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Probing the molecular structure of aqueous
triiodide via X-ray photoelectron spectroscopy
and correlated electron phenomena†

Md Sabbir Ahsan, ab Vladislav Kochetov, c Dennis Hein,de Sergey I. Bokarev c

and Iain Wilkinson *a

Liquid-microjet-based X-ray photoelectron spectroscopy was applied to aqueous triiodide solutions,

I3
�

(aq.), to investigate the anion’s valence- and core-level electronic structure, ionization dynamics,

associated electron-correlation effects, and nuclear geometric structure. The roles of multi-active-

electron (shake-up) ionization processes – with noted sensitivity to the solute geometric structure –

were investigated through I3
�

(aq.) solution valence, I 4d, and I 3d core-level measurements. The experi-

mental spectra were interpreted with the aid of simulated photoelectron spectra, built upon multi-

reference ab initio electronic structure calculations associated with different I3
�

(aq.) molecular geome-

tries. A comparison of the single-to-multi-active-electron ionization signal ratios extracted from the

experimental and theoretical core-level photoemission spectra suggests that the ground state of the

solute adopts a near-linear average geometry in aqueous solutions. This contrasts with the interpretation

of time-resolved X-ray solution scattering studies, but is found to be fully consistent with the rest of the

solution-phase I3
�

(aq.) literature. Comparing the results of low- and high-photon-energy photoemission

measurements, we further suggest that the aqueous anion adopts a more asymmetric geometry at the

aqueous–solution–gas interface than in the aqueous bulk.

Introduction

Electronic correlation lies at the heart of chemistry and plays an
essential role in chemical bonding.1 In condensed-phase sys-
tems, both many body and electron-electron correlation effects
are omnipresent,2–4 underlying a plethora of modern research
topics. For example, liquid phase molecular structure, chemical
reaction dynamics, and ionization processes are governed by
multi- and correlated-electron phenomena5–8 and modern
solid-state research highlights the crucial role of condensed-
phase electron-electron interactions in describing macroscopic
material and functional properties.9–11

Photoionization is a generally useful approach to interrogate
electronic correlation in atoms, molecules, or materials.3,12–14

Particularly in condensed-phase photoelectron (PE) spectroscopy,
configuration interaction satellites or electronic–correlation-
induced shake-up (SU) profiles provide rich information asso-
ciated with the many body wavefunction of the probed chemical
species.3 For an in depth understanding of such phenomena,
tandem experimental and theoretical studies are essential, in
principle allowing different ionization channels and (primarily)
electronic and geometric structural effects to be disentangled.
Indeed, associated isolated experimental results are prone
to misinterpretation and related, computationally-tractable
condensed-phase theoretical models, electronic structure the-
ories, and spectral simulation approaches must be rigorously
benchmarked against experimental results.

To gain insights into the molecular properties that drive
liquid-phase chemical and energy transfer processes, experi-
ments are required that directly probe absolute-energy-scale
electronic structure in a liquid environment.15 Ideally, such
measurements are performed in concert with experiments that
are complementarily sensitive to nuclear geometric structure,
allowing a complete molecular perspective to be garnered. XPS
is an established and versatile technique that is generally
applied to determine electron binding energies (BEs) and state

a Department of Locally-Sensitive and Time-Resolved Spectroscopy, Helmholtz-

Zentrum Berlin für Materialien und Energie, Hahn-Meitner-Platz 1, D-14109

Berlin, Germany. E-mail: iain.wilkinson@helmholtz-berlin.de
b Department of Physics, Freie Universität Berlin, Arnimallee 14, D-14195 Berlin,

Germany
c Institut für Physik, Universität Rostock, Albert Einstein Str. 23-24, D-18059

Rostock, Germany
d Operando Interfacial Photochemistry, Helmholtz-Zentrum Berlin für Materialien

und Energie, Hahn-Meitner-platz. 1, D-14109 Berlin, Germany
e Department of Physics, Humboldt-Universität zu Berlin, Newtonstrasse 15,

D-12489 Berlin, Germany

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d1cp05840a

Received 21st December 2021,
Accepted 20th May 2022

DOI: 10.1039/d1cp05840a

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
1/

20
22

 2
:0

0:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-3660-8352
https://orcid.org/0000-0002-9059-2948
https://orcid.org/0000-0003-0779-5013
https://orcid.org/0000-0001-9561-5056
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp05840a&domain=pdf&date_stamp=2022-06-16
https://doi.org/10.1039/d1cp05840a
https://doi.org/10.1039/d1cp05840a
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp05840a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024025


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 15540–15555 |  15541

symmetries.16 Under the right circumstances, the technique
additionally yields indirect geometric structural information.17–21

By combining XPS with the liquid microjet technique, valence,
core, and Auger electron energetics can be measured from volatile
liquids, including aqueous solutions.22,23 Associated non-resonant
and resonant core-level XPS experiments allow atomic bonding
interactions, charge states, and core-valence and valence-valence
electronic couplings to be selectively probed.23–26 Using energy-
tunable soft X-ray light sources, electron kinetic energies (KEs) and
experimental probing depths can be continuously varied.27,28 At
electron KEs close to 100 eV, liquid microjet photoemission can
correspondingly be applied to selectively investigate the liquid-gas
interface. At significantly higher photon and electron energies
(4500 eV), the bulk region of a liquid can be predominantly
probed. Consequently, the liquid jet XPS technique is highly suited
to the study of liquid-phase molecular structure and correlated
electron behaviours, both at liquid-gas interfaces and in the bulk
of solutions.

Triiodide is a paradigmatic molecular system for the study of
solvent-induced geometric structural changes29–31 and polyatomic
photofragmentation dynamics in the gas32–36 and liquid37–39 phases.
The I3

� anion has also been applied extensively (in combination with
the I� anion) as an electrolytic component in dye-sensitized solar
cells.40–45 The electronic and geometric structural properties
of I3

� have been studied both experimentally29,30,46–49 and theoreti-
cally.8,30,31,50–54 The gas–phase anion is known to be a linear and
centrosymmetric molecule.32–36,55 However, upon dissolution in
protic solvents, an asymmetry emerges in the terminal (t) to central
(c) iodine atom bond lengths,8,30,31,46,49,50,56 with this asymmetry
increasing in going from an ethanol to a methanol and then an
aqueous solvent.31,50 This asymmetry increase has been correlated
with the increasing hydrogen-bond-donor capabilities of the
respective solvents. Particularly in aqueous solutions, it was
highlighted that the solute geometric structure is modulated by
the fluxional hydrogen-bond structure.30,31 This results in
weakly bound (I2

�–I�) configurations being periodically
sampled with associated charge localization at an ionic (i) end
of the solute complex. Here, the (i) atom of the solute is known
to accept more hydrogen bonds, on average, in comparison to
the neutral (c–t) moiety, with the solute electronic structure
being affected by the local, aqueous environment.30 Further-
more, I3

�
(aq.) solutions have been reported to display bent solute

geometric structures,53 with an I–I–I equilibrium bond angle of
1531 being extracted using a hard X-ray scattering probe follow-
ing photoexcitation.47,56 A B1701 average bond angle and loose
angular potential have also been theoretically identified for the
aqueous solute in its electronic ground state (GS).31,47 Collec-
tively considering the above, the I3

�
(aq.) solute and solvent

geometric structure can be considered to be strongly coupled
to the electronic structure of the anion, which in turn affects the
system’s photophysics and photochemistry. Accordingly, this
relatively simple triatomic anion offers a range of opportunities
to study both solvent- and electronic-excitation-induced mole-
cular symmetry changes in the liquid phase.29,31,38,39,47,49,53,56–60

Despite extensive previous study of the triiodide system and
some low signal-to-noise ratio (S/N) valence XPS spectra being

published,61 to the best of our knowledge, an analysis of the valence
PE spectra of the aqueous species has yet to be reported. This is in
spite of the importance of the anion’s lowest electron BE in defining
its redox properties and chemical stability.24 Previous core-level XPS
studies of I3

�
(aq.) exclusively focused on the I 4d�1 spectra and

highlighted the aforementioned solvent-dependent electronic struc-
ture changes,48 as well as collective hydrogen-bond-dynamic
effects.30 The descension of symmetry of I3

� upon dissolution in
protic solvents is known to isolate associated multi-active-electron
ionization behaviours,8,62 with theoretical investigations of the I 4d�1

SU features highlighting PE signatures of increased bond length
asymmetry,30 as expected when switching from an ethanol to
aqueous solvent.31 The corresponding degree of molecular asymme-
try has been parameterized by comparison of the ratio between the
calculated SU (two-hole, one-electron, 2h1e) and main (one-hole, 1h)
XPS peak intensities.8 Notably, however, the associated multi-
reference theoretical investigations did not consider the sensitivity
of the multi-electron ionization dynamics and XPS spectra to the
asymmetric and bent I3

�
(aq.) anion structure nor the polarizing and

screening effects of an aqueous environment. Although, experi-
mental aqueous-phase I 4d�1 core level XPS measurements were
already reported, the effects of the geometric structural asymmetry
on the XPS spectra could not be fully resolved.8,30,61 This is in part
due to previous S/N limitations61 or the use of a Li+ triiodide counter
ion, where the Li 1s ionization signatures energetically overlapped
with the I3

� I 4d SU ionization peaks.8,30 Additionally, the inhomo-
geneous environmental peak broadening and high density of I 4d�1

final states in aqueous solution caused significant spectral conges-
tion and feature overlap in the relevant 50–65 eV BE region. Hence, a
high S/N experimental approach, adopting the I3

�
(aq.) anion and a

counter ion producing ionization features that are spectrally isolated
from the I3

� signals, remains desirable. Furthermore, probes of
deeper core levels of the solute species, where the energetic separa-
tion between the photoemission features is expected to be greater,
are likely to yield further insights.

