

and, finally, the relevant density in the polar angle ϕ as

ρs(ϕ) =

∫ π

0

∫ rmax

0

dϑdr ρs(r, ϑ, ϕ)r2 sinϑ. (S3)

The value of rmax is fixed by the maximal available extent
of the volumetric data. All of these 1D spin densities for
the ideal structures are shown in Figure S1. Clearly, only
ρs(ϕ) (right panel) distinguishes between the Au and B1u
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FIG. S1. One-dimensional spin densities in the variables r, ϑ,
and ϕ.
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FIG. S2. Reconstructed sample of a thermal 1D spin density
in ϕ by decomposition into the Fourier basis of size N = 2, 5,
10 and 20.

states; the remaining two 1D spin densities show perfect
overlap for the two states in question.

The P = 2π-periodic densities ρs(ϕ) were further de-
composed into the Fourier basis of harmonic functions
exp(in2πϕ/P ), n ∈ Z, collecting the complex coefficients
of all degrees n

cn =
1

P

∫ P

0

dϕ ρs(ϕ) exp

(
− in2πϕ

P

)
(S4)

into a (2N + 1)-dimensional vector c. Already N = 20
was observed to very closely represent the original 1D
densities: an example featuring a random sample from
the thermal ensemble of 1D spin densities and its Fourier
decomposition into harmonic bases of varying size N is
shown in Figure S2.

S2. ADDITIONAL RESULTS

Here, we present additional results that complement
and validate the main text results. These include vali-
dations of the GMM clustering as well as of the PDOS
projections and complementary analyses of the PDOS of
both the solute and the solvent that provide data to sup-
port the discussion in the main text.

mailto:ondrej.marsalek@mff.cuni.cz
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A. Validation of GMM clustering

The values in Table S1 reveal the fact the distances
between closest cluster centers are almost an order of
magnitude higher than the standard deviations of the
individual clusters and thus to a clean clustering of the
data in question.

Cluster 1 2 3 4 5 6

d [rad−1] 0.350 0.334 0.345 0.342 0.350 0.334
σ [rad−1] 0.0554 0.0554 0.0555 0.0551 0.0552 0.0552

TABLE S1. Clustering characteristics. First row: the Eu-
clidean distance (d) of each cluster to its nearest neighbor.
Second row: Standard deviation (σ) of each cluster.

Next, we verify that the obtained clusters indeed
represent the spin density shapes expected on physical
grounds. This is achieved by reconstructing new (i.e.,
previously not existing in the AIMD data) 1D spin den-
sities ρ̄si(ϕ) from the cluster means c̄i using the Fourier
synthesis

ρ̄si(ϕ) =

N∑
n=−N

c̄i,n exp

(
in2πϕ

P

)
. (S5)

These mean spin densities are shown in Figure S4.
Clearly, three curves of the Au type and three curves of
the B1u type are obtained which respect the 120◦ shifts
in ϕ due to the pseudorotation. These final means are
fully invariant to the repetition of the clustering staring
from different random initial mean estimates.

B. Nuclear GMM clustering performance

The silhouette plot showing the quality of clustering of
nuclear geometries is shown in Figure S3.

0.2 0.1 0.0 0.1 0.2 0.3
Silhouette Coefficient

FIG. S3. Silhouette coefficients for the clustering of nuclear
geometries.
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FIG. S4. One-dimensional spin densities obtained by Fourier
synthesis of the means of the GMM clusters. Different colors
correspond to different clusters.
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FIG. S5. Summation of solute and solvent PDOS for the
benzene radical anion. The top panel shows that the sum
(black, dashed) of solute (blue) and solvent (orange) PDOS
reconstructs the total EDOS (gray shading) perfectly. The
bottom panel shows the same situation in logarithmic scale
to bring out the low-intensity details.

C. Validation of PDOS properties

The PDOS theory presented in Section II of the main
text guarantees though Equation 3 that a set of PDOS
curves for mutually exclusive molecular subsystems that
span the whole system must sum exactly to the total
EDOS. This property is clearly illustrated for the sys-
tem containing the benzene radical anion in Figure S5
where the sum of the solute and solvent PDOS perfectly
recreate the total EDOS. An identical situation can be
demonstrated for the neutral system which is, however,
not shown explicitly.

However, the sole fact that the PDOS curves sum up to
the total EDOS does not say anything about the quality
of the individual projections. This strongly depends on
the coupling between the subsystems and the character of
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the KS orbitals that enter the calculation of the weights,
in particular on their spatial localization. The inspection
of the clarity of the projection, i.e., if it is not contami-
nated by diffuse states extending from another molecular
subsystem, relies on the cumulative integration of the
PDOS curves. If the projection is indeed meaningful in
terms of molecularity, then the individual PDOS curves
should integrate to the number of electrons that would
be expected for an isolated species. For the neutral and
anionic solutes, this is 30 and 31 explicit electrons since
the core 1s levels are represented by pseudopotentials in
our calculations. For the solvent, one can expect eight
explicit electrons per molecule. The cumulative integrals
of the PDOS curves shown in Figure S6 show excellent
agreement with these predictions.

