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Abstract. We report valence band photoelectron spectroscopy measurements of gas-phase and liquid-phase
benzene, as well as those of benzene dissolved in liquid ammonia, complemented by electronic structure
calculations. Origins of the sizable gas-to-liquid-phase shifts in electron binding energies deduced from the
benzene valence band spectral features are quantitatively characterized in terms of the Born–Haber solvation
model. This model also allows for rationalizing the observation of almost identical shifts in liquid ammonia
and benzene despite the fact that the former solvent is polar while the latter is not. For neutral solutes like
benzene, it is the electronic polarization response determined by the high frequency dielectric constant of the
solvent—which is practically the same in the two liquids—that primarily determines the observed gas-to-liquid
shifts.

1. INTRODUCTION

The liquid microjet technique is a unique tool that
enables measurement of the electronic structure of
volatile solutions using X-ray photoelectron (PE) spec-
troscopy.1–3 Being well established for water and aque-
ous solutions,4 this approach has been also developed
for cryogenic and room temperature non-polar liquids5,6

such as liquid nitrogen, liquid argon5 or most recently
liquid ammonia and its solutions.7,8 Using photoelectron
spectroscopy (PES) we are thus now in a unique position
to investigate solvent effects on the electronic structure
of a solute molecule in a wide variety of non-polar and
polar liquids.

Benzene (C6H6) is the archetypal aromatic molecule.
Its electronic structure has been thoroughly investigated
in the gas phase using PES9–12 as well as quantum
chemical computational methods.13–15 Despite theoret-
ical studies,16 PE spectra of neither pure liquid benzene
nor benzene in solutions have been recorded so far, with
the closest study being a recent sophisticated PES mea-
surement of gas and liquid trimethylbenzenes.6 In the
liquid state, the detailed vibrational structure of the PE
spectra of gaseous benzene12 is supposed to be washed
out similar analogous to liquid water, while other inter-
esting features may arise that include changes and shifts
of the characteristic line shapes due to the presence of
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intermolecular interactions. As observed for other inves-
tigated dissolved species, interactions with the local sol-
vent environment lead to measurable shifts of the peaks
in the PE spectra compared to their positions in the gas
phase.6,17 The size of these shifts depends both on the
character of the solvent molecules and the charge of the
solute.1,18–20

Here, we investigate the electronic structure of solvated
benzene using PE spectroscopy and quantum chemical
calculations. Experimentally, we exploit a recent devel-
opment in liquid-microjet PES which enables the mea-
surement of accurate absolute electron binding energies
(BEs).19,21,22 Using this technique, we determine the BEs
of pure liquid ammonia and benzene, and also charac-
terize the magnitude of solute-induced shifts on the sol-
vent. In addition, we use quantum chemical calculations
to guide the interpretation of the spectroscopic measure-
ments. The principal result of the present study is that
the shifts of the valence PE spectral features of benzene
and ammonia from the gas to the liquid phase are sizable,
however the BE shift of benzene upon solvation is almost
the same in a liquid ammonia solution and in pure liquid
benzene. This behavior can be rationalized by a sim-
ple thermodynamic cycle that approximates the solvent
electronic polarization effects by the Born equation.
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2. METHODOLOGY

Experimental Methods

Experimental details and procedures. Liquid am-
monia solutions were prepared in an evacuated borosili-
cate glass cylinder (hereafter referred to as the conden-
sation unit) embedded in a bath of cooled ethanol at
−60 ◦C. After condensing a known volume of gaseous
ammonia (Westfalen, purity 5.0) defined amounts of NaI
(Merck, purity 99.8 %) were dissolved to generate 50 mM
concentrations to ensure conductivity of the liquid am-
monia solution in order to prevent streaming potentials.
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FIG. 1. The experimental set up illustrating how the cryo-
genic unit is mounted on top of the SOL3PES. Details are
given in the main text.

In a subsequent step and depending on the experimen-
tal details, defined amounts of liquid benzene (Merck,
purity 99.8 %) were dissolved in a liquid ammonia so-
lution as well. The solution was then transferred via a
6 mm diameter stainless steel tube from the condensation
unit to the cryogenic unit (see Figure 1). The cryogenic
unit itself consists of a double-walled stainless steel con-
tainer which is evacuated to ensure thermal insulation.
A ∼50 mm diameter stainless steel tube mounted on top
of the container feeds through a flange into the vacuum
chamber. Liquid ethanol, cooled with liquid nitrogen, is
recycled in the chamber using a commercial aquarium
pump in order to keep the temperature of the ensem-
ble constant at ∼220 K. Liquid nitrogen was frequently
poured on top of the ethanol bath to cool it, and to keep
the temperature stable at ∼220 K.

The liquid microjet was generated by applying pres-
sure of up to 5 bar of argon at the top of the sam-
ple cylinder. The ammonia solution was then pressed
through the 6 mm diameter stainless steel tube and
through a commercially available polyethylene filter at
the end. The solution was released into vacuum through
a quartz-capillary (inner diameter of ∼100 µm), which
was glued into the outlet of the filter. In contrast to the
liquid ammonia experiments, studies with liquid benzene

have been conducted at room temperature using the stan-
dard liquid jet setup described in Reference 23. Here, an
HPLC pump (Watrex) was used to push the liquid ben-
zene through a ∼25 µm inner diameter nozzle into the
vacuum chamber.