Here, using valence and core-level liquid microjet XPS, we expand
our knowledge of the electronic energetics of I3

�
(aq.) solutions and

further explore solute molecular symmetry, solute-solvent inter-
action, and electronic-correlation effects on their ionization beha-
viours. These I3

�
(aq.) XPS measurements were performed with Na+

(aq.)

counter ions that allowed isolation and interpretation of the full I
4d�1 spectrum. We report complementary valence, I 4d�1, and I
3d�1 measurements, with the latter engendering more complete
separation of the single- and multi-active-electron photoionization
features. In combination with electronic structure calculations and
spectral simulations performed at different nuclear geometries, our
experimental results suggest that the I3

�
(aq.) solute molecule is, on

average, near linear and more asymmetric at the solution-gas inter-
face than in the aqueous bulk.

Experimental & theoretical methods

The experiments were primarily performed at the U49-2
PGM-1 undulator beamline at BESSY II63 using the SOL3PES
instrument.64 Additional high-energy-resolution experiments
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were performed at the P04 undulator beamline at PETRA III65

using the EASI instrument.66 The XPS samples were prepared as
mixed NaI (Sigma Aldrich, purity Z99.9%) and I2 (Sigma
Aldrich, purity Z99.99%) solutions in high-purity water with
18.2 MO cm resistivity. As described in Section A of the ESI,†
an excess of NaI was incorporated in all solutions with the
intention of driving the equilibrium among the I�(aq.), I2(aq.),
and I3

�
(aq.) solution components towards I3

�
(aq.).

48

UV-Vis absorption spectroscopy measurements were per-
formed using a UV 2700i spectrometer system (Shimadzu) with
a 10 mm pathlength sample cell to characterize the triiodide
solution preparations used in the XPS measurements and
quantify the degree of conversion of I2(aq.) to I3

�
(aq.). A

420 mM NaI(aq.) stock solution was correspondingly prepared
and I2(aq.) was added to nominal, initial concentrations of
210 mM. The UV-Vis data analysis indicates that this produced
a 420 mM Na+

(aq.), 243 � 8 mM I�(aq.), and 177 � 8 mM I3
�

(aq.)

mixture, corresponding to a 84 � 2% I2(aq.)-to-I3
�

(aq.) conversion
efficiency. 350 mM Na+

(aq.), 182 � 12 mM I�(aq.), and 168 �
12 mM I3

�
(aq.) and 500 mM Na+

(aq.), 272 � 13 mM I�(aq.), and
228 � 13 mM I3

�
(aq.) solutions were similarly prepared, char-

acterised, and implemented in additional XPS measurements.
These solutions were respectively prepared from 350 mM or
500 mM NaI(aq.) stock solutions, with I2 added to nominal,
initial 250 mM concentrations, resulting in respective 67 � 4%
or 91 � 4% I2(aq.)-to-I3

�
(aq.) conversion efficiencies. See ESI†

Section A and Fig. S2–S4 for more details.
In the XPS experiments, the aqueous solutions were cooled

to 5–10 1C and injected into the sample vacuum chamber via
30 mm orifice diameter glass capillaries at stabilised flow rates
of 0.65–0.80 ml s�1. Therein, the laminar regions of the liquid
jets were ionised with micro-focused X-ray beams in the vicinity
of the hemispherical electron analyser entrance cone apertures.
In the SOL3PES instrument, the electrons were collected per-
pendicularly with respect to the synchrotron beam polarisation
vector. In the EASI instrument experiments, the electrons were
collected at a 501 angle with respect to the polarisation vector,
resulting in essentially photoelectron-angular-distribution-
independent signal sampling. Experiments were performed
under surface-sensitive conditions by recording valence and
I 4d electron kinetic energy distributions at 150 eV or 200 eV
photon energies, with the I 3d electron distributions being
recorded with a 725 eV photon energy. Analogous bulk-sensitive
valence, I 4d, and I 3d experiments were respectively performed
at photon energies of 600 eV, 600 eV, and 1175 eV. More details
about the implemented experimental conditions can be found
in ESI† Section B.

The overall data processing procedures are described in
detail in ESI† Sections C and D. Briefly, we used the commonly-
adopted practice of BE-shifting measured solvent lowest-
ionisation energy (1b1(l)

�1) or O 1s core-level (1a1(l)
�1) PE peak

positions to pre-determined reference BE values measured
from (nearly) pure liquid water.15,67,68 Thereafter, the triiodide
contributions to the spectra were isolated by similarly BE-
shifting, appropriately intensity-scaling, and subtracting
sequentially-collected I�(aq.) reference/background solution

spectra from the mixed I3
�

(aq.)–I�(aq.) sample solution spectra.
The associated iodide spectra scaling factors were determined
via the UV-Vis analysis described in ESI† Section A. Hence, no
assumptions were made about the relative valence, I 4d, and I
3d ionization cross-sections and the residual I�(aq.) XPS signa-
tures were essentially removed from all I3

�
(aq.) spectral data

reported here. The robustness of this procedure was quantified
based on the I�(aq.) concentration errors determined in the
UV-Vis spectral analysis and the reproducibility of the back-
ground subtracted I3

�
(aq.) data. Correspondingly, we estimate

the XPS peak intensity (signal area) errors in the regions of I�

and I3
� spectral overlap to amount to 3.0% or less in all cases,

for example, see ESI† Fig. S14. These errors are accounted for in
all peak area analyses discussed in the following. Our back-
ground signal subtraction approach contrasts with that
adopted by Josefsson et al.30 There, gas-phase I2 signatures
were subtracted from the aqueous-phase data and the I�(aq.)

signals were scaled to approximately one third of the I3
�

(aq.)

signals – i.e. close to the expected stoichiometric ratio – prior to
a I�(aq.) background signal subtraction. Correspondingly, the
background-subtracted I3

�
(aq.) 4d�1 peak ratios reported here

differ significantly from those presented by Josefsson et al. in
ref. 30.

To aid in the interpretation of the experimental results,
electronic structure calculations and XPS spectra simulations
were performed at six geometric structures of the I3

� anion.
Two of these structures are explicitly considered here, specifi-
cally those experimentally determined via time-resolved X-ray
scattering experiments.47,56 These geometries are denoted as
the Lin and Bent geometries below. The former is a linear
structure with asymmetric I–I bond lengths of 2.94 Å and
3.09 Å, close to the geometry extracted for the I3

� anion in
methanol solutions. The latter geometry is bent with an angle
of 1531 and the difference in the bond lengths set to be larger
than in the Lin case, 2.93 Å and 3.38 Å, which is the Bent
geometry extracted for the I3

� anion in aqueous solutions. The
highest common Cs point symmetry group was used in the
calculations. Additional symmetric linear, asymmetric linear,
and intermediate bond length and bond angle structures (with
respect to the aforementioned Lin and Bent geometries) were
also studied. Those results are not explicitly reported here, but
are presented in a separate, methodological and extended-
geometry theoretical study.69

All of the calculations were performed with the OpenMolcas
package.70 The PE spectra were estimated at the SA level as the
squared norms of Dyson orbitals (DOs).71,72 This is deemed
appropriate for the high PE KEs considered here and has been
shown to be applicable to the study of the I3

� 4d�1 PE spectra.8

Moreover, in the presently discussed experiments, the ionising
photon energies have been selected such that the PE KEs are
similar for the valence, I 4d�1, and I 3d�1 signals, improving
the comparability of the experimental and calculated SA results.

The spectra were calculated at the state-averaged RASSCF
level.73 Unfortunately, the results of the second-order perturba-
tion correction (RASPT2) were found to be unreliable due to
problems with intruder states, as will be discussed elsewhere.69
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The GS wave function of the I3
� anion is single-configurational

with the following principal contribution:

. . . 15� ð3dÞ2 . . . 15� ð4dÞ2 . . .

. . . ð52a0;sÞ2ð53a0=22a00; pÞ4ð54a0=23a00; nÞ4:::

. . . ð55a0=24a00; p�Þ4ð56a0; nÞ2ð57a0;s�Þ0

The inner shell (core) molecular orbitals (MOs) are labelled
according to their predominant atomic characters, while the
valence MOs are labelled according to their energetic ordering,
Cs symmetry, and covalent bonding character. The MOs rele-
vant to this work are schematically shown in Fig. 1 and are
provisionally classified as s and p bonding and antibonding, as
well as non-bonding, n. Note that the MOs for the solute
molecule may be different before and after ionization, and for

Fig. 1 Molecular orbital (MO) diagrams of the I3
�

(aq.) electronic GS (panel A) and exemplary I3
�

(aq.) photoionized states (panel B), collectively illustrating
1h and 2h1e photoionization processes of an aqueous triiodide solute. The MO energetics have been scaled in accord with the UV-Vis absorption spectra,
electron BEs, and photoemission peak assignments reported in this work. In panel A, the MO energetics, electronic occupations (red circles), and MOs of
the anionic electronic GS are depicted, assuming an asymmetric-bond-length, bent I3

�
(aq.) anion geometry. On the left hand side of panel B, a 1h single-

active-electron, core-ionization (3d�1) channel is illustrated. On the right hand side, a related MO diagram for a 2h1e final state is shown, as specifically
formed via a multi-active-electron 3d�1, 56a0 (n) - 57a0 (s*) SU core-ionization process. Such a SU ionisation channel results in a lower KE PE, by DKESU,
with respect to the 1h ionisation process shown on the left-hand-side of panel B. The lowest-energy spin–orbit state ionisation limit and the sample
vacuum level is illustrated by the black, horizontal dashed line. The bracketed numbers to the left and right of the MOs in panel B highlight the
assignments of the numbered peaks in Fig. 2 and 3.
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different spin multiplicities. Nevertheless, they retain their
qualitative character, which we will refer to in the following.

In the valence PE spectra, the main (1h) ionizing transitions
occur from the occupied 5p-like outer valence orbitals. While
the core-ionization spectra arise from the 4d and 3d orbitals.
The correlation satellites are expected to arise due to additional
excitation from the occupied 5p-like to unoccupied 57a0 (s*)
orbitals. With this in mind, the following active spaces have
been selected: for the valence calculations, the active space
includes eight occupied 5p-like orbitals in the RAS2 space and
the s* orbital is included in the RAS3 space, allowing for single
electron excitation there, producing a (16/15 e�; RAS1: 0, RAS2:
8, RAS3: 1; 0h, FCI, 1e) space. Effectively, since only doubly-
occupied orbitals enter the RAS2, it includes only 1h and 2h1e
configurations and permits reproduction of the key features of
the valence PES. To simulate the 4d�1 and 3d�1 spectra, the
fifteen 4d or 3d orbitals were put into the RAS1 space, allowing
for a single associated hole. The rest of the active space was
maintained as for the valence PES, thus producing a (46/45 e�;
RAS1: 15, RAS2: 8, RAS3: 1; 1h, FCI, 1e) space. A single singlet
state of the initial I3

� species and 72 valence doublet final
states of the I3

� radical have been calculated to evaluate the
valence PES. For the 3d and 4d core PES, 255 doublet and 120
quartet core-ionized, spin–orbit coupled final states have been
taken into account.

The ANO-RCC-TZP74 basis set with the (22s19p13d5f3g) -
[7s6p4d2f1g] contraction was chosen and scalar relativistic
effects have been accounted for via a Douglas–Kroll–Hess
approach75,76 at the second order perturbation theory level.
Spin–orbit coupling was taken into account by the state inter-
action approach, RASSI, making use of atomic mean-field
integrals.77

The previous I 4d�1 PE spectroscopy study of I3
� did not

consider solvent effects.8 Here, the water environment is
approximated using the PCM. The slow component of the
solvent response was calculated for the singlet initial state
and kept frozen for all of the final states of the ionized I3

�

molecule. The fast component of the response was specifically
calculated for each state. The most prominent effect in all of
the calculations including PCM solvation is an overall shift of
the spectra. More intricate intensity redistributions can also be
observed in some cases, as discussed in ref. 69. Note that such
an implicit solvation approach is expected to yield best agree-
ment with the bulk-sensitive experimental data, where fully
hydrated ions are expected to be predominantly probed.

The theoretical valence, I 4d�1, and I 3d�1 PE spectra for the
Lin and Bent structures have been globally shifted in BE by
�0.8 eV, +2.8 eV, and +13.5 eV, respectively, for better compar-
ison with the experiments. Such experimental-theoretical spectra
offsets commonly occur, especially with simulations involving
deep-lying core–electrons. The increasingly large offsets of the
simulated spectra are ascribed to approximate treatments of
relativistic effects, errors in representing sharply peaked core–
orbitals by Gaussian basis sets, and the neglect of core–valence
electron correlation in the calculations. The stick spectra asso-
ciated with these geometric structures were convolved with

Gaussians with 0.85 eV (valence), 1.05 eV (4d), and 1.25 eV (3d)
FWHM, to reproduce the experimental peak widths.

Results and discussion

The electronic energetics of the aqueous triiodide anion and its
photoionised radical states are schematically shown and sum-
marised in Fig. 1. Fig. 1 A depicts the singlet GS electronic
structure of the I3

�
(aq.) anion within a simple MO framework,

where the lowest-symmetry, Bent configuration introduced
above is schematised. The unoccupied (virtual) and occupied
valence (built from the atomic 5p levels), 4d core, and 3d core
MOs are shown, with the MOs labelled according to their
symmetries and calculated energetic ordering. The associated
energetics are referenced to the vacuum level of the solution,
defined as the minimum energy required to liberate electrons
from the aqueous solute without any geometric structural
changes to the solute or solvent. The MO energetics in Fig. 1
have been aligned in accord with the aqueous-phase electronic
transition energies and electron BEs determined in this work,
as further discussed below. The relative energy of the lowest
unoccupied 57a0 (s*) MO was estimated with respect to the
highest-occupied MOs via fits to the aqueous triiodide solution
UV-Vis absorption spectra, as shown in ESI† Fig. S2. The
energetics appended to the other MOs were determined from
the XPS measurement results. As the spin–orbit final state
splitting of the valence ionizing transitions remains unresolved
in the XPS measurements, the as-measured (vertical) valence
BEs have been approximately corrected in Fig. 1 to account for
the influence of the spin–orbit-excited-radical-producing ioni-
sation channels. More specifically, the spin–orbit splitting for
the highest-occupied-to-lowest-unoccupied valence MO transi-
tions was determined to be 0.8 eV in the UV-Vis measurements,
as discussed in ESI† Section A and shown in Fig. S2. Based on
the expected 2 : 1 degeneracy of the spin–orbit split valence
ionised states and ignoring electron–correlation effects, one
third of the UV-Vis spin–orbit splitting has been subtracted
from the spin–orbit-state-averaged valence BEs extracted in the
XPS measurements. This yields an estimate for the lowest
valence, vertical ionisation energy illustrated in Fig. 1.

In Fig. 1B, exemplary direct, 1h and 2h1e ionisation path-
ways of I3

�
(aq.) are illustrated along with the MO diagrams of

the corresponding I3
�

(aq.) final states. A variety of ionisation
processes occur following X-ray photoabsorption by the multi-
electronic, multi-reference I3

�
(aq.) system. This results in

numerous final states being accessed, just two of which are
shown here. The minimum ionisation energies of the different
anion MOs are represented by their energetic separations from
the thick black, dashed ‘vacuum level’ line in Fig. 1B,
which relates to production of the radical in its lowest energy

O ¼ 3

2
or O ¼ 5

2
spin–orbit states following valence or 4d/3d

ionisation, respectively. Additional, higher-energy ionisation
thresholds, associated with spin–orbit-excited I3

�
(aq.) formation,

occur but are not shown in Fig. 1B. These photoionised
radical spin–orbit splittings were inferred from the UV-Vis
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measurements (B0.8 eV for valence ionisation, ignoring elec-
tron correlation effects) or measured directly in the core-level
XPS experiments (B1.5 eV for 4d�1 and B11.5 eV for 3d�1), as
further discussed in the following sub-sections.

The MO populations (red dots), photoexcitation processes
(dark purple arrows), and PE energetics (grey arrows) in Fig. 1B
relate to two exemplary ionisation channels and I3

�
(aq.) radical

electronic configurations. The left-hand-side of panel B speci-
fically depicts the production of a 1h final state associated with

direct, single-electron photoionization from an I 3d core-level

to form a neutral I3
�

(aq.) radical in a O ¼ 5

2
spin–orbit state.

These processes can be simplistically described within a single-
active-particle picture. A second ionisation processes and final
state is shown on the right-hand-side of panel B, involving a
similar core–electron ionization and essentially simultaneous
valence electronic excitation, in this example 56a0(n) - 56a0(s*),
i.e. a highest-occupied-to-lowest-unoccupied MO excitation.

A neutral radical in the lowest-energy O ¼ 5

2
spin–orbit state is

correspondingly formed, with a single electron liberated and a
two-hole – 3d core and 5p valence (56a0) – electronically excited
I3
�

(aq.) species produced. Such 2h1e processes are driven by
electronic correlation and orbital relaxation effects, leading to
so-called configuration interaction satellite or SU state features
in the photoemission spectrum.3,78–84 Here, the simple single-
active electron and basic MO picture fails to describe the
photoionization event and multi-electron effects must be con-
sidered. The associated electron-electron interactions and
bound electron promotion notably results in the production of
lower 2h1e electron KEs in comparison to single-active-electron,
1h ionization processes, as denoted by the DKESU label in panel B.
Although not explicitly shown in Fig. 1B, similar 1h and 2h1e
ionisation pathways to those depicted for the I 3d ionisation channels
also occur for the I 4d (and likely valence) ionization pathways.

In the following discussion of our aqueous-phase valence,
4d core, and 3d core experimental and simulated XPS results
and analysis, we assign all spectral features to specific ioniza-
tion pathways. The corresponding signals in Fig. 2 and 3,
discussed in detail below, have been numbered and related to
specific MOs, final spin–orbit states, and 1h or 2h1e SU
ionisation pathways. Such pathways are also labelled on the
far left- and right-hand-sides of Fig. 1B, with the valence, 4d,
and 3d ionisation pathways respectively marked by the red,

Fig. 2 (Top trace) Experimental, bulk-sensitive valence band spectrum
recorded at the P04 beamline with a 600 eV photon energy, a B180 mM
I3
�

(aq.) solution concentration, and a calculated total energy resolution of
80 meV (light blue curve). The experimental data was smoothed using a 3-
point rolling average routine and has been arbitrarily raised by one scale
unit, with the associated baseline marked by the dashed black line. This
data is notably background-signal-over-subtracted at BEs above 10 eV, as
further discussed in ESI† Section D. (Bottom traces) I3

�
(aq.) valence PE

spectra calculated at the Lin (red curve) and Bent (dark blue curve) solute
geometries.

Fig. 3 Experimental and theoretical core-level XPS spectra of the aqueous triiodide anion. This bulk-sensitive experimental data was recorded at the
P04 beamline from B180 mM I3

�
(aq.) samples, has been background-signal subtracted, and is shown as the light blue (Exp), vertically offset curves. The I

4d�1 results are presented in the left panel and were recorded with a 600 eV photon energy and a calculated total energy resolution of 80 meV.
Corresponding I 3d�1 results are shown in the right panel, which were recorded with a 1175 eV photon energy and a calculated total energy resolution of
200 meV. Associated simulated spectra are shown below the experimental data for the Lin (red curve) and Bent (dark blue) geometries.
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light purple, and blue bracketed numbers. These same num-
bers and assignments, and associated as-measured signal
energetics, are also reported in Table 1.

Valence XPS spectra

Fig. 2 shows the experimental (top) and calculated (bottom)
bulk-solution valence band spectra of I3

�
(aq.). The calculated

spectra are reported for the aforementioned Lin and Bent
geometries. A broad molecular structural distribution is
expected for the aqueous triiodide anion, likely covering fully
symmetric and asymmetric configurations with differing bond
lengths and bent geometries.31,47,56 The calculated valence
spectra associated with the Lin and Bent geometries suggest
that the lowest I3

�
(aq.) BE features are relatively insensitive to

bond length asymmetry and the bond angle of the solute.
However, an overall chemical shift of 0.2 eV is identified
between the simulated PE spectra produced from the Lin and
Bent geometric structures. In the experimental spectra, the
final spin–orbit states and solute geometry-dependent BEs
appear to be masked by the underlying solute geometric
structural distribution and/or inhomogeneous broadening
associated with the fluxional, aqueous environment. Despite
this, two distinct valence PE bands (Peaks 1 and 2) are observed
with B1.5 eV separation, both of which display a significant
spectral asymmetry. Based on the UV-Vis absorption spectrum
of I3

�
(aq.) (reported and discussed in ESI† Section A), a B0.8 eV

final state spin–orbit splitting is expected to influence the
valence PE spectrum, although this is unresolved in the experi-
ments. Concurrent with this expectation, the simulations

suggest an average final-state spin–orbit splitting of B0.6 eV
following valence ionisation, which is also unresolved when the
simulated spectra are convolved with a B0.8 eV FWHM
Gaussian to qualitatively match the experimental spectrum.
Correspondingly, through comparison with the simulations,
the asymmetric spectral profile of Peaks 1 and 2 in Fig. 2 are
attributed to a superposition of PE spectra associated with a
continuous structural distribution spanning the Lin and Bent
geometric structures, ionisation to form at least two different
electronic states of the radical with a BE difference of 1.5 eV,
and an unresolved B0.8 eV final-state spin–orbit splitting.

The lower BE PE band (Peak 1, 7.83 � 0.05 eV) in Fig. 2 is
attributed to the highest occupied and similar BE (54a0/23a00,n)�1,
(55a0/24a00,p*)�1, and (56a0,n)�1 MO 1h ionization signals. The
higher BE valence PE band (Peak 2, 9.30 � 0.05 eV) is appended
to a (53a0/22a00,p)�1 1h ionization process. In the experiments, the
high-BE (53a0/22a00,p)�1 solute PE band is observed to merge with
the tail of the dominant ionization feature attributed to the
highest occupied MO of the aqueous solvent (1b1(l)

�1, see ESI†
Fig. S5). All higher BE valence ionization signals, such as the
(52a0,s)�1 channel, are consequently masked by the predominant
aqueous solvent signals. Similar to the bulk-sensitive data shown
in Fig. 2, background-subtracted, surface-sensitive valence spec-
tra are shown in the left panel of ESI† Fig. S7. The top section of
Table 1 summarises the BEs and peak FWHMs extracted from the
bulk-sensitive valence band spectra, where the entries correspond
to the average peak centers and peak widths extracted from
cumulative Gaussian fits to multiple I�(aq.)-background-subtracted
I3
�

(aq.) sample solution data sets. Similar results are reported for

Table 1 Experimentally-determined, bulk aqueous solution triiodide valence (top section), core I 4d (middle section), and core I 3d (bottom section)
electron BEs and peak FWHMs. The values reported here are the averages extracted from fits to the data shown in Fig. 2 and 3 as well as the additional
spectra recorded at the U49-2 PGM-1 beamline with the SOL3 PES instrument. The i, c, t, Oradical, 1h, and 2h1e nomenclature denotes the ionic I atom,
central I atom, terminal I atom, I3� (aq.) radical spin–orbit state, single-hole process, and two-hole-one-electron SU process, respectively. All spectral
assignments were made in accord with the electronic structure and XPS spectral simulations

Peak

Assignment Ionization energetics

Atom(s) Electronic transition Final state Oradical BE (eV) FWHM (eV)

1 All (56a0/23a00,n)�1/(56a0,n)�1 1h 3/2 & 1/2 7.83 � 0.05a 1.24 � 0.04
2 All (53a0/22a00,p)�1 1h 3/2 & 1/2 9.30 � 0.05a 1.25 � 0.11

3 i 4d�1 1h 5/2 54.23 � 0.05 0.97 � 0.04
4 c, t 4d�1 1h 5/2 55.62 � 0.04 1.54 � 0.04
00 i 4d�1 1h 3/2 00 00

5 c, t 4d�1 1h 3/2 57.15 � 0.04 0.87 � 0.07
00 c 4d�1,(54a0/23a00/56a0,n)�1,(57a0,s*)1 2h1e 5/2 00 00

6 c 4d�1,(54a0/23a00/56a0,n)�1,(57a0,s*)1 2h1e 3/2 59.05 � 0.05 1.17 � 0.06
00 i, t 4d�1,(54a0/23a00/56a0,n)�1,(57a0,s*)1 2h1e 5/2 00 00

7 i, t 4d�1,(54a0/23a00/56a0,n)�1,(57a0,s*)1 2h1e 3/2 60.79 � 0.06 1.14 � 0.13

8 i, t 3d�1 1h 5/2 624.12 � 0.10 1.18 � 0.07
9 c 3d�1 1h 5/2 625.22 � 0.10 1.31 � 0.12
10b c 3d�1,(54a0/23a00/56a0,n)�1,(57a0,s*)1 2h1e 5/2 627.32 � 0.10 0.85 � 0.07
11 i,t 3d�1,(54a0/23a00/56a0,n)�1,(57a0,s*)1 2h1e 5/2 629.02 � 0.10 1.59 � 0.10
12 i, t 3d�1 1h 3/2 635.64 � 0.10 1.26 � 0.09
13 c 3d�1 1h 3/2 636.75 � 0.10 1.31 � 0.09
14b c 3d�1,(54a0/23a00/56a0,n)�1,(57a0,s*)1 2h1e 3/2 638.78 � 0.10 0.79 � 0.07
15 i,t 3d�1,(54a0/23a00/56a0,n)�1,(57a0,s*)1 2h1e 3/2 640.57 � 0.11 1.84 � 0.05

a These valence BE values are the as-measured, final spin–orbit state averaged peak positions and differ from the spin–orbit-state resolved values
estimated and reported in Fig. 1 by +0.27 eV. See the main body of the text for details. b The origins of these features remains ambiguous, with the
signals being alternatively attributable to superimposed signatures of the calculated Lin and Bent spectra. See the main body of the text for details.
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the surface-sensitive experiments in ESI† Table 1. The energetics
of PE Peaks 1 and 2 are found to be equivalent, within our
experimental uncertainties, in the surface- and bulk-sensitive
measurements. This indicates that the valence electronic
energetics are unaffected on a B50 meV energy scale as we
increase our sensitivity to the aqueous bulk.

Summarising the results from this section, the lowest ver-
tical ionisation feature of I3

�
(aq.) incorporates multiple electro-

nic transitions, with an average vertical BE of 7.83 � 0.05 eV.
The UV-Vis and theoretical spectra highlight a 0.6–0.8 eV
photoionised radical spin–orbit state splitting that is unre-
solved in the XPS experiments and that solute bending and
bond elongation have a relatively small impact on the
measured valence BEs (B0.2 eV). A higher-BE I3

�
(aq.) valence

ionisation feature is extracted at 9.30 � 0.05 eV. However, even
higher BE valence ionisation signatures cannot be extracted
from the data due to complete overlap with the valence spec-
trum of the dominant aqueous solvent.

I 4d�1 XPS spectra

Moving beyond the valence electronic energetics of I3
�

(aq.), we
consider its inner shell electronic structure and the associated
coupling to the underlying solute and solvent geometric struc-
ture. As mentioned above, the I3

�
(aq.) molecule has been

reported to exhibit asymmetric bond lengths and a somewhat
bent geometry in aqueous solution.30,47,56 The descension of
symmetry in aqueous solution, in comparison to in alternative
solvents, is expected to lead to the lifting of electronic state
degeneracies and the emergence of additional, resolvable ioni-
zation channels. While associated electronic signatures of an
elongated, asymmetric bond-length and bent solute species
could not be resolved in the valence XPS measurements, such
symmetry reductions should be interrogable via core-level PE
spectroscopy and comparison of experimental and theoretical
XPS spectra.8 Fig. 3 shows the bulk-sensitive experimental I
4d�1 and I 3d�1 core-level XPS spectra of I3

�
(aq.) (top curves,

light blue) along with associated spectral simulations (bottom
curves, dark blue and red, corresponding to the Lin and Bent
geometries, respectively). The left panel of Fig. 3 specifically
shows the I 4d core-level PE spectra, with five well-resolved
peaks. The associated peak positions and total peak widths
were extracted via cumulative Voigt profile fits to the data, as
exemplarily shown in the right-panel of ESI† Fig. S8. The
associated fit results are summarised in the middle section of
Table 1. Very similar parameters were obtained in surface-
sensitive experiments, as shown in the left panel of Fig. S8
and summarised in the middle section of Table S1 in the ESI.†
The surface- and bulk-sensitive results may be compared to the
experimental I3

�
(aq.) 4d�1 spectra previously published by

Josefsson et al.,30 where significantly different relative aqueous
I 4d�1 peak ratios were reported due to the different back-
ground subtraction routines employed in comparison to our
study (see ESI† Sections A and C for details). Comparing the
relative intensities of the main experimental I 4d�1 peaks
reported here (Peaks 3, 4, and 5) to those in the simulated
spectra in Fig. 3 and reported elsewhere,30,69 the measured

intensity ratio is found to best match the Lin geometry simu-
lated spectrum, perhaps with a lesser contribution of the Bent
geometry, particularly to the simulated SU peaks. It is also
noteworthy that the calculated geometry-dependent chemical
(or BE) shifts are less prominent for the simulated 4d�1 spectra
in comparison to the valence spectra. When both 4d�1 simu-
lated spectra are BE-shifted uniformly to best match the
experimental data, the central 1h feature in the Lin and Bent
simulated spectra, Peak 4, coincides. However, Peaks 3 and 5
are slightly shifted in opposite directions. We will further
discuss such ionisation energetics in the following paragraphs,
before returning to a discussion of the 4d�1 SU features and the
SU-to-main-peak area ratios.

