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The electronic structures of three zwitterionic liquids (Zw-IL) have been studied using high-level ab initio
method: equation-of-motion coupled-cluster (IP-EOM-CCSD) method. This method was found to match
experimental UV photoelectron spectrum (UPS) of related N-methylimidazole better than Outer-valence
Green’s Function (OVGF) method or Symmetry Adapted Cluster-Configuration Interaction (SAC-CI)
method. Zw-IL gas phase photoelectron spectra have been simulated in the valence ionization regions
based on the vertical ionization energies calculated. Valence ionizations have been attributed to specific
molecular orbitals to specific functional groups The calculated electronic structures and valence ioniza-
tion energies of Zw-ILs can be related to their polarizability which in turn influences the AC conductivity.
AC conductivity is one of the principal properties of Zw-ILs which makes them very useful as electrolyte
materials in lithium ion batteries or electric capacitors.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Zwitterionic liquids (ZW-IL) are similar to the well-known
aprotic ionic liquids (IL), but with cation and anion tethered within
the same molecule. Zw-ILs have many potential applications due to
their low vapor pressure, high AC bulk ionic conductivity and
easily modified physical properties [1–3]. The structure of Zw-ILs
is such that the ions cannot migrate along the electric field like
in conventional ionic liquids. Therefore Zw-ILs have low DC, but
high AC bulk ionic conductivity. Zw-ILs are good at suppressing
long range ion migration in DC devices which use ILs as elec-
trolytes. The Zw-IL applications include their use as environmen-
tally benign solvents or as electrolytes for lithium ion batteries,
fuel cells, solar cells or capacitors.

The electronic structure of Zw-ILs is of interest because of their
unusual structure and properties. The method of gas-phase photo-
electron spectroscopy (UPS) is one of the best available to study
electronic structure of molecules and ions [4]. However, in many
cases it is not possible to measure UPS spectra because the desired
species cannot be obtained in the gas phase as free molecules since
the substance studied is involatile or may undergo thermal decom-
position at temperatures which are required for sample vaporiza-
tion. A possible alternative is computational simulation of the
spectra using high-level quantum chemical methods. This compu-
tational approach has been recently applied successfully to the
zwitterion of amino-acid betaine [5]. In this work we report simu-
lated, gas-phase photoelectron spectra of three Zw-ILs (Scheme 1).
2. Theoretical methodology

The molecular geometries of three Zw-ILs were fully optimized
at xB97XD/6-311G(d,p) level using Gaussian G16 software [6]. No
imaginary frequencies were found indicating that optimized
geometries were true minima on potential energy surfaces. The
UV photoelectron spectra (UPS) were then simulated using high-
level equation-of-motion coupled-cluster (IP-EOM-CCSD) method
[7] and optimized geometries. This method was tested on a set of
155 molecules and shown to be a method of choice for calculating
vertical ionization energies. Furthermore, the comparison of three
methods: SAC-CI [8], OVGF [9] and IP-EOM-CCSD vs. experimental
UPS spectrum of N-methylimidazole has shown (Fig. S1 in Supple-
mentary materials) that spectra simulated by IP-EOM-CCSD
method match experimental spectrum [10] best. Nevertheless,
OVGF results have been included as well in the Table S1 (Supple-
mentary materials). SAC-CI simulated spectrum showed poor
match with the experimental N-methylimidazole spectrum there-
fore SAC-CI method was not used in the simulation of UPS of Zw-
ILs.

The IP-EOM-CCSD method is implemented in ORCA 5 ab initio
software package [11]. The basis sets used were of aug-cc-pVDZ
quality and were shown to be satisfactory for the level of compu-
tational methods used [7,9]. The optimized geometries, vertical
valence ionization energies and molecular orbital shapes (MOs)
are given in Supplementary material. The bands in the spectra
were simulated using Gaussian band shapes [5,12] and the super-
imposed profiles drawn using Mathematica software resulting in
spectra in Figs. 2–4.
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Scheme 1. Structures of three zwitterionic liquids A-C studied in this work.
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The molecular structures of A-C in the solid state have been
reported [13–15] and these geometries have been used as starting
points during full geometry optimization. An interesting observa-
tion regarding C is shown in Fig. 1. The molecular structure of C
in the solid state is considerably different from the structure of
the free molecule. In the free molecule the two oppositely charged
moieties (sulfonate and imidazolium) are closer to each other than
in the solid state. The presence of attractive electrostatic interac-
tions in the free molecule predominates while in the solid state
the crystal packing forces govern the observed molecular structure.
Fig. 1. Geometries of Zw-IL C in the solid s

Fig. 2. Simulated UV photoelectron spe
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This observation can be related to the reported difference in inter-
mediate range ordering in Zw-ILs compared to ILs [1]. The former
substances were shown to be subject to nano-domain aggregation
while the latter form hydrogen-bonding networks [1].