Two cooling traps and a 1500 l turbo-molecular pump
maintained at least a pressure of ∼5×10−4 mbar in the
main vacuum chamber. Any liquid jet formed a laminar
flow for at least 2 mm before disintegrating into droplets
while falling into the catcher unit. There, any residual
liquid was frozen out by placing a liquid nitrogen bath
from outside the vacuum chamber. Both microjet assem-
blies were mounted on top of linear x-y-z-manipulators
onto which additionally a ceramic flange was mounted.
This ensured electric insulation of the whole cryostat unit
and the liquid jet itself relative to the main instrument—
the insulated part is framed in red in the top left part of
Figure 1. In turn, this allowed the application of a DC
bias voltage U using a power supply (Delta Elektronika).
The polarity was chosen such that the main chamber and
especially the electron analyzer are grounded while the
cryostat unit and thus the liquid jet are on negative po-
larity. The resulting electric field accelerates the photo-
electrons towards the electron analyzer. The right inset
of Figure 1 depicts in schematic way the interaction of the
microjet flowing down vertically from the top where it is
illuminated by the synchrotron beam propagating along
the x-direction, while the photons linear polarization axis
lies in the x-y-plane. Photoelectrons were collected par-
allel to polarized electric field vector with the electron
analyzer lying in the x-y-plane.

PE measurements were carried out at the SOL3PES
setup23 at the U49/2-PGM-1 beamline24 at the BESSY
II electron storage ring operated by the Helmholtz-
Zentrum Berlin für Materialien und Energie. Valence
PE spectra were recorded using a photon energy of hν =
123.464±0.004 eV, which was calibrated on a daily ba-
sis performing photoelectron yield measurement. We
specifically obtained the so-called electron-yield X-ray
absorption spectra generated by integration of the elec-
tron emission arising from the 2p3p3s Auger decay chan-
nel of an argon resonance at hν = 246.928 eV.25 Note
that at hν = 123.464 eV a 10% contribution from the
respective 2nd harmonic light (hν = 246.928 eV) is
present. The instrumental energy resolution for all mea-
surements is ∼0.25 eV (FWHM) determined by the set-
tings of the electron analyzer (0.165 eV) and the beamline
(0.125 eV). The X-ray spot size was defined by the beam-
line exit slit and had a rectangular shape of 40×60 µm
(horizontal×vertical).

Absolute binding energies. Upon application of a
negative bias voltage U onto the electrically insulated mi-
crojet, the photoelectrons from the liquid are accelerated
towards the grounded electron analyzer. As commonly
done, we dissolved small amounts of ionic charge carriers
(typically ∼50 mM) of, e.g., NaI or tetrabutylammonium
iodide (TBAI) to ensure conductivity of the solutions.
This enables to bias the whole liquid with the applied
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offset potential U and to discharge local streaming po-
tentials or the positive charging caused by the photoion-
ization process.26 Thus, the kinetic energies (KE) of the
whole liquid-phase PE spectrum is shifted by the energy-
offset eU , where e is the elementary charge. This allows
to measure the kinetic energy (KESF ) corresponding to
a particular spectral feature, and at the same time to
detect the electron distribution of the low kinetic energy
curve resulting mostly from inelastically scattered elec-
tron processes.27,28 Most importantly, the onset of the
low kinetic energy distribution defines the smallest elec-
tron KE by which a photoelectron can just be ionized
and can escape the solution into vacuum, denoted here
as KEcut. Hence, we determine KEcut by fitting the on-
set of the the low kinetic energy distribution—details are
discussed in Reference 21 and the SI. Thus, the energy
difference of KESF − KEcut at a given hν allows to deter-
mine the absolute binding energy of a particular spectral
feature BESF with respect to the vacuum ionization po-
tential as

BESF = hν − (KESF − KEcut). (1)

This procedure is hereafter referred to as ‘absolute BE de-
termination’. This BE calibration method is less prone to
error—unlike calibration methods where gas-phase peaks
are related to liquid-phase ones—because any kind of
offset or contact potential induces an equal and simul-
taneous shift of the spectral features (KESF ) and the
KEcut. Typical sources for these offset potentials are the
streaming potential or charging induced by the photoion-
ization.21 As long as the offset potentials remain constant
as a function of time, also the value of the applied bias
voltage U can be chosen conveniently. Figure 3 shows
an example of this method—the left and right parts of
the upper panel respectively show the low kinetic energy
curve and the valence band (VB) PE features of a 50 mM
NaI liquid ammonia solution as a function of the mea-
sured KE illustrated by the top horizontal axis. Note
that the steep slope of the low kinetic energy curve is lo-
cated at KE ∼50 eV resulting from the applied bias volt-
age of U = 50 V. The BE axis illustrated at the bottom
horizontal axis has been determined using the calibrated
photon energy of hν = 123.464 ± 0.004 eV.

Gas-to-liquid-phase binding energy shifts. In or-
der to obtain a physically motivated estimate of the gas-
to-liquid BE shifts of solutes, including benzene in liquid
ammonia as well as in pure liquid benzene, we use the
relevant Born–Haber thermodynamic cycle29 in combi-
nation with the Born equation for solvation free energies
in a dielectric continuum. This cycle is illustrated in
Figure 2. By summing the cycle up, we find that the
gas-to-liquid BE shift ∆BHBE can be expressed as

∆BHBE = BEliq − BEgas = −
(
Evap + Esolv

)
, (2)

where BEliq is the vertical BE in the liquid environment,
BEgas is the vertical BE in the gas phase, Evap is the
vaporization free energy and, finally, Esolv represents the
solvation free energy.

Clearly, the respective values of the vaporization and
solvation free energies of oxidation states of species X
prior to (XZ

solv) and after (XZ+1
solv ) the photoionization

have to be known in order to apply the Born–Haber cy-
cle in Figure 2. Within the dielectric continuum descrip-
tion of the solvent, these quantities, generally denoted as
changes in Gibbs free energy ∆G, are approximated by
the well-known Born equation30

∆G =
Z2e2

8πε0R

(
1 − 1

εr

)
, (3)

where Z is the oxidation number of the solute, ε0 is the
vacuum permittivity, εr is the relative dielectric constant
of the environment and R is the effective radius of the
sphere that approximates the shape of the solute. In con-
trast to the fully relaxed solvation processes described by
the Born equation, PES probes vertical BEs of the final
ionized state XZ+1

solv , which corresponds to ionization pro-
cesses happening on much faster time scales than needed
for solvent reorganization. Therefore, the photoioniza-
tion of the initial state XZ

solv induces only electronic re-
laxation of the solvent without a rearrangement of the
molecular geometry.29

In order to be able to close the Born–Haber cycle, the
solvation free energy Esolv must thus describe only the
electronic part of the solvent relaxation during solute sol-
vation. This is accounted for by replacing the full static
dielectric constant εr by its high frequency limit, which
is equal to the square of the refractive index n2. This
yields the relevant modified form of the Born equation
for Esolv

Esolv =
Z2e2

8πε0R

(
1 − 1

n2

)
. (4)

Importantly, the corresponding vaporization free en-
ergy Evap is zero for neutral species with Z = 0 within
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FIG. 2. Schematic illustration of the Born-Haber cycle: when
probing the neutral solute (Z=0) of e.g. X being benzene via
photoionization in a given solvent, the solute changes its ox-
idation number and becomes in the present case the benzene
radical cation (Z+1=1).
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the continuum electrostatic description as follows from
Equation 3. For realistic systems, the (non-zero) vapor-
ization enthalpy and entropy data are tabulated for com-
mon compounds31 and the corresponding free energies
are calculated in the SI. However, even in realistic sys-
tems, this quantity can be neglected in comparison to the
solvation energy Esolv of the nascent radical cations (Fig-
ure 2) since it is typically on the order of the error bar
(as shown below). It follows that the gas-to-liquid shift
depends only on the value of Esolv and, consequently,
only on the refractive index n of the surrounding solvent.
Since its typical values lie in the range from 1.3 to 2.0
for most solvents, in spite of the fact the corresponding
static dielectric constants may vary by an order of magni-
tude, the Born–Haber model predicts that gas-to-liquid
shifts will be similar for neutral solutes among a multi-

tude of solvents. Note that if the initial state (XZ 6=0
solv )

was charged, the situation would be quite different as
one could not exclude the solvent nuclear reorganization
and the corresponding dependence on εr form the pic-
ture. The effect of the specific choice of solvent on gas-
to-liquid shifts of charged solutes is discussed in Refer-
ences 1 and 20.

Last to discuss is the estimation of the solute effec-
tive radius R to be used in Equation 4. In this work
we use the first maximum of the relevant radial distribu-
tion function (RDF) while the deviation of the molecular
structure from a perfect sphere is estimated using the
width of the corresponding RDF peak. Note that the
more the molecular geometries deviate from the assumed
spherical shape, the less accurate the Born equation and
the following gas-to-liquid BE shift estimates become.

Computational Methods

Gas-phase calculations. The gas-phase thermal
structures of benzene were sampled using ab initio molec-
ular dynamics (AIMD) performed in CP2K 7.1 software
equipped with the Quickstep module.32 The energies
and forces were obtained on the fly using the revPBE0-
D333–36 hybrid density functional to describe the valence
electronic structure, while the carbon core electrons were
modeled by the Gödecker-Tetter-Hütter (GTH) pseu-
dopotentials.37 The Kohn–Sham orbitals were expanded
into the TZV2P-MOLOPT-GTH primary basis set38 and
the electron density was represented in a plane wave basis
capped at the energy of 600 Ry. To accelerate the cal-
culation, we additionally employed the Auxiliary density
matrix method with the cpFIT3 fitting basis set.39 To
comply with the employed Poisson electrostatics solver,
the simulated molecule was placed into a 11 Å wide cu-
bic box and kept in its center throughout the course of
the simulation, however, the boundary conditions were
kept open. With these settings, the nuclei were numeri-
cally propagated using the Verlet integrator with a 0.5 fs
integration time step. Canonical sampling was ensured
by a local stochastic velocity thermostat40 with a 50 fs

time constant keeping the temperature fixed at 300 K and
the total simulated time was 20 ps. The G0W0 calcula-
tions41,42 were performed consistently in the CP2K 7.1
software package on top of AIMD geometries separated
by 20 fs. The same DFT method and primary basis were
employed to calculate the initial Kohn–Sham wavefunc-
tion and the RI-TZ resolution-of-identity auxiliary basis
set was used to decompose the Hartree–Fock integrals.
The self energy was continued analytically on the real
frequency axis using the Padé approximation and the
Newton-Raphson fixed point iteration was used for the
numerical solutions.
Calculations in liquid ammonia The solution of

benzene in liquid ammonia was simulated with a similar
computational methodology to the one described above
used for the gas phase. The liquid ammonia environ-
ment surrounding the benzene molecule was represented
using 64 explicit solvent molecules under periodic bound-
ary conditions—this corresponds to a simulated concen-
tration of 0.65 mol l−1. In this case, the temperature
was set to 223 K to keep the solvent liquid and the total
simulated time was 100 ps. The G0W0 calculations were
consistently performed on top of the simulated ensemble
of explicitly solvated structures. A detailed description of
the performed condensed-phase simulations can be found
in References 16 and 43.

3. RESULTS AND DISCUSSION

Gas-Liquid-Phase Shift in Ammonia

The upper panel of Figure 3 shows in its left and
right part the measured PE spectrum of the low ki-
netic energy curve and the VB, respectively, as a func-
tion of the kinetic energy (on the top horizontal axis),
with the binding energy axis (plotted as the horizontal
axis at the bottom) being absolute BE determined us-
ing equation 1. The liquid highest occupied molecular
orbital (HOMO) corresponding to the 3a1 molecular or-
bital of the gas phase ammonia molecule is determined at

BEliq
3a1

= −8.96±0.02 eV. This value is in good agreement
with the value BE3a1=−9.09±0.05 eV stated in Refer-
ence 17. There, the binding energy calibration was per-
formed by referencing the gas-phase peak to a previously
determined value of BEgas

3a1
= −10.93 eV.44 Using BEgas

3a1
we now determine the gas-to-liquid shift in ammonia to
be ∆BENH3=−1.97 eV, which differs only by 13 meV
compared to the value stated in Reference 17—small
systematic errors may have led to cancellation of errors
in the assignment done in the previous paper as pointed
out in the SI.

The experimental liquid ammonia spectrum is in ex-
cellent agreement with the theoretical prediction of the
electronic density of states17 (EDOS) calculated by a
combination of condensed-phase AIMD and G0W0 calcu-
lations41 performed on the obtained thermal structures,
which are shown as red curve in the lower panel of Fig-
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FIG. 3. The top left and right parts depict the low kinetic
energy curve and the valence band PE spectrum (blue dotted
line) of a 50 mM NaI liquid NH3 solution - both shifted by
∼50 eV upon application of a bias voltage of U = 50V. The
indicated fits (red curves) to the low kinetic energy curve and
the liquid HOMO (3a1) enable to determine the liquid-phase
binding energy axis - depicted in the lower panel - being deter-
mined on an absolute scale using the well calibrated photon
energy of hν = 123.464±0.004 eV. Bottom: comparison with
the calculated electronic density of states (red line) using the
G0W0 method clearly shows that the experimental spectral
features are broadened.

ure 3. Note that while the relative peak positions be-
tween the experiment and the calculation are reproduced
extremely well, the predicted peak widths are systemat-
ically smaller in the theoretical data. This effect is com-
mon to all calculations of this type and is caused by a
combination of several factors. Notably, the calculation
relies on classical AIMD and, therefore, samples, unlike
the experiment, a classical ensemble of configurations.
Moreover, the experiment captures non-elastic scattering
processes which lead to slightly asymmetric line shapes
towards higher BEs in the experimental spectra—the de-
scription of this goes beyond the level of theory used here.

We calculated the gas-to-liquid shift of ammonia in

liquid ammonia to be ∆BHBE
NH3(l)
NH3

= −2.01 eV using
Equation 4. For this, we estimate the radius R using half
of distance estimated for the maximum of the first peak
of the RDF in ammonia. The average nitrogen-nitrogen
distance is 3.45 Å45. These estimates from the Born–
Haber approximation thus recover the measured gas-to-
liquid shift in ammonia of ∆BENH3

=−1.97 eV extremely
well.

There are a number of other effects that are not cap-
tured within the Born model such as the dipole–dipole
interactions between the ammonia molecules or various
effects at the liquid surface. There is a contribution to
the gas-to-liquid shift from a net surface dipole resulting
from the orientation of dipolar molecules at the surface.
For example this has been calculated to be ∼0.14 eV for
water.46,47 Since we can only speculate about the orien-

tation of ammonia at the liquid surface, we assume the
value of the surface potential to be smaller for ammonia.
The surface dipole effect of benzene should be zero, since
benzene does not possess a permanent electric dipole mo-
ment. Other sources for potential differences can result
from surface active in contrast to bulk active species.48

In conclusion, all these effects only have minor influences
to the gas-to-liquid phase BE shift in terms of their or-
der of magnitude compared to the major contribution
conceived within the Born–Haber model.

Gas-Phase Benzene

The top panel of Figure 4 depicts the gas-phase PE
spectrum of benzene which has been recorded by moving
the liquid jet out of the synchrotron light beam such that
only benzene molecules that evaporated from the liquid
surface are ionized. The binding energy of the spectrum
has been calibrated like the spectrum shown in the top
panel of Figure 5—details are discussed in the section on
‘Liquid Benzene’.

Following Reference 12, the spectral features as a func-
tion of decreasing binding energy can be assigned with
the molecular orbitals 1e1g, 3e2g, 1a2u, 3e1u, 1b2u, 2b1u,
3a1g, 2e2g, 2e1u and 2a1g, which represents the electronic
configuration of the neutral single-determinant ground
state. The orbitals 1e1g, 3e2g and 3a1g show a vibra-
tional progression very similar to the spectra shown in
Reference 12, which contains the most recent benzene
gas-phase investigation containing the best resolved spec-
tra.

The binding energy of the gas-phase HOMO 1e1g has
been determined from the peak maximum of the convo-
luted experimental data as BEgas,exp

1e1g
= −8.92±0.08 eV,

which is in excellent agreement with the mean of the cal-

culated HOMO of BEgas,calc
1e1g

= −8.90 eV, as shown in the

lower panel of Figure 4.
Consistent with the previously published theoretical

data focusing on liquid ammonia17 (Figure 3, bottom
panel), the gas-phase benzene experimental peak posi-
tions are closely reproduced by the G0W0 calculations.
The individual peaks in the calculated EDOS were fur-
nished with the corresponding orbital irreducible repre-
sentation labels and the assignment was confirmed by
comparison of the calculated degeneracies with those pre-
dicted by the symmetry labels (see Section S7 of the SI)
as well as by comparison of the labels with the symme-
tries of the spatial orbitals themselves. These are shown
in the bottom part of Figure 4. However, it appears that
the calculation at the chosen level of theory systemati-
cally tends to underestimate energy differences between
close-to-degenerate levels (in particular the 1a2u and 3e2g
peaks) and, as a result, the resolution in several exper-
imental peaks is suppressed in the computational coun-
terpart. In section S6 of the SI, we discuss that the sim-
ple iterative version of G0W0, the evGW method,42 al-
lows to recover some of these missing features, but also
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causes an overall worsening of the EDOS quality. More-
over, note that the gas-phase experiment captures the
fine vibrational structure clearly in several peaks; this
effect is not reproduced by the calculations that build
on classical thermal structures with a continuous energy
distribution. In this direction, far more advanced cal-
culation methods are available for gas-phase systems,12

however, the present computational results are sufficient
for the investigations we undertake here, since we are
primarily interested in the BE shift of the gas-to-liquid-
phase peak upon solvation. These gas-phase calculations
are methodologically complementary to the ones used
for the liquid system and, therefore, represent a reason-
ably consistent foundation to compare the theoretical re-
sults to the experimentally determined ones. In general,
our findings are in good agreement with values stated
in Reference 12, where the gas-phase HOMO is experi-
mentally determined to −9.24 eV and computationally
to −9.12 eV without additional error bars.
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FIG. 5. Top panel: measured gas-and-liquid-phase spectrum
(red line) and gas-phase spectrum (blue line) from a pure
liquid benzene microjet (without any salt). Bottom panel:
liquid-phase PE spectrum of benzene derived via the two dif-
ferent procedures as described in the main text: the difference
spectrum resulting from the subtraction of the spectra in the
upper panel is plotted in green. The spectra of the low ki-
netic energy curve and the VB of the 50 mM TBAI solution
mixture—consisting of 90% benzene and 10% 2-propanol—
are shown in black in the left and right panel, respectively.
Note: the low kinetic energy curve is plotted as a function
of the measured kinetic energy upon application of a bias of
−40 V while the VB has been absolute BE determined and
plotted as a function of BE to give a better comparison with
the difference spectrum shown in green.

Liquid Benzene

The liquid phase VB spectrum of benzene has been
measured using two different procedures in the experi-
ment, with details on the analysis given in the SI. Only
the two procedures combined allowed to unambiguously
determine the valence band peak structure and its abso-
lute calibrated BEs. This is a consequence of the fact that
we have not managed to dissolve considerable amounts
of ionic species in pure liquid benzene to ensure suffi-
cient conductivity, therefore, we needed to admix a small
amount of a second solvent in addition to the salt. Firstly,
the gas-and-liquid-phase spectrum of pure liquid benzene
(without any salts dissolved) has been measured and is
plotted as a red line in the upper part of Figure 5. It is
shown together with the pure gas-phase spectrum (blue
line). The respective liquid-only PE spectrum is obtained
from the difference between the two spectra which is plot-
ted as green dots in the lower part of Figure 5 (the green
line corresponds to a convolution of the experimental
data by a box kernel 20 datapoints wide). The pure gas-
phase spectrum (blue line) has been convoluted using a
Gaussian function with a full-width-at-half-maximum of
0.11 eV to match the broadened gas-phase peaks of the
gas-and-liquid-phase spectrum in order to avoid artificial
peaks in the subtraction process.

In our second approach, we used a 50 mM tetrabuty-
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lammonium iodide (TBAI) solution mixture consisting of
90% benzene and 10% 2-propanol. In this way, we could
dissolve ions at a sufficient amount in the benzene and 2-
propanol mixture to ensure conductivity, which was im-
possible in pure benzene. This allowed us to apply a
bias voltage onto the liquid jet enabling the same proce-
dure as for ammonia to determine absolute BEs of the
liquid-phase spectral features by additionally determin-
ing KEcut. The left part of the lower panel of Figure 5
depicts the spectrum of the low kinetic energy curve as a
function of the kinetic energy, while the right part shows
the VB spectrum as a function of the binding energy
(absolute BE determined). The black straight line again
corresponds to a convolution of the data points with a
box kernel as above. Qualitatively, the two different ex-
perimental procedures yield almost the same BEs of the
individual spectral features of the VB of the liquid-phase
of benzene which can clearly be distinguished. The solid
green and black line indicate intensity fluctuations of the
same peak. Comparing the scatter plots of the individual
data points shows that the spectral features coincide also
quantitatively well within the experimental uncertainty.
We find that the liquid phase spectrum can essentially be
considered as a shifted and slightly broadened gas-phase
spectrum and the same gas-phase orbital assignment can
directly be applied.

Using the analysis described in the SI, the absolute
BE determination procedure has been performed us-
ing the photon energy of hν = 123.464 eV. The BE
of the liquid-phase HOMO corresponding to the gas-
phase 1e1g orbital has been determined in the experi-

ment as BEliq
1e1g

= −8.42±0.05 eV. Using the absolute

BE method together with known benzene gas-phase ener-
gies BEgas

1e1g
= −9.24 eV12 we determine the gas-to-liquid-

energy shift to be ∆BE
C6H6(l)
C6H6

= −0.82±0.05 eV. This

value is only slighty larger than the value ∆BE
C6H6(l)
C6H6

= 0.50±0.18 eV obtained when we apply the gas-phase
reference method using the spectra of gas-phase and gas-
and-liquid-phase benzene shown in Figure 5. Comparing
this to the estimate of the Gibbs free energy of solva-
tion using the Born equation where we approximated

∆BHBE
C6H6(l)
C6H6

= −1.36 eV using R = 2.95 Å.49 We
find that the Born–Haber model overestimates the gas-to-
liquid-shift compared to the experimentally determined

one of ∆BE
C6H6(l)
C6H6

= −0.82±0.05 eV by ∼0.5 eV. We
attribute this discrepancy to the fact that the benzene
molecular geometry is planar and thus deviates to a large
extent from a sphere which is assumed in the derivation
of the Born equation.

Benzene in Liquid Ammonia

The top panel of Figure 6 shows the measured VB PE
spectrum of a solution of a 0.05 M NaI + 0.25 M benzene
in liquid ammonia (blue data points). The binding en-
ergy axis has been absolute BE determined using a bias
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FIG. 6. Experimental results and theoretical prediction of
the XPS of the liquid ammonia solution of benzene. Top
panel: The total PE spectrum of 0.05 M NaI and 0.25 M
benzene in liquid ammonia (blue data points) and the com-
putational prediction of the EDOS corresponding model (red
curve). Central panel: Difference spectrum (Residuals, blue
curve) of the 0.05 M NaI and 0.25 M benzene in liquid am-
monia spectrum minus the pure ammonia spectrum shown in
the top panel of Figure 3 is plotted together with the benzene
and 2-propanol spectra (black curve)—both spectra are ab-
solute BE determined. 6 Bottom panel: The same difference
spectrum (Residuals, blue curve) corresponding to the solute
contribution is compared to the theoretical benzene PDOS.

voltage of U = − 50 V, together with a calibrated photon
energy of hν = 123.464 eV. The computational predic-
tion of the EDOS (red curve) well reproduces not only
the overall VB spectral shape but also the individual BE
peak positions. All experimentally recorded spectral fea-
tures show a peak broadening relative to the computed
ones, as discussed previously.

The central panel of Figure 6 shows a difference spec-
trum (residuals) where the pure ammonia spectrum
shown in the top panel of Figure 3 has been subtracted
from the experimentally recorded 0.05 M NaI and 0.25 M
benzene in liquid ammonia spectral intensity distribution
shown in the top panel of Figure 6. It has been calculated
by first scaling the peak maximum of the liquid HOMO
of each spectrum to unity, while the BE axis both spec-
tra has been absolute BE determined before the subtrac-
tion has been performed. The residual spectral intensity
is plotted as blue dots in the central and bottom panel
of Figure 6 together with the experimentally determined
liquid phase VB spectrum of the benzene and 2-propanol
solution (black curve) which is also shown in Figure 5.
The VB peaks of both spectra coincides very well com-
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paring the centroid BE positions as well as their spectral
shapes. The only part of the VB where discrepancies
appear in the residuals relative to the pure benzene spec-
trum are between the peaks corresponding to the molec-
ular orbitals of 1e1g and 3e2g. The liquid HOMO peak
seems squeezed at higher binding energies while the 3e2g
peak seems broadened towards lower BE: we attribute
this discrepancy as an artefact resulting from the sub-
traction procedure.

The agreement between the two independently con-
structed spectra provides strong experimental evidence
that a solution of solvated benzene in ammonia may be
understood as a simple sum of its constituent parts (i.e.,
the pure liquid-phase spectra of benzene and ammonia).
The bottom panel of Figure 6 depicts again the experi-
mental residuals resulting from the subtraction and the
calculated projected density of states (PDOS) of benzene
in liquid ammonia which has been projected onto the ap-
propriate atomic basis functions localized on benzene and
thus showing only the solute contribution.16,50

Using Equation 4, the solvation free energy of the ben-
zene radical cation in liquid ammonia has been calculated

as ∆BHBE
NH3(l)
C6H6

= −1.18 eV—we use the same radius R

= 2.95 Å 49 as in the case of benzene in liquid benzene –
details are given in the SI. Similar to the case of benzene
in liquid benzene we attribute the discrepancy between

∆BE
NH3(l)
C6H6

= −0.82 eV and ∆BHBE
NH3(l)
C6H6

= −1.18 eV
to the large deviation of the planar molecular geom-
etry of benzene relative to a sphere. However, when

comparing the values of ∆BHBE
NH3(l)
C6H6

= −1.36 eV and

∆BHBE
C6H6(l)
C6H6

= −1.18 eV, they only differ by 0.18 eV.
Despite the fact that the approximated absolute values
differ from the experimental ones by ∼0.5 eV, the modi-
fied Born model given in Equation 4 estimates almost the
same solvation free energy. Replacing the static dielec-
tric polarizability by the fast component of the dielectric
response essentially captures the observed phenomenon:
while we have observed large BE shifts of the VB peaks
for benzene and ammonia upon solvation from the gas-
phase, the solvation of benzene in ammonia induces prac-
tically no measurable BE shifts compared to the situation
in pure liquid benzene.

Surface activity of Benzene in liquid Ammonia

Upon using a photon energy of ∼123 eV we are prob-
ing approximately 1–3 nm into the liquid phase.4 This
corresponds on average to 3–10 monolayers when assum-
ing the average inter-particle distance of ammonia to be
∼0.345 nm (details are given in the SI). As shown in the
previous section, the spectra of benzene dissolved in liq-
uid ammonia can be decomposed using a simple addition
of the pure benzene and pure ammonia spectra, therefore,
we do not anticipate BE shifts of individual spectral fea-
tures when going from the bulk to the surface. At the
same time, benzene is expected to be surface active in
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FIG. 7. Top panel: normalized VB PE signal intensities IC6H6

of pure benzene (blue curve) and INH3 of ammonia (red curve)
plotted as a function of the BE using the absolute BE deter-
mination. Lower panel: a weighted sum of both normalized
pure spectra (green line).

liquid ammonia, which should result in an observable ef-
fect when comparing the ratio of the integrated spectral
intensity of benzene relative to that of ammonia.

The top panel of Figure 7 shows the normalized VB
PE signal intensities IC6H6 of pure liquid benzene (blue
curve) and INH3 of pure liquid ammonia (red curve) plot-
ted as a function of the BE using the absolute BE deter-
mination. For the normalization process the area under
all spectral features of the entire VB have been summed
up such that all VB ionization features are captured. The
lower panel of Figure 7 shows a weighted sum of both nor-
malized pure spectra (green line) where IC6H6

has been
scaled by a factor α before it was added up to INH3

. An
optimizing procedure has been implemented where the
factor α is manipulated until the area of the weighted
sum spectrum equals the area of the measured spectrum
of 0.25 M benzene in liquid ammonia (yellow line in Fig-
ure 7 and further details on the procedure in the SI).
The sum spectrum (green line) corresponds well with the
measured spectrum of 0.25 M benzene in liquid ammonia
(yellow line) which gives us confidence in our conclusions
of the additivity of the spectra of the individual species.

Thus, a ratio of spectral intensities IC6H6 / INH3 = 0.2
has been determined, meaning that the normalized spec-
tral intensity of benzene observed in the PE studies is
∼5 times smaller than the one of ammonia. At the same
time, in the solution prepared for the experiment, the
concentration was 0.25 mol l−1. By taking the number
of valence electrons and the atomic abundances of the
two different molecules into account, we get a ratio that
reflects the density of populated states (DoS) of the VB:
DoSC6H6

/DoSNH3
∼1/44. This ratio reproduces quanti-

tatively the ratio of ∼1/43 of the EDOS determined from
the theoretical calculations (red curve shown in the top
panel of Figure 6).

In order to compare the ratio of the DoSs with the
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ratio of the signal intensities of the measured spectrum,
properties of the ionization process during the photoe-
mission process need to be accounted for, namely the
different ionization cross sections as well as anisotropies
related to experimental geometries (details of this calcu-
lation are given in the SI). Thus, the ammonia peak ar-
eas should be about ∼147 times larger than the benzene
ones. The discrepancy between the ratio of ∼5 observed
in the measured PE spectra and the above deduced ra-
tio of ∼147 can be explained by assuming that benzene
is surface active. Following this reasoning we can de-
duce that the concentration of benzene at the surface
is on average about an order of magnitude higher than
in the bulk. This implies the possibility of aggregation
alongside with an increased benzene-benzene interaction
or even phase separation of the solute on the liquid mi-
crojet surface, which would provide an alternative expla-
nation of the observed spectral additivity. There is no
practical way to judge the state of the jet surface exper-
imentally with the current set-up in order to completely
exclude the possibility of a phase separation. However,
there are several arguments favoring that our result are
not a product of phase segregation. When estimating an
error of the above approximation (details are given in the
SI) we conclude that the uncertainty by which the con-
centration of benzene is enriched at the surface is >20%.
The liquid jet is in a non-equilibrated state when it is re-
leased into vacuum; there is significant evaporation going
on from its surface into the vacuum which in turn induces
rearrangement of the particles at the surface. Addition-
ally, by comparison with the theoretical calculations of
the benzene–ammonia solution where the solute is fully
solvated at all times and where the spectral additivity is
preserved, we conclude that the experimentally observed
additivity must be possible without phase separation and
corresponds simply to what is anticipated for a surface-
active species like benzene in liquid ammonia.