In both the bulk- and surface-sensitive I 4d�1 XPS experi-
ments, a number of the peaks are found to overlap with one
another, preventing the attribution of each feature to specific
terminal (t), central (c), and ionic (i) iodine atom ionization
channels, at least based on the experimental dataset alone.
However, upon consideration of the spectral simulations,
the dominant, lowest three BE PE bands can be primarily
attributed to the single-active-electron 1h I 4d ionization con-
tributions of the t, c, and i iodine atoms. Peak 3 (54.23 �
0.05 eV, in the bulk-sensitive results) is attributed to 4d5/2

ionization of the I�-like i atom, where the subscript highlights
the final spin–orbit state, Oradical, of the produced I3

�
(aq.)

radical. Peak 4 (55.62 � 0.04 eV) is determined to be composed
of the overlapping t 4d5/2, c 4d5/2, and i 4d3/2 ionization
features. While Peak 5 (57.15� 0.04 eV) is primarily attributed
to the overlapping t 4d3/2 and c 4d3/2 ionization channels. The
chemical shift between the i, c, and t peaks correspondingly
amounts to 1.4–1.6 eV. The remaining, higher BE peaks – peak
6 centred at 59.05� 0.05 eV and peak 7 at 60.79� 0.06 eV in the
bulk-sensitive results – are then attributed to multi-active-
electron, 2h1e SU ionization features with mixed atomic char-
acters. Such ionization channels have previously been observed
from triiodide in aqueous and ethanol solutions.8,30,31,61

As discussed in Section A of the ESI,† mixed singlet-singlet
and singlet-triplet n/p - s* valence electronic excitations
occur in aqueous triiodide to yield a pair of intense, spin–
orbit–split UV absorption bands. These bands have previously
been referred to as the C and D bands85 and respectively peak at
excitation energies of B3.53 eV (B351 nm) and B4.30 eV
(B288 nm) in aqueous solution (see ESI† Fig. S1). The two
bands are primarily attributed to (54a0/23a00/56a0,n) to (57a0,s*)
MO excitations (resulting in notable doubly-excited character),
with the C and D band separation associated with valence
excited state spin–orbit splitting. Adding the C-band UV-Vis
transition energy to the BEs associated with Peaks 3, 4, and 5
and neglecting electron correlation effects, the 2h1e SU peak
positions are approximated. This addition yields respective BEs
of B57.74 eV, B59.13 eV, and B60.64 eV, with the latter two
peak positions being well-matched to the energetics of SU Peaks
6 and 7 in the experimental 4d�1 XPS spectra. The peak position
of an associated SU analogue of Peak 3, would then underly the
high BE side of peak 5. Correspondingly, the cumulative experi-
mental data supports the assignment of Peaks 6 and 7 to 4d�1,

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
1/

20
22

 2
:0

0:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp05840a


15548 |  Phys. Chem. Chem. Phys., 2022, 24, 15540–15555 This journal is © the Owner Societies 2022

(54a0/23a00/56a0,n)�1, (57a0,s*)1 SU ionisation processes, with

production of the O ¼ 5

2
and

3

2
states of the I3

�
(aq.) radical, and

B3.5 eV higher BE 2h1e XPS features with respect to the
analogous 1h XPS peaks. However, our spectral simulations –
incorporating electron correlation effects – highlight a more
nuanced assignment of the SU features, in accord with previous
predictions for isolated I3

�
(aq.) anions.8,30

PE Peaks 6 and 7 are indeed calculated to correspond to I 4d
core-level ionization with additional predominant (54a0/23a00/
56a0,n) - (57a0,s*)1 valence excitation to produce electroni-
cally excited I3

�
(aq.) states. However, the additional energy

required for the SU valence excitation is also calculated to be
I-atom-dependent, due to chemical shifts associated with the
different local I-atom environments and charge reorganisation
effects following ionisation. The calculations specifically allow
us to identify the t atom 2h1e SU ionisation channels, exhibit-
ing 3.5 � 0.2 eV higher BEs in the experimental spectra with
respect to the corresponding 1h features, as expected based on
the valence UV-Vis spectra. In contrast, however, the i atom
2h1e SU ionisation channels are BE-shifted with respect to the
1h peaks by +5.0 � 0.2 eV, with the c atom 2h1e SU ionisation
channels being shifted by just +1.7 � 0.2 eV. The energetic
separation between the isolated SU Peaks 6 and 7 is then
primarily associated with the spin–orbit splitting of the ionised
I 4d5/2 and I 4d3/2 atomic energy levels, corresponding to a spin–
orbit-state energy gap of B1.7 eV. The observation of similar
chemical shifts of 1.4–1.6 eV between the i and c/t 1h I atom 4d
ionisation channels accordingly results in significant spectral
overlap within the I 4d�1 spectra. Indeed, the similar chemical
shift, spin–orbit splitting, and c-atom SU excitation energy
gaps, and the fact that the overall valence SU excitation energies
average to the UV-Vis C-band excitation energy but differ
significantly for the i and c atom excitation energies, empha-
sises the importance of joint experimental and theoretical
approaches to interpret such complex spectra. Returning to a
discussion of the different I 4d�1 peak areas, we will utilise the
measured relative intensities of the aforementioned 2h1e SU
features (Peaks 6 and 7) with respect to those of the 1h
ionisation peaks (Peaks 3, 4, and 5) to assess the average
molecular symmetry of I3

�
(aq.). According to ref. 8, the terminal,

central, and ionic parts of the I3
�molecule all participate in the

2h1e SU ionization processes. This is shown in the calculated,
isolated I3

� I 4d photoionization spectra of Norell et al.,8 which
were compared to the experimental solution-phase spectra
recorded by Josefsson et al.30 The solvent-induced nuclear
geometric structural asymmetry was correspondingly quanti-
fied by comparing the SU and main PE peak intensities.
However, in the specific case of the aqueous LiI/I2 solutions
used by Josefsson et al., the Li 1s photoelectron band, with
60.6 eV BE (based on previously reported spectra86 and more
recent, accurate measurements of the liquid water 1b1 BE15,67),
unfortunately coincides with the BE region associated with the I
4d SU features. This prevented the accurate determination of
the molecular asymmetry in such solutions. In contrast, in our
measurements, Na+ I3

�
(aq.) counter ions were implemented that

allowed the SU-to-main peak ratio to be determined. In the bulk-
sensitive, Magic Angle configuration experiments, an aqueous
solution SU-to-main-peak intensity ratio of 8.6 � 1.4% was corre-
spondingly extracted. Somewhat higher, average aqueous-phase
4d�1 peak intensity ratios were determined from our surface-
(14.6 � 3.5%) and bulk-sensitive (13.0 � 1.3%) experiments
performed with a Perpendicular electron collection geometry,
where the I 4d�1 signal ratios collected under different experi-
mental geometries are tabulated in ESI† Tables S2 (Perpendicular)
and S3 (Magic Angle). Collectively, these ratios suggest that the I 4d
SU electrons are more efficiently collected in the Perpendicular
experimental configuration and that similar solute geometries
preponderate at the solution–gas interface and in the aqueous
bulk. However, concerning the latter, we also note the relatively
large uncertainty range associated with the Perpendicular geo-
metry surface-sensitive ratio and that the extracted ratios are
likely affected by the high final-state density and spectral feature
overlap in the I 4d�1 spectra, as discussed above and towards the
end of the next sub-section. Indeed, such spectral overlaps and
photon-energy-dependent partial ionisation cross-section varia-
tions may obscure any geometric structural changes between
different solutions and the probed regions within them.

Specifically considering the I 4d�1 calculations, the valence
SU excitation energies are somewhat overestimated. However,
the calculations still suggest that the BE difference between the
main 1h and 2h1e SU PE bands should decrease when moving
from the fully symmetric linear geometry (results not shown) to
the asymmetric Lin, and especially Bent structures (see the red
and blue curves in the left panel of Fig. 3). In this regard, the SU
feature position in the calculated spectrum of the Bent structure
is found to be in better agreement with the experiments – in
contrast to the comparison of the main peak intensity ratios –
potentially suggesting that the aqueous anion indeed adopts
bent, asymmetric geometries. To further probe the aqueous
anion asymmetry, similar to previous isolated I3

� anion com-
putational studies,8 we extracted integral theoretical SU-to-main
intensity ratios of 11.2% for a fully symmetric linear, 13.1% for
the Lin, 14.4% for a slightly bent (1651 bond angle) variant of
the Lin, and 20.5% for the Bent geometry molecular
structures.69 These results support the expectation that symme-
try lowering should decrease degeneracy and increase the SU-to-
main intensity ratio. Here, the calculations associate the ratio
increases with greater involvement of other doubly-occupied 5p-
like MOs in the 2h1e excitation and the increasing role of the c I
4d orbitals in the ionization process. (Note that the SU transi-
tions involving these latter orbitals are symmetry-forbidden for
the fully-symmetric structure.) Comparing the theoretical 4d�1

2h1e-to-1h peak ratio to the experimental values, the bulk-
sensitive experimental results are in best agreement with the
ratios calculated for the fully-symmetric and Lin geometries.
Correspondingly, the cumulative I 4d�1 experimental to theore-
tical XPS spectra comparisons suggest that a near-linear, but
likely bond-length asymmetric, geometric structure pervades in
aqueous solution. Further, that somewhat bent geometries may
also be sampled, in agreement with the predictions of Jena
et al.31 and our own GS potential energy surface calculations.69
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Summarising this section, bulk- and surface-sensitive I 4d�1

I3
�

(aq.) spectra were recorded, revealing similar electron ener-
getics and SU-to-main peak intensity ratios in the interfacial
and bulk regions of the solutions, within the uncertainties of
our measurements. Through comparison of the experimental
and theoretical I3

�
(aq.) spectra, we have assigned the electronic

characters of the individual aqueous-phase I 4d�1 peaks,
revealing I-atom chemical shifts and spin–orbit splittings of
similar magnitudes. This lead to a high degree of spectral
overlap in the I 4d�1 spectra. Further, the predominant electro-
nic characters and I-atom-specific energetics of the SU transi-
tions were described and I 4d�1 SU-to-main peak intensity
ratios were determined under different experimental condi-
tions. Associated theoretical ratios were determined for a range
of different solute geometries. Collectively, the experimental
and theoretical XPS spectra suggest that a near-linear, asym-
metric bond length I3

�
(aq.) geometry dominates in aqueous

solution. To further interrogate the solute electronic and geo-
metric structure, we analyse and discuss the complementary I
3d�1 XPS spectra of the aqueous solute in the following sub-
section.

I 3d�1 XPS spectra

As noted above, comparison between the observed 1h main and
2h1e SU core-level ionisation peak intensities has the potential to
provide molecular symmetry information about the I3

�
(aq.) solute.

Unfortunately, such information was not accessible via valence
XPS measurements and is potentially obscured in the I 4d�1 core-
level XPS data due to the high density of photoexcited electronic
states. While similar features are observed for the I 4d�1 and I
3d�1 XPS spectra, such as those shown in Fig. 3, the larger 3d�1

spin–orbit splitting allows the single- and multi-active-electron
XPS features to be more readily resolved.

As for the I 4d�1 results, the right panel of Fig. 3 shows the
background-signal-subtracted experimental I 3d�1 and corres-
ponding calculated PE spectra of the I3

�
(aq.) solute. Similar

results were extracted in surface-sensitive experiments (see Fig.
S9 and S10 in the ESI†). Comparison of the I 3d core level bulk-
and surface-sensitive experimental XPS data again reveals that,
within our uncertainty limits, neither the peak BEs nor FWHMs
differ between the two regions of the aqueous solution. The
calculated spectra are correspondingly found to be in reason-
able agreement with both the measured bulk- and surface-
sensitive I 3d�1 spectra and highlight a notable 2h1e SU peak
BE and signal intensity dependence on the considered aqueous
solute geometric structure. Similar to the I 4d�1 spectra, but
more prominent in the I 3d�1 case, the energetic separation of
the SU features from the main bands is overestimated by the
applied theory.

The experimental I 3d�1 XPS spectra display eight well-
resolved peaks, in contrast to the five-feature I 4d�1 core level
XPS spectra. The bottom section of Table 1 shows the BEs and the
peak FWHMs extracted from cumulative Voigt profile fits to the
bulk-sensitive I 3d�1 XPS spectra along with associated peak
assignments. The energetics extracted from the surface-sensitive
I 3d�1 spectra are additionally summarised in the central

columns and bottom panel of Table S1 in the ESI.† The I 3d�1

XPS spectra exhibit a notable feature doubling with a 11.5 �
0.2 eV peak separation, which is ascribed to the 3d level spin–
orbit splitting of the I3

�
(aq.) radical. Each spin–orbit component

displays a secondary,B1.1 � 0.1 eV splitting of the dominant
features. According to the results of the calculations, this is
associated with the chemical shifts between the 1h photoionisa-
tion channels of the t and i atoms (Peaks 8 and 12) and the c
atoms (Peaks 9 and 13). This splitting is most prominent in the
calculated Lin XPS spectra, where it amounts to a 1.5 eV peak
separation. There, an additional, unresolvable 0.2 eV chemical
shift between the i- and t-atom 1h ionisation signatures is also
predicted. These peak separations result in merged t- and i-atom
1h peaks (Peaks 8 and 12), which exhibit two-fold higher inten-
sities than the higher BE c-atom features (Peaks 9 and 13). In
contrast to the Lin geometry XPS calculations, the Bent structure
calculations predict fully merged atomic ionisation signatures.
Here, c–i, c–t, and i–t I-atom peak separations of 1.3 eV, 0.9 eV,
and 0.4 eV are respectively predicted. Consequently, a single,
broad PE feature with an asymmetric lineshape emerges follow-
ing spectral broadening of the calculated spectra to match the
experimental resolution. Comparing the Lin and Bent structure
calculation results, similar integral ionisation probabilities are
calculated and a relative chemical shift of B0.4 eV is exhibited
between the dominant PE peaks (Peaks 8 and 12) associated with
the two geometries.

Considering the main, 1h peaks in the experimental and
theoretical spectra, the experimental peak separations between
the dominant 3d�1 features – Peaks 8 and 9 and Peaks 12 and 13 –
lie between those simulated for the Lin and Bent geometries. The
main experimental peaks display reduced Peak 9-to-8 and Peak
13-to-12 peak splittings and related lower relative intensity ratios
of 3 : 4 when compared to the Lin geometry result. This peak-
height ratio and the calculation of similar ionisation yields for the
Lin and Bent geometries is accordingly consistent with an average
I3
�

(aq.) structure between these geometries. Additionally consider-
ing the I 4d�1 XPS spectral analysis presented in the previous
section, the average anion structure is seemingly closest to, but
less symmetric than, the Lin case.

In addition to the four main peaks observed in the experi-
mental I 3d�1 spectra, a pair of higher-BE 2h1e SU features are
observed that exhibit a doubling with a 1.8 � 0.3 eV peak separa-
tion. The combination of the aforementioned spin–orbit splittings,
different I-atom chemical shifts, and SU excitation energies corre-
spondingly result in the eight experimental PE peaks. We assign
these 3d�1 peaks from low to high BEs as follows. The lowest BE I

3d�1 features are related to the O ¼ 5

2
final spin–orbit states, with

Peaks 8, 9, 10 and 11 associated with the i and t 1h, c 1h, c 2h1e SU,
and i and t 2h1e SU ionisation channels, respectively. The higher BE
Peaks 12, 13, 14, and 15 respectively correspond to the lower

intensity I 3d�1, O ¼ 3

2
spin–orbit state analogues.

In the bulk-sensitive I 3d�1 XPS experiments, the SU peaks

occur at BEs of B627.3 eV and B629.1 eV for the O ¼ 5

2
(Peaks

10 and 11) and B638.7 eV and B640.5 eV for the O ¼ 3

2
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(Peaks 14 and 15) ionization channels. The average energy
differences between the 1h and 2h1e features in the experi-
mental spectra accordingly correspond to B2.1 eV (Peak 9–10/
Peak 13–14), B3.1 eV (Peak 8–10/Peak 12–14), B3.8 eV (Peak
9–11/Peak 13–15), and B4.9 eV (Peak 8–11/Peak 12–15). The
bulk-sensitive average 1h-to-2h1e feature separation corre-
sponds to B3.4 eV, which is again in good agreement with
the related B3.5 eV UV-Vis C-band transition energy. Based
on the XPS calculations, the SU features are primarily attributed
to the (54a0/23a00/56a0,n) - (57a0,s*) valence SU excitations,
accompanied by I 3d�1 ionization. Similarly to the 4d�1 XPS
results, the variance between the separation of the specific
2h1e-to-1h BE peak pairs can then be ascribed to local-
environmental chemical shifts and valence charge redistribu-
tion following ionisation.

The calculations reveal a pair of SU features for each anion
geometric structure, with the lower BE features dominating and
being ascribed to 3d�1, (54a0/56a0,n)�1, (57a0,s*)1 2h1e ionisa-
tion. The higher BE SU peak is attributed to 3d�1, (52a0,s)�1,
(57a0,s*)1 processes, with its high calculated intensity consid-
ered to be spurious; related SU features are notably absent in
the 4d�1 XPS spectra. Accordingly, we focus on the dominant,
lower BE, calculated 2h1e SU features in the following. In this
case, the calculations suggest that the i atom 2h1e ionisation
channels are associated with the dominant experimental SU
Peaks 11 and 15, at 4.9 � 0.2 eV higher BEs than the 1h
ionisation channels, similar to the i atom 2h1e processes
observed in the 4d�1 spectra. The t atom 2h1e SU signals are
then associated with 3.7 � 0.3 eV higher BE signals compared to
their 1h counterparts, correlating with the lower-BE compo-
nents of Peaks 11 and 15 and again paralleling the 4d�1 spectral
assignments. In this regard, the theoretical spectral assign-
ments support the assertions of Arbman et al.62 regarding their
I3
� in ethanol solution XPS data: the I 3d�1 2h1e SU signals

from the terminal I atoms – in this case the i and t I atoms –
dominate. The calculations also predict significantly lower
intensity and BE c-atom 2h1e ionisation signals in comparison
to the Lin and Bent geometry i, t SU peaks. The lower BEs of the
c I-atom SU signals are ascribed to charge redistribution effects
following the local photoionisation process and suggest that
such ionisation channels may be responsible for Peaks 10 and
14 in the 3d�1 spectra. These weak signals occur at 1.8 � 0.2 eV
higher BEs than the related 1h features, which would be in good
agreement with the 4d�1 spectral observations and assign-
ments. In the Lin geometry case, weak c-atom SU signal inten-
sities are expected due to the parity forbidden nature of the
linked valence transitions. However, our calculations also sug-
gest that these transitions remain improbable in the Bent
geometry case, despite the formal lifting of the limiting selec-
tion rules. This, in turn, implies that Peaks 10 and 14 may have
an alternative origin. However, within the limits of the current
calculations, we can only speculate on alternative explanations
for Peaks 10 and 14. Hence, a firm assignment of these peaks
awaits further theoretical developments and calculations, likely
including explicit solvation treatments and more extensive
anion nuclear geometry sampling.

We finally assess the relative 1h and 2h1e peak heights in
the I 3d�1 spectra, with a focus on the average I3

�
(aq.) anion

geometric structure. By analysing the areas of the spectral fit
components associated with the Magic Angle data shown in
Fig. 3 (see the related fits in ESI† Fig. S10 and result summary
in Table S3), the intensity ratio between the 2h1e SU and 1h
main PE features in the bulk-sensitive I3

�
(aq.) I 3d XPS spectra

was determined as 12.2 � 1.1%. A significantly higher ratio of
17.3 � 1.3% is notably extracted in the Magic Angle, surface-
sensitive 3d�1 XPS results (again, see ESI† Table S3). Assuming
similar 1h and 2h1e ionisation cross-sections at low and high
ionising photon energies, such a difference in the near Magic
Angle results – with their minimal PE angular distribution
dependence – suggests that the triiodide molecule may be more
asymmetric at the aqueous solution-gas interface than in the
aqueous bulk. Similar ratios were extracted from aqueous-phase
data recorded under bulk- (12.3 � 2.2%) and surface- (18.1 �
2.1%) sensitive conditions using the alternative Perpendicular
experimental geometry (see ESI† Fig. S9), which again suggests
that a more asymmetric anion geometry may preponderate at
the sample surface. This result also implies that the electron
detection geometry has a lesser effect on the extracted SU-to-
main peak ratios in the I 3d�1 XPS case, in comparison to the I
4d�1 spectra.

Considering the results of the XPS spectra calculations, the
SU-to-main I 3d�1 peak intensity ratio is determined to be
13.4% and 26.6% for the Lin and Bent structures, respectively.
Comparing the experimental and theoretical peak ratio results,
the Lin geometry result is again found to best match the bulk-
sensitive experiments, and a near-linear geometry of the ionised
aqueous solution is again suggested to preponderate in the
aqueous bulk. Note that the overall ionisation probabilities are
calculated to be near-equivalent at the Lin and Bent geometries,
similar to the I 4d�1 case, further suggesting that the underlying
geometric structural distribution of the anion is centred around
a bond-length asymmetric but near-linear geometry. In contrast
to the bulk-sensitive experiments, the surface-sensitive data
yields a higher SU-to-main peak intensity ratio, that lies between
those calculated for the Lin and Bent geometries. Based on this
observation and an assumption of similar relative 1h and 2h1e
ionisation cross-sections at 725 eV and 1175 eV, we tentatively
suggest that the I3

�
(aq.) anion adopts a more asymmetric, and

perhaps bent configuration, on average, at the aqueous inter-
face. Further assuming that similar bond length asymmetries
are maintained in the two regions of the aqueous solution, a
reduced interfacial bond angle would be consistent with our
and previous theory results,31,69 which highlight a minor sensi-
tivity of the I3

�
(aq.) anion 1h XPS peak positions to the bending

angle at fixed bond length asymmetries.
To summarise this section, the bulk- and surface-sensitive I

3d�1 I3
�

(aq.) spectra revealed similar electron energetics, with
significantly less spectral overlap of the ionisation features than
in the I 4d�1 ionisation data. All associated spectral features
were assigned via comparison with the spectral simulation
results. I-atom-specific 1h ionisation signatures dominate the
3d spectra, with 10–20% relative contributions from associated
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n - s* 2h1e SU ionisation channels. Comparison of the SU-to-
main peak ratios determined in the bulk- and surface-sensitive I
3d�1 experiments further suggests that the I3

�
(aq.) solute may be

significantly more asymmetric at the solution–gas–phase inter-
face than in the bulk. In agreement with the I 4d�1 results,
comparisons between the experimental and theoretical peak
intensities and energetics suggest that a near-linear, asymmetric
bond length I3

�
(aq.) anion geometry dominates in aqueous

solution, while bent geometric structures may also be sampled
to lesser degrees.

Reflections on the geometric structure of I3
�

(aq.)

In this section, we frame our findings and inferences from the
aqueous-phase XPS measurements and simulated spectra
within the context of the broader I3

� literature, with a particular
focus on the geometric structure of the aqueous triiodide anion
and whether there is more general support for an average,
asymmetric bond length but near-linear I3

�
(aq.) anion geometry.

We start by considering previously reported XPS results
recorded from I3

� in ethanol solutions,30,62 as discussed in
more detail in ESI† Section G. In comparison to water, an
ethanol solvent is expected to support less bond-length asym-
metric anions and tighter angular potentials, centred around
1801.31,50 To experimentally explore such anion structural dis-
tributions, we applied our XPS data fitting routines to the
ethanol I3

� XPS data of Josefsson et al.30 (I 4d�1) and Arbman
et al.62 (I 3d�1). Associated digitised ethanol solution data is
compared to our aqueous data in ESI† Fig. S15, with ethanol
solution spectral fits shown in ESI† Fig. S16. ESI† Fig. S15
highlights very similar XPS spectral profiles in aqueous and
ethanol solutions, with B�0.5 eV and B�1.0 eV relative
chemical shifts observed for the 4d�1 and 3d�1 spectra, respec-
tively. However, notable differences are observed in the SU-to-
main XPS peak intensity ratios extracted from such solutions. In
ethanol, reduced 4d�1 and 3d�1 ratios of just B5.3 � 0.8% and
B8.9 � 0.6% are respectively extracted, which can be compared
to respective aqueous ratios of 8.6 � 1.4% and 12.2 � 1.1%.
Hence, the SU-to-main XPS peak ratios and our cumulative
results support a significant decrease of I3

� solute symmetry
in going from an ethanol to aqueous solvent. Furthermore, the
extracted SU-to-main peak intensity ratios for the I 4d�1 core-
levels are found to be significantly lower than their I 3d�1

counterparts in both the aqueous and ethanol solutions. We
ascribe these differences to greater spectral overlap between the
single- and multi-active electron ionization features in the I
4d�1 data. Correspondingly, we suggest that the I 3d�1 experi-
ments and associated signal ratios more accurately reflect the
solute asymmetry and solvent-induced molecular structure
changes in going from an ethanol to an aqueous solvent.

Broadening our view of the solution-phase I3
� literature, we

consider the extended X-ray absorption fine structure (EXAFS)
results of Sakane et al.,29 who studied I3

� in ethanol and water,
amongst nine other solvents. There, reduced average I-atom
separations and increasingly broad bond-length distributions
were observed in going from aprotic, to ethanol, to methanol,
and aqueous solutions. These broadening distributions were

attributed to greater degrees of thermal motion, solvent
hydrogen-bond-acceptor capacity, anion bond-length asymme-
try, and partial charge-transfer from the anion to the solvent in
moving towards the aqueous solvent. These results and infer-
ences are fully consistent with the ethanol and aqueous
solution XPS results, particularly the observation of increased
I 4d and I 3d BEs in switching from an ethanol to aqueous
solvent. Notably, however, the room temperature, solution-
phase EXAFS experiments were not sensitive to longer range
scattering processes between the t and i I atoms, preventing
direct assessment of the equilibrium bond angle of the I3

�

anion electronic GS in alcoholic or aqueous solvents.
Resonance Raman studies also highlighted solvent-induced

symmetry breaking processes in ethanol and aqueous triiodide
solutions.46,87 As discussed in the preceding sections, a range of
theoretical studies have confirmed and explored the origins of
associated anion bond length asymmetries in ethanol and
water.31,50,54,88 However, there appears to be comparatively little
theoretical exploration of the I3

� anion bending coordinate and
equilibrium bond angle in these two solvents. The DFT simula-
tions of Kim et al.47 notably highlighted a bond-length asym-
metric and somewhat bent optimised I3

�
(aq.) geometric structure,

with a bond angle of 1721, upon explicit solvation with 32 water
molecules. The subsequent ab initio molecular dynamics calcula-
tions of Jena et al.31 highlighted increasingly broad bond-length
asymmetry and bond angle distributions in going from ethanol,
to methanol, and to aqueous solvents. In the aqueous-phase
calculations, trajectory averaged bond angles of 1701 were high-
lighted, with broad angular distributions centred around 1801, in
agreement with our calculations that also considered implicit
interactions of the solute and aqueous solvent.69 A wide range of
experiments have also been performed to study the photodisso-
ciation dynamics of I3

� in a number of different solvents,
including ethanol and water.38,49,56,60,89 Concerning a bent equi-
librium geometry of I3

� in protic solutions, the optical ultrafast
transient anisotropy experiments reported by Kühne and Vöhrin-
ger are particularly notable.38 Therein, upon resonant, polarised
excitation to the electronically excited C state of I3

� in ethanol,
signatures of the photoexcited and polarised I3

�, I2
�, and I�

species were recorded. The associated early-time analysis
assumed generation of a Boltzmann-like, rotationally-excited
product-state distribution. Due to a lack of knowledge of the
excited C state potential energy surface along the bond angle
coordinate, the authors interpreted the rotational product excita-
tion by assuming it was generated by a bent equilibrium geome-
try of the I3

� electronic GS. Follow-up work explored the
underlying physics potentially responsible for such a bent GS
geometry.53 Within this framework, and upon weighting the
early-time anisotropy signals by the assumed diatomic fragment
rotational distribution, a GS I3

� anion bond angle of 1531 was
inferred in ethanol.38 Interestingly, this bond angle is exactly that
determined by Kim et al.47 in their photoexcited I3

� aqueous
solution X-ray scattering experiments, which corresponds to the
angle implemented in our Bent geometry XPS simulations. How-
ever, it was also noted by Kühne and Vöhringer that their
anisotropy measurements are equally consistent with a linear

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
1/

20
22

 2
:0

0:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp05840a


15552 |  Phys. Chem. Chem. Phys., 2022, 24, 15540–15555 This journal is © the Owner Societies 2022

electronic GS and an electronically excited state with an aniso-
tropic bond angle potential.38

This leads us to the time-resolved X-ray solution scattering
results of Kim et al.,47 which purport to determine both a bond-
length asymmetric and bent GS equilibrium geometry of I3

� in
water and a linear, bond-length asymmetric geometry of I3

� in
methanol. Indeed, this pair of geometries were the respective
bases for the Bent and Lin geometries considered here to
produce our simulated XPS spectra, with our aqueous solution
experiment results being most consistent with the Lin geometry
simulations. The Kim et al. X-ray solution scattering experiments
were notably performed using an optical-pump-hard-X-ray-probe
methodology, which was used to isolate I3

� anion signals from
the predominant solvent scattering contributions. Therein, I3

�

anions in aqueous, methanol, and acetonitrile solvents were
resonantly electronically excited to the C state, leading to photo-
dissociation of the I3

� anion and generation of transient I2
� and

I� species, as well as vibrationally and likely electronically excited
I3
� anions.60 Scattering data recorded with the X-rays arriving

first (representing the non-optically-excited solution) were sub-
tracted from data recorded with the optical pulses arriving 100 ps
in advance of the X-rays. The corresponding difference spectrum
was then attributed to the scattered X-rays from any excited I3

�

anions, its photodecomposition products, and directly or indir-
ectly heated solvent molecules only. The difference spectra results
recorded from the three different solutions were interpreted
assuming that photodissociation and diatomic fragment cooling
occurs within 100 ps of excitation and that there is negligible
diatom-atom recombination within the interrogated pump-probe
time delay. However, significantly faster, sub-ps diatom-atom
recombination rates have since been reported in the I3

�
(aq.)

time-resolved electron diffraction experiments of Ledbetter
et al., with just 26 � 10% of the photofragments reported to
survive on a 10 ps timescale.60 In any regard, the X-ray scattering
results and associated data processing of Kim et al. led to the
Bent aqueous solution geometry, with the bond angle deter-
mined to be 1531 with a +271 and �131 bond angle uncertainty,
based on the reported atomic positions and uncertainties. That
is, the bond angle reported by Kim et al.47 is also consistent with
a linear geometry within the reported I-atom positional error
bounds. Furthermore, as discussed below, it can be argued that
the determined bond angle must actually be a property of the
excited aqueous I3

� anion distribution.
The data acquisition procedure used by Kim et al. to extract

the bent, bond-length asymmetric geometric structure of I3
�

(aq.)

is necessarily sensitive to electronically, vibrationally, and/or
chemically excited solute distributions rather than the equili-
brated, electronic GS distribution of the parent I3

� anion. That
is, the signature of the equilibrium, electronic GS structure of
I3
�

(aq.) was recorded at the aforementioned negative pump-
probe time delay and deliberately subtracted from the photo-
excited pump-probe data to produce the scattering images used
to recover the bent anion geometric structure. Considering this
data processing procedure and the wide error bounds asso-
ciated with the aqueous-phase geometric structural determina-
tion, we suggest that there is in fact rather limited evidence for

a particularly bent I3
�

(aq.) anion distribution under equilibrium
conditions. Indeed, all previous discussions of 1531 I3

� bond
angles in ethanol38 and aqueous47 solutions are associated with
experiments that resonantly electronically photoexcited the
triiodide anion to its dissociative C state. Considering the
caveats in the analysis of Kühne and Vöhringer,38 specifically
that their evidence for such a bond angle may alternatively be
ascribed to a bent electronically excited state, it can be argued
that the geometries determined in the pump-probe X-ray scat-
tering experiments of Kim et al. are associated with rovibra-
tionally excited fragment species held within a solvent cage
and/or recombined photoproducts formed in vibronically
excited states with bent average geometric structures, assuming
these species have lifetimes exceeding 100 ps.

Summarising our findings and the existing literature, a
consensus exists that the I3

� anion adopts a bond-length
asymmetric geometry in its electronic GS in protic solutions,
consistent with a broad range of experimental and theoretical
data. The situation regarding a bent GS equilibrium geometry
of the anion in protic solvents is far less clear. The XPS
observations reported here support an average near-linear I3

�

anion geometry in the bulk of an aqueous solution. Our UV-Vis
experimental and theoretical results, reported in ESI† Section
A, suggest a similar geometry dominates in the aqueous bulk.
As discussed above, notable ambiguities remain regarding
previous suggestions and reports that the I3

� anion has a bent
GS equilibrium geometry in ethanol and aqueous solutions. In
this sense, the I3

� anion results reported here are consistent
with the existing literature, while emphasising a number of
open questions regarding the molecular structure of this solute
in protic solvents. Indeed, while our results are consistent with
a bond-length-asymmetric, near-linear I3

�
(aq.) geometry, our

limited six-geometry anion distribution sampling cannot be
used to definitively discount a bond-length-asymmetric and
bent equilibrium molecular structure of I3

�
(aq.). More generally,

addressing the aforementioned ambiguities in the solvated I3
�

literature remains an important task for the interpretation of
ground and electronically excited state studies of the chemistry
of the triiodide anion, particularly as the geometries deter-
mined in the aforementioned pump-probe X-ray scattering
studies47 may be used as a basis to interpret further experi-
ments, for example, in this manuscript and elsewhere.60 High-
level electronic structure calculations, incorporating explicit
aqueous and ethanol solvation, may be implemented to accu-
rately define the GS potential energy surface of the solvated I3

�

anion. Coupled with finer sampling of nuclear coordinate space
to produce associated simulated spectra and/or scattering
patterns, such efforts can be expected to largely resolve the
uncertainties surrounding the I3

� GS equilibrium geometry.
Associated results may correspondingly be benchmarked
against existing infrared spectroscopy experiments85 and per-
haps more modern multi-dimensional variants,90–92 when
applied to the solvated I3

� system. Considering our suggestion
that more asymmetric electronic GS I3

� anion geometries may
dominate at the aqueous–gas–phase interface in comparison to
the aqueous bulk, similar potential energy surface calculations
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may be performed that explicitly address partial, interfacial
hydration and its effects on the anion molecular structure.
Subsequent spectral simulations, the XPS data reported here, and
perhaps additional interfacially-sensitive, sum-frequency genera-
tion vibrational spectroscopy experiments,93,94 could then be
utilised to garner a better understanding of the interfacial I3

�

molecular structure as well any differences in the anion’s chem-
istry at such interfaces, in comparison to the aqueous bulk.
Furthermore, the potential energy surfaces of the optically-
bright C and D electronically excited states of the I3

� anion in
protic solvents warrant further attention. An angular anisotropy
of the associated excited state electronic potentials are a possible,
but largely unexplored explanation for previous suggestions and
reports of bent anion geometric structures following UV photo-
excitation. Indeed, unambiguous interpretation of existing time-
resolved UV-Vis absorption,38,39,49,56,58,59,89,95,96 X-ray scattering,56

electron diffraction,60 and potential time-resolved XPS experi-
ments are reliant on such calculations and subsequent spectral
simulations.

Conclusions

In summary, we have reported bulk- and surface-sensitive
liquid-microjet-based PE spectroscopy experiments on I3

�
(aq.)

in combination with ab initio-based simulated XPS spectra that
implicitly considered the bulk, aqueous environment. The
valence XPS measurements revealed the lowest BEs of the
I3
�

(aq.) solute with respect to the vacuum level. Comparison of
the I3

�
(aq.) results with the simulated spectra revealed a relative

insensitivity of the the valence ionization features to the anion’s
geometric structure.

Core-level ionisation measurements were performed to gain
further insights into the molecular structure of the I3

�
(aq.)

solute. I 4d�1 XPS spectra were recorded over a broad spectral
range, without spectral overlap with counter-ion ionization
features. All I 4d�1 photoemission peaks were assigned, the
roles of multi-active-electron effects were elucidated via a
combination of experiment and theory, and a greater sensitivity
to the molecular structure was observed with respect to the
valence ionisation peaks. The I3

�
(aq.) I 4d�1 spectra yielded

relatively similar SU-to-main peak ionization feature signal
ratios in the solution bulk and at the gas–phase interface, with
significant ratio uncertainties. This was linked to the relatively
high I 4d�1 peak density, resulting SU-main-XPS-peak overlap,
and associated data fitting uncertainties and their effects on
the extracted peak intensity ratios. It was further determined
that significantly higher SU-to-main peak ratios occur for aqu-
eous solutions than ethanol solutions, supporting a greater
asymmetry of the aqueous anion.

In contrast to the I 4d�1 data, the atom-specific ionisation
features in the aqueous-solution I 3d�1 XPS spectra were
generally found to be better-resolved, allowing the relative
effects of the aqueous solvent on the I3

�
(aq.) geometric structure

to be better compared in different regions of the aqueous
solution, as well as to the bulk of an ethanol solvent. Notably,

the I 3d�1 data suggests more symmetric anion geometric
structures may preponderate in the aqueous bulk compared
to at the aqueous–gas–phase interface. In agreement with the I
4d�1 results, it was confirmed that significantly higher SU-to-
main peak ratios occur for the aqueous solutions than in the
ethanol solutions. More generally, our combined 5p-like
valence, 4d core, and 3d core electron shell data sets highlight
a clear benefit of probing molecular species in complex envir-
onments via deeper-lying core-levels. Here, the greater feature
separations afforded by the inner shell probes have demon-
strably provided a more differential molecular structural probe.

Solvent-induced effects on the molecular structure of I3
�

were interpreted with the aid of electronic structure calcula-
tions and spectral simulations. Through the joint analysis of
the experimental and theoretical results, it was suggested that
the I3

�
(aq.) anion predominantly adopts a near-linear geometry

in the bulk of an aqueous solution. Our results are also notably
consistent with bent geometries being sampled, albeit to a
lesser degree than near-linear ones. Upon critical analysis, such
a perspective is found to be fully consistent with the solution-
phase triiodide literature, particularly when the overall effects
of optical excitation pulses on I3

�
(aq.) anion solutions are

considered.
Most generally, our results highlight the influences of

electronic correlation and geometric structural effects on the
electronic spectra of aqueous-phase species and the ability to
resolve them using liquid jet XPS and associated electronic
structure theory and spectral simulations. By extension, in
dynamically-evolving, excited aqueous solutions, such effects
may still be isolable and time-resolved XPS experiments can
correspondingly be expected to contribute to an improved
understanding of electron-electron correlation phenomena in
condensed-phase chemical conversion processes. Indeed, the
experimental and theoretical results reported here have identi-
fied the relevant I3

�
(aq.) spectral features and the energy resolu-

tion needed to perform and interpret the results of such I3
�

(aq.)

UV-photodissociation experiments, as probed using the liquid-
jet time-resolved PE spectroscopy technique.
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