D. Solute contribution obtained by subtraction

An alternative way to isolate the solute contribution
from the total EDOS that is more oriented towards the
experimental approach relies on subtraction of the neat
liquid ammonia EDOS from the total EDOS of the sys-
tem including the solute. The result of this subtraction
is shown and compared to the solute PDOS in Figure S7.
The subtraction produces an acceptable outcome where
the solute states do not overlap with the ones of the sol-
vent. However, in those areas where they do, the noise
arising from the seemingly subtle differences between the
solvent in the total EDOS and the neat one leads to
overpowering artifacts in the result of the subtraction.
Clearly, this effect is concentration dependent and the
more concentrated the solute would be and thus its sig-
nal stronger, the less of an issue it presents. The dif-
ferences between the EDOS of the system with the sol-
vated benzene radical anion and the neat solvent have
several possible origins. The oscillatory character of the
noise in the subtracted signal suggests a horizontal shift
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FIG. S6. Cumulative integral of the solute (top) and solvent
(bottom) PDOS for the anionic (red) and neutral (black) sys-
tems.
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FIG. S7. Comparison of projection and subtraction for the
solute contribution. The contribution of the benzene radical
anion to the total EDOS of the system obtained by subtrac-
tion of the neat liquid ammonia EDOS from the total EDOS
of the system including the solute is shown in blue. The solute
PDOS is shown in orange for reference.

of the peaks in question, which likely combines the phys-
ical shift caused by the different chemical environments
in the compared systems, the numerical details of the
individual G0W0 calculations as well as the numerical
details pertaining to the alignment of the absolute en-
ergies. In particular, the latter has a profound effect
on the subtraction artifacts, but also has a significant
amount of numerical freedom including the calculation of
single-peak means and the choice of the reference density
of states, all without a clearly correct option. Further-
more, the previous simulations of the neat solvent were
performed at the experimental density, while the simu-
lations with the solute had the estimated molar volume
of the solute added. It is impossible to ensure that the
density of the solvent in the two cases is exactly iden-
tical, which can further contribute to minor differences
between the EDOS of the solvent in the two cases that
we are trying to subtract. In this light, the PDOS of-
fers a superior computational treatment since it does not
suffer from these issues. However, it must be expected
that the experimental measurement will have to deal with
subtraction artifacts in some form and to some extent.

E. Geometric insight into the solvent distance-resolved
PDOS

In this section, we demonstrate that the effect observed
in the one-electron levels of the solvent in proximity of
the solute demonstrated in the main text in Figure 6 is
a first-order effect caused directly by the solute perturb-
ing the solvent electron rather than a geometry-mediated
second-order effect. In particular, we observe no corre-
lation between the distance of the solvent from the so-
lute center of mass and the average molecular H–N–H
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angle and N–H bond length and thus no molecular ge-
ometry change is expected for the molecules in proximity
of the solute. These correlations are shown as bivariate
probability densities in Figure S8 and correspond to the
average bending and stretching of the ammonia solvent
molecules. It thus seems that the perturbation of the
solvent one-electron levels in molecules that are in close
contact with the charged solute is caused directly by the
solute affecting the solvent electrons.

F. Solvent One-electron Levels Outside of the Bulk
Solution

It might be expected that a major component to this
effect is the electrostatic effect of the excess charge. In the
bulk solution, the electrostatic contribution must be no-
ticeably screened by the dielectric environment provided
by liquid ammonia. Thus, a further level of qualitative
insight into the perturbation of the solvent one-electron
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FIG. S8. Correlation between the distance of a solvent nitro-
gen form the benzene radical anion center of mass and the
average H–N–H angle (left) and average N–H bond length
(right). The blue color scale shows the normalized probabil-
ity distribution over the pairs of coordinates in question.
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FIG. S9. Open boundary conditions G0W0 EDOS of molec-
ular clusters carved out of the bulk AIMD structures. The
inset shows the first solvent peak in detail.
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FIG. S10. Electronic density of states projected on the solute
subspace and resolved as a function of distance from the center
of mass of the neutral benzene. Additional details of the plots
are identical with the main text Figure 6.

levels is achieved by carving out small molecular clus-
ters including just the closest solvent molecules and re-
calculating the G0W0 in open boundary conditions. Note
that the open boundaries directly provide absolute bind-
ing energy values and no additional alignment is neces-
sary. This is shown in Figure S9 for spherical clusters of
various radii. Here, the solvent peaks are shifted more
significantly by +1.5 to +3.0 eV towards lower binding
energies in comparison to the +0.4 eV maximal bulk shift
of the 1e peak. A detailed insight into the problem of
benzene-radical-anion–ammonia clusters is provided by
hybrid DFT calculations in the gas phase.S1

G. Neutral benzene solvent PDOS

Figure S10 shows the neutral counterpart of the anion
Figure 6 of the main text. Note that in this case the
distance-resolved peaks show no visible effect in solvent
localized in proximity to the solute.

S3. DESCRIPTION OF VIDEO FILES

To visualize the pseudorotation of the electronic struc-
ture on top of a pseudorotating molecular geometry of
the benzene radical anion, we present the video file
excess_electron_pseudorotation.mp4. This captures
the pseudorotation of the molecular geometry obtained
as an artificial motion of the atomic positions along the
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two relevant orthonormal vibrational modes Qx and Qy
defined in the main text. The ideal circular pseudorota-
tion path is achieved by the following propagation

Qx(t) = A cosωt

Qy(t) = A sinωt,
(S6)

where t is time parameter, ω is the vibrational frequency
of the degenerate mode pair (~ω = 1747 cm−1) and the
amplitude of motion A = 0.25 a.u. which follows from the
natural position of the pseudorotational minimum path
in the simulated data (Figure 4, main text). On top of the
molecular trajectory we calculated the electronic struc-
ture evolution at the revPBE0-D3/TZVP level of the-
ory. The spin density contours are shown at the values
of ±0.006 Å−3 and ±0.0025 Å−3, colored in green and
purple for the positive and negative parts respectively.

The image files were rendered using the Tachyon ray
tracerS2 embedded in the VMD molecular visualization
software.S3 For smooth animation, the propagation time
step of 0.1255 fs was used for the discrete parametrization
of the path, which results in the video playback speed of
5.07 s/pseudorotation period with the used 30 fps frame
rate.
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