4. CONCLUSION

The major finding of this study is the observation
of large solvent-induced shifts in valence electron bind-
ing energies of benzene, as observed via X-ray PE spec-
troscopy. Notably, these gas-to-liquid shifts are almost
the same for liquid ammonia as a polar solvent and pure
benzene as a non-polar one. This observation can be ra-
tionalized in terms of the Born–Haber solvation model.
When interpreting shifts in electron binding energies ex-
tracted from PE spectra this model accounts for sol-
vent response to charged solutes only. In case of solutes
that are neutral before photoionization, such as benzene
in the present case, the solvent shift within the Born–
Haber model is solely due to the high frequency dielec-
tric response of the solvent to the nascent benzene radical
cation. The vertical photoionization process does not in-
volve any nuclear solvent relaxation around the newly
formed cationic solute. This explains why the solvent-

induced shifts are practically the same in liquid ammonia
and in benzene—while these two liquids have very differ-
ent static dielectric constants (reflecting different nuclear
relaxation in polar vs non-polar solvents), their high fre-
quency dielectric constants (due to electronic relaxation)
are almost the same.51

SUPPORTING INFORMATION

Supporting information on the experimental measure-
ment of the solubility of benzene in ammonia including
additional graphics (Figure S1). Supporting information
on the calibration procedure of absolute binding energies
including additional graphics (Figure S2). Detailed dis-
cussion of the estimation of the solvation energy using the
Born equation. Supporting information on the spectral
intensity estimation for the benzene-ammonia solution
including additional graphics (Figure S3). Supporting
information on the gas-to-liquid shift in pure ammonia
including additional graphics (Figure S4). Comparison
of G0W0 and evGW calculation for gas-phase benzene
including additional graphics (Figure S5). Supporting
information on gas-phase benzene orbital assignment in-
cluding additional graphics (Figure S6).
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“The Fermi level as an energy reference in liquid jet X-ray pho-
toelectron spectroscopy studies of aqueous solutions,” Physical
Chemistry Chemical Physics 23, 16224–16233 (2021).

23R. Seidel, M. N. Pohl, H. Ali, B. Winter, and E. F. Aziz, “Ad-
vances in liquid phase soft-x-ray photoemission spectroscopy: A
new experimental setup at BESSY II,” Review of Scientific In-
struments 88, 073107 (2017).

24R. Follath, J. S. Schmidt, F. Siewert, K. Holldack, T. Zeschke,
W. Frentrup, D. Schmitz, and K. J. S. Sawhney, “Commission-
ing of the U49/2-PGM1 beamline,” AIP Conference Proceedings
705, 348 (2004).

25G. C. King, M. Tronc, F. H. Read, and R. C. Bradford, “An
investigation of the structure near the L2,3 edges of argon, the
M4,5 edges of krypton and the N4,5 edges of xenon, using electron
impact with high resolution,” Journal of Physics B: Atomic and
Molecular Physics (1968-1987) 10, 2479 (1977).

26N. Kurahashi, S. Karashima, Y. Tang, T. Horio, B. Abulimiti,
Y. I. Suzuki, Y. Ogi, M. Oura, and T. Suzuki, “Photoelectron
spectroscopy of aqueous solutions: Streaming potentials of NaX
(X = Cl, Br, and I) solutions and electron binding energies of liq-
uid water and X-,” The Journal of Chemical Physics 140, 174506
(2014).

27S. Malerz, F. Trinter, U. Hergenhahn, A. Ghrist, H. Ali, C. Nico-
las, C.-M. Saak, C. Richter, S. Hartweg, L. Nahon, et al., “Low-
energy constraints on photoelectron spectra measured from liq-
uid water and aqueous solutions,” Physical Chemistry Chemical
Physics 23, 8246–8260 (2021).

28H. Tissot, J.-J. Gallet, F. Bournel, G. Olivieri, M. G. Silly,
F. Sirotti, A. Boucly, and F. Rochet, “The Electronic Structure
of Saturated NaCl and NaI Solutions in Contact with a Gold
Substrate,” Topics in Catalysis 2015 59:5 59, 605–620 (2015).

29M. Lundholm, H. Siegbahn, S. Holmberg, and M. Arbman, “Core
electron spectroscopy of water solutions,” Journal of Electron
Spectroscopy and Related Phenomena 40, 163–180 (1986).

30M. Born, “Volumen und Hydratationswärme der Ionen,”
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