3. Results and discussion

The simulated spectra of A-C are shown in Figs. 2–4 and calcu-
lated vertical, valence ionization energies are given in Table S1 of
the Supplementary material.
tate (left) and in the gas-phase (right).

ctrum of A in the region 8–15 eV.
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The UPS of A shows four bands at approximately 9, 10, 11 and
13.5 eV (Fig. 2). The first band has three times the intensity of other
bandsandcorresponds to ionizationof threer-orbitalswhichcanbe
described as linear combinations of oxygen lone pairs on negatively
charged carboxylatemoiety. The second and third bands correspond
to ionizations of p-orbitals localized on positively charged imida-
zoliummoiety. The fourthbandcorresponds to ionization fromorbi-
tal of p-symmetry localized on the carboxylate group. The two p-
orbitals in N-methylimidazole which can be considered as neutral
analogue of positively charged imidazolium moiety in A, have ion-
ization energies of 8.69 and 9.75 eV [10]. In A the corresponding p-
ionization energies are much higher at 9.96 and 11.00 eV which is
due to the positive charge of imidazolium moiety.

The UPS of B shows several bands with low ionization energies
in the region 7–10 eV. Figures of MO shapes given in Supplemen-
tary material indicate that they correspond to various linear com-
Fig. 3. Simulated UV photoelectron spe

Fig. 4. Simulated UV photoelectron spe
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binations of oxygen localized, lone pair orbitals on sulfonate group
(SO3

- ). The bands with ionization energies above 12 eV correspond
to r-orbitals of alkyl groups.

The UPS of C can be understood by noting that C has two com-
posite molecular blocks, each part comprising positively charged
imidazolium and negatively charged sulfonate moieties.

The bands in the 8–12 eV region in spectrum of C correspond
to ionization of orbitals localized on sulfonate groups with excep-
tion of the shoulder at around 10 eV. The shoulder band corre-
sponds to ionizations of electrons from p-orbitals localized on
imidazolium ring as shown in Supplementary material. The ion-
ization energies of these p-orbitals (two per each imidazolium
moiety) are at 10.13 &10.18 and 10.93 & 11.07 eV, respectively
which is again higher than in neutral imidazole analogue. This
can again be attributed to positive charge on the imidazolium
moiety.
ctrum of B in the region 6–15 eV.

ctrum of C in the region 7–14 eV.



Scheme 2. Zw-ILs with measured AC conductivities.
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What is a possible use of this knowledge of the electronic struc-
ture Zw-ILs? It is known that the AC ionic conductivity can be
related to polarizability of ionic liquids [16]. The higher the polar-
izability of charged moieties in Zw-IL the larger its AC conductivity
shall be. Furthermore, there exists an inverse relationship between
local ionization energy and polarizability [17] i.e. the higher the
ionization energy the lower the polarizability. Our results show
that ionization energy of negatively charged carboxylate moiety
is larger than for negatively charged sulfonate moiety. We suggest
therefore that the Zw-IL with the highest potential AC conductivity
amongst the three Zw-ILs studied here is substance B. An example
which supports the relationship between ionic conductivity and
polarizability concerns two Zw-ILs (in Scheme 2) whose measured
ionic conductivities are 1.8*10-5 and 6.1*10-5 S/cm, for D and E,
respectively [2]. The sulfonate Zw-IL can be expected (on the basis
of our results) to have lower ionization energy and therefore higher
AC conductivity.

The reason why polarizability is one of the factors influencing
AC ionic conductivity can be attributed to the importance of ion–
dipole interactions between alkali metal salts and zwitterionic liq-
uids in materials which are used as electrolytes in various
applications.

4. Conclusions

In this work we have described the electronic structures of
three, free zwitterions which comprise components of zwitterion
liquids. The electronic structures we studied based on calculated
valence vertical ionization energies which were then represented
as corresponding UV photoelectron spectra.

Natural bond orbital (NBO) analysis carried out for Zw-IL A-C
(Scheme S1, Supplementary materials) shows transferability of
atomic charges on heteroatoms e.g. in A and C atomic partial
charges on nitrogen are almost the same. The same applies to nearly
equal charges attributed to sulfur and oxygen atoms of B and C. The
molecular structure of A in the gas phase was found to be planar
unlike in the solid where carboxylate group is distorted by 290 from
the ring plane [13]. The consequence of the distortion is that ioniza-
tion energies of bands associated with orbitals of COO– group are
higher in A (8.74, 8.84, 8.98 eV) than in betaine zwitterion (8.21,
8.38, 8.57 eV) [5]. This is due to the increased conjugative/reso-
nance interaction between COO– group and imidazolium ring.

The calculated electronic structures and valence ionization ener-
gies of Zw-ILs can be related to their polarizability which in turn
influences the AC conductivity. AC conductivity is one of the princi-
pal properties of Zw-ILs which makes them very useful as elec-
trolyte materials in lithium ion batteries or electric capacitors [18].
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