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ABSTRACT

The valence bands of [EMIM][TFSI], [DEME][TFSI] and [PYR14][TFSI] gas-phase ion pairs have been
investigated using ultraviolet photoelectron spectroscopy (UPS). The photoelectron spectra are
interpreted by using several density functional and ab initio calculation methods. Although the
experimental vapor phase spectra are similar, the different calculation methods make different
predictions about the HOMO molecular state of the ion-pairs of the ionic liquids. The HOMO state of
the [DEME][TFSI] ion-pair is due to the TFSI anion, while in [EMIM][TFSI] it is due to the EMIM
cation. However, it is difficult to make conclusive assignments for the [PYR14][TFSI] ionic liquid. All
calculation methods predict the LUMO to be of cationic origin in all the studied ion-pairs.

Introduction

lonic liquids (ILs) are generally defined as molten organic salts with a melting point below 100 °C.
These compounds have attracted high interest because of their uncommon physicochemical properties
such as low melting temperatures, excellent solvation ability, relatively high thermal stability, low vapor
pressure, non-flammability, high electrochemical stability etc. [1, 2]. Synthesizing a vast number of
different ILs is possible with the selection of many available anions and cations. One important
application for ionic liquids is as an electrolyte in electrochemical double-layer capacitors (EDLCs), or
supercapacitors [3]. In that application, the ionic conductivity and the width of the electrochemical

stability window are the most important properties of ILs.



The three ILs under investigation in the present work are: [PYR14][TFSI] (1-Butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide), [DEME][TFSI]  (diethylmethyl  (2-
methoxyethyl)ammonium  bis(trifluoromethylsulfonyl)imide) and [EMIM][TFSI] (1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide) (see structures in Figure 1.). We use the simplest
notation for the ILs, which is based on the cations and anions: [CATION][ANION]. [PYR14][TFSI] and
[DEME][TFSI] are promising ILs for EDLCs [4, 5], [EMIM][TFSI] has already shown good properties
in EDLC, including low cost and high cyclability.

In the first approximation, the electrochemical stability window (EW) of ILs is determined by the
HOMO and LUMO energies of the ion-pairs they consist of [6-8]. The upper end of the electrochemical
window is usually limited by the oxidation of the anion, and the lower end of the electrochemical
window is determined by the reduction of the cation [9]. Ilawe et al. also claimed that the HOMO-
LUMO gap of the ion-pairs is an indicator of IL stability [10]. Lian et al. claimed that the cathodic and
anodic limits can be reasonably estimated from the relation V¢=max(LUMOcation ,LUMOuznion),
Va=min(HOMOcation ,HOMOanion), Where the energies of the individual cations and anions (in vacuum)
are used [11]. Very recently, they claimed that this energy gap approximation to the EW calculation has
already been verified [12]. Using the ®B97X-D functional for the calculations, they calculated the EWs
of [EMIM][TFSI] and [PYR14][TFSI] to be about 3.6V and 4.2V respectively. However, Peljo and
Girault claim that these kinds of ion-pair approximations to the EW should be discarded completely
[13]. We concur with Peljo and Girault in that the HOMO, LUMO approximation to the EW may fail,
but believe that to make comparisons between similar ILs, the approximation may give some insights.
Due to the high importance, we will try to deduce the origin of the HOMO and LUMO states in the

vapor of these ionic liquids.

Using similar experimental methods we have previously investigated the valence band photoelectron
spectra of simple molecules like CsCl [14] and rubidium halides [15]. Gas phase experiments on ILs are
possible, despite the fact that ionic liquids have very low vapor pressures [2, 16]. We have previously
used UPS spectroscopy and ab initio calculations for the study of [EMIM][BF.] in both vapor and liquid

phase [17, 18] and for trimesic acid molecules [19].

To the best of our knowledge, this is the first presentation of the vapor phase UPS spectra of two TFSI
based ionic liquids: [DEME][TFSI] and [PYR14][TFSI]. Liquid phase UPS spectra of these ILs are also
not yet available, but there are some theoretical works about [PYR14][TFSI] [20-22]. The UPS spectrum
of gas-phase [EMIM][TFSI] has already been published by Strasser et al. [23]. Their and our
independently measured spectra are highly similar, thus confirming their correctness. The UPS spectrum

of liquid [EMIM][TFSI] has already been published by several groups [24-29] The liquid and gas-phase



spectra of [EMIM][TFSI] are qualitatively highly similar. However, there is quite a substantial shift in
binding energy between the corresponding features in the liquid and gas phase spectra.

Experimental

For the gas-phase experiments [EMIM][TFSI] (purity > 98%), [PYR14][TFSI] (purity > 98.0%) and
[DEME][TFSI] (purity > 98.5%) were purchased from Sigma Aldrich. Gas-phase experiments were
carried out by evaporating the liquid from a quartz crucible of an effusion cell (MBE Komponeten
NTEZ-40-10-22). After inserting the IL into the effusion cell, heating of IL at 80 °C for several hours
was performed to remove residual water from the chemical. However, there are still traces of water
vapor visible in the spectra of [PYR14][TFSI] and [DEME][TFSI] (the peak at 12.6 eV, between the
peaks C and D). The ILs themselves were evaporated at 220-240 °C.

The UPS measurements of gas-phase IL-s were carried out at the new FinEstBeAMS beamline of the
MAX-IV 1.5 GeV storage ring (Lund, Sweden) [30, 31]. The beamline covers the excitation photon
energy range from 4.5 eV to about 1300 eV. The beamline is equipped with a collimating grazing
incidence plane grating monochromator and toroidal focusing mirrors. The 92 mm/I grating was used in
the present work. UPS spectra were obtained using an electron energy analyzer (SCIENTA R-4000) in
the fixed analyzer transmission mode with the pass energy of 20 eV (low pass regime). UPS
measurements were carried out in 107 mbar pressure range with a liquid nitrogen cooled cold trap. UPS
spectra were measured with an excitation energy 40 eV ([EMIM and PYRi.][TFSI]) or 50 eV
(IDEME][TFSI]). Binding energies were calibrated to the Ar 3ps. (15.76 eV) photoelectron lines [32].
Argon was intentionally dosed into the analysis chamber for energy calibration purpose during some

measurements. The Ar 2p photoelectron line was substracted from the raw [EMIM][TFSI] spectrum.

DFT and ab initio Mgller—Plesset perturbation theory (MP2) calculations were performed using Spartan
14 software [33]. The standard BLYP functional and the hybrid functionals B3LYP, M06 and ®B97X-
D [34] were used. The gaussian basis set 6-311++G** (basis set with d,p-polarization and diffuse
functions) was used for the BLYP, B3LYP and M06 functionals. Due to the high computational cost of
the 6-311++G** basis set, the gaussian basis set 6-311 has been used for the MP2 calculations. In case
of the ®wB97X-D functional, the 6-311++G** basis set has been used for [EMIM][TFSI] and
[PYR14][TFSI] ion-pairs and the 6-311+G** basis set has been used for the [DEME][TFSI]. The 6-
311++G** and the 6-311+G** basis sets are expected to produce almost identical results. Many
different ion-pair conformers were manually constructed. Each geometry was optimized (relaxed) for
lowest energy. For example, 17 different conformers were studied for [DEME][TFSI]. The density of

states (DOS) type spectra shown in Fig. 2 were obtained by convoluting the calculated discrete states



with a Gaussian function (0.7 eV full width at half maximum) under the assumption that the electron
emission intensities from each orbital are the same. In case of the MP2 calculations, the energy scale
was compressed to 85%. The calculated DOS was shifted to align the peaks and make comparison
between the experimental spectra and the simulated DOS easier. The shifts used were 0.5 eV, 0.3 eV
and 2.0 eV, for the MP2, ®B97X-D and MO06 functionals, respectively.

Results and Discussion

The UPS spectra of [EMIM][TFSI], [DEME][TFSI] and [PYR14][TFSI] are shown in Fig. 2. 12 different
photoelectron peaks labeled A to J were distinguished by fitting the experimental UPS spectra (see Fig.
2). These peaks do not represent distinct states, but are used just for labelling and referring to the
experimental spectra. When the comparison between our vapor phase [EMIM][TFSI] UPS spectrum
and the liquid phase XPS spectrum of Ikari et al. or Kurisaki et al. is made, the biggest difference is the

lack of the inelastic scattering background and less broadening in our gas-phase spectrum [24, 25].
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Figure 1. From left to right: predicted structures of [DEME][TFSI] , [PYR14][TFSI] and
[EMIM][TFSI] gas-phase ion pairs. The different bonds are shown using different colors: gray
(hydrogen), black (carbon), blue (nitrogen), red (oxygen), green (fluorine) and yellow (sulfur).
The structures have been optimized using the hybrid ®B97X-D functional.

There are three clearly separable regions in all spectra: peaks A-C, peaks E and F and peak H. The
peaks E and F are the strongest peaks in all cases. The intensity of peak F (compared to peak E) varies
somewhat between the three ILs. However, the biggest difference between the spectra of the three IL
vapors is in the intensity of the peak D. It is strong in [PYR1,4][TFSI] and weak in [EMIM][TFSI], when
compared to [DEME][TFSI], which is in-between the two. The intensity ratio between peaks B and C

also varies between the three ILs. This variation is even stronger in the theoretically simulated DOS type



spectra. The peak C is stronger than the peak B in the spectrum of [EMIM][TFSI], while the opposite is
true in [DEME][TFSI]. In case of [PYR14][TFSI], the peaks are almost of equal intensity.

However, when discussing intensities, it is important to remember that the intensity of photoemission
does not depend on the density of states only [35] but also on the experimental geometry, electron
analyzer transmission function, incident photon energy and photoemission cross sections among other
parameters. For example, the peaks | and J are more intense when higher excitation photon energy is
used [24, 25].

Next the calculation results will be discussed. The choice of a calculation method for ionic liquid ion-
pairs is not trivial [17, 36]. Although wavefunction based methods can be highly accurate and are mostly
parameter-free, they tend to be computationally too expensive for larger systems. It would be beneficial

to employ Kohn-Sham density functional theory calculation methods.
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Fig. 2. Side-by-side comparison of experimental and calculated spectra with the depiction of the
cation as inset. a) and d) [DEME][TFSI], b) and e) [PYR14][TFSI], c) and f) [EMIM][TFSI]. All
simulated DOS type spectra have been calculated using the hybrid ®B97X-D functional.

The MP2 method is a proven ab initio calculation method. In the case of [EMIM][BF.] ion-pairs, only
the MP2 calculation described the HOMO level correctly [17]. Similarly, in the case of
[EMIM][B(CN)4] IL, again only the MP2 ion-pair approximation was able to describe the top of the
valence band [37] . However, in case of the ionic liquids with the TFSI anions studied here, the MP2
calculated DOS of the [EMIM or PYR14][TFSI] ILs has a too big separation of the HOMO level from
the other orbitals. Like in many other cases, where calculations based on the Hartree-Fock method are

used, the energy scale of the MP2 calculation needs to be compressed by about 15% to match the



experiment [38]. The DOS calculated by the MP2 method was qualitatively correct, but there were also

some other small disagreements with experimental spectra.

Yildirim et al. claimed that the hybrid functionals likely predict a more accurate picture for the
[EMIM][BF.] ion-pair than the standard GGA functionals. Indeed, hybrid functionals tend to perform
better than the non-hybrid ones, but are also computationally more expensive. For example, the non-
hybrid functional BLYP offers poor description of the electronic structure of [DEME][TFSI]. The hybrid
functionals B3LYP, M06 and ®B97X-D were evaluated. The B3LYP functional is clearly inferior to
the M06 and ®B97X-D functionals. Similarly to its nonhybrid cousin (BLYP), the energy scale does
not match the experiment and there are some serious shortcomings in the description of the
[DEME][TFSI] UPS spectrum.

The M06 and ®B97X-D functionals, however, are similar and offer overall excellent description of the
[EMIM or PYR14][TFSI] ion-pair UPS spectra. For these ILs, the simulated DOS is not very sensitive
to the underlying structure as different conformers have similar simulated DOS. In addition, there is no
need for energy scale adjustment other than a constant shift. This is surprising, since in most other cases,
the energy scale would benefit from compressing in the case of ion-pair calculations [17, 18] or
stretching when bulk calculations are performed [37] . The M06 functional needed a 2.0 eV shift and
the ®B97X-D functional only needed a 0.3 eV shift to match the experiment. This excellent performance
of the ®B97X-D functional is not surprising, since it is close to the absolute best in the benchmark
studies [39]. llawe et al. also found that the ®B97X-D functional is superior to M06-2X and B3LYP
[10]. Lian et al. also used the ®B97X-D functional and claimed that it is quantitatively accurate for

predicting the electronic properties of individual ions in vacuum [11].

The description of the [DEME][TFSI] ion-pair is the most challenging for theory. For example, the
B3LYP functional has the intensity of the main peaks (E and F) reversed. Also, the low binding energy
part of the spectrum (peaks A-D) is very sensitive on the ion-pair structure. The structure shown in Fig.
1 represents the conformer whose calculated electronic structure agrees best with the experimental UPS
spectrum. Still, the intensity of the peak D is substantially overestimated. It is also important to point
out that neither the experimental nor the theoretical spectra may represent the lowest energy conformer,
since the evaporation temperature was about 500K. Reinmdller et al. showed that in the case of
[EMIM][TESI], the different conformers have minor influence on the reconstructed XPS valence band
spectrum and the HOMO.

According to Yildirim et al., the HOMO of [PYR14][TFSI] is dominated by the TFSI anion, while the
LUMO is due to the PYR14 cation. Indeed, our ®B97X-D calculation confirms this result. The largest
contribution to the HOMO level comes from the N and O atoms of the TFSI anion, which is also exactly
what Yildirim et al. found for [PYR14][TFSI] [20].



Our MO06 ion-pair calculation predicts a HOMO-LUMO gap of 4.88 eV, 6.00 eV and 6.19 eV for [PYR14
, DEME, EMIM][TFSI], respectively. Yildirim et al. [20] calculated the HOMO-LUMO gap of
[PYR14][TFSI] to be about 6.03 eV using the hybrid HSEOQ6 functional. This gap estimate is probably
closer to reality than our M06 estimate, since for the [EMIM][BF4] IL, the HSEO6 functional predicts a
gap very close to the experimental value, while the M06 functional underestimates it somewhat [17, 20].

As stated above, it is possible to relate the HOMO-LUMO gaps of the IL ion-pairs to their liquid phase
electrochemical windows [11]. From our calculated HOMO-LUMO gaps, it would seem that EMIM is
the most electrochemically stable cation, followed by DEME and PYR14. However, Mousavi et al.
pointed out that aromatic cations generally have lower LUMO energy levels, which makes them more
susceptible to reduction [3] . This would imply on the contrary, that [DEME][TFSI] should be the most
electrochemically stable. Indeed, experimentally DEME is somewhat more stable than PYR1 4 (by about
0.3 V,[3]) and they are both significantly more stable than EMIM (by about 1 V or more) [3]. Haskins
et al. claimed that [PYR14][TFSI] has a 1 V wider EW than [EMIM][BF4] [22]. Matsumoto et al. have
also demonstrated high cationic stabilities of about -3.4 V vs Fc/Fc+ for [N1113] [TFSI] and [Nssss][TFSI],
which are similar ILs to [DEME][TFSI].

Since the anion is the same for all ILs studied here, the differences in the widths of the electrochemical
windows must be due to the cations. The shoulder to the A peak extends to about 8.7 eV binding energy
in all three spectra. However, some of the [PYR14][TFSI] UPS spectra have an unexplainable low
intensity low binding energy tail that extends by about 1 eV to even lower energies than the main
shoulder to the peak A (i.e it extends to 7.7 eV). It will be ignored in the following discussion and
further study on the origin of this tail will be conducted in the near future. Therefore, all three ILs have
a similar low binding energy region (the shoulder to the peak A), thus suggesting initially that the
HOMO level of the ILs is due to the TFSI anion.

To gain further insights into the nature of the HOMO state, results from the theoretical calculations need
to be discussed. The failure of DFT to describe the HOMO states of [EMIM][BF4 or B(CN)4] [17, 18,
37] (and possibly the similar PYRy4 cations) is already known. Most DFT functionals predict the
HOMO to be associated with the anion, while in the case of [EMIM][TFSI] (and possibly
[PYR14][TFSI]) ion-pairs, it is due to the n-states of the (aromatic) imidazolium (or pyrrolidinium) ring.
Both the ®B97X-D and MO06 functionals predict the HOMO of [PYR14][TFSI] to be localized on the
anion. However, for [EMIM][TFSI] they predict the HOMO to be associated with both the cation and
the anion. This so-called mixed assignment is very interesting and it puts the hybrid M06 and ©B97X-
D functionals in-between the MP2 (see discussion below) and the standard DFT functionals. For
example, the standard DFT functional BLYP predicts the HOMO level of [EMIM][TFSI] to be localized

on the anion.



In contrast, the MP2 calculation predicts the HOMO of [PYR14 or EMIM][TFSI] ion-pairs to be due to
the aromatic ring of the cation. The MP2 calculation predicts the HOMO state of [DEME][TFSI] to be
associated with the TFSI anion. Therefore, in case of [DEME][TFSI], all calculation methods predict
the HOMO to be localized on the anion. Similarly to the DFT functionals, the MP2 calculation also
predicts the LUMO to be of cationic origin in all ((DEME or EMIM or PYR14][TFSI]) ion-pairs.

Finally, it is important to point out the ion-pair approximation when comparing the electronic structure
of ion-pairs and the liquid phase. The ion-pair approximation assumes that the electronic structure of
the ionic liquid is similar to the ion-pairs it consists of. The ion-pair approximation seems to hold for
[EMIM][TFSI] [29] but may not be valid for [PYR14 or DEME][TFSI], a situation similar to
[EMIM][BF4 or B(CN).] [18, 37]. Therefore care should be taken when extrapolating results from these
gas phase measurements and calculations to the liquid phase.

Conclusions

Gas-phase ion-pairs of [EMIM][TFSI], [DEME][TFSI] and [PYR14][TFSI] were investigated using
valence band photoemission. Although their electronic spectra are similar in their overall shape, the
spectral region around 12 eV (peaks B-D) was sufficiently different. The DFT calculation using the
®B97X-D functional was able to reproduce most of the spectral features. All calculation methods also
predict the LUMO to be of cationic origin in all ((DEMEJEMIM|PYR4][TFSI]) ion-pairs. However
the HOMO level of all three ILs needs to be discussed separately.

In the case of [DEME][TFSI] all calculation methods agree that the HOMO state of the ion-pair is due
to the anion. [DEME][TFSI] is also the most electrochemically stable IL experimentally. [EMIM][TFSI]
is electrochemically the least stable of the three ILs studied here and only for this ion-pair the hybrid
DFT functionals predict that the HOMO state also involves the r-orbitals of the EMIM cation.

In the case of [PYR14][TFSI] vapor, the DOS calculated by the hybrid DFT functionals M06 and
®B97X-D agrees with the experimental UPS spectra better than the MP2 calculated DOS. This seems
to validate the hybrid DFT calculation, which predicts that the HOMO of the [PYR14][TFSI] vapor is
due to the TFSI anion. On the other hand, the aromatic cations have smaller experimental
electrochemical stabilities and their HOMO should be due the cation, as predicted by the MP2
calculation. Therefore, the description of the electronic structure of the [PYR14][TFSI] ion-pairs is not
conclusive. As mentioned before, Lian et al. predicted that the PYR1 4 cation is more electrochemically
stable than the EMIM cation [12].

It is also important to point out that the HOMO-LUMO gaps predicted by the hybrid M06 functional are

reversed when compared to the experimental electrochemical stabilities. For example, the IL whose ion-



pairs have the largest calculated HOMO-LUMO gap ([EMIM][TFSI]) is actually electrochemically the
least stable. This seems to verify the claim that the HOMO-LUMO gaps from the calculation should not
be blindly used to make conclusions about the anodic or cathodic stabilities.

Therefore, further study of the liquid phase electronic structure and the excited states of the ion-pairs of

these ILs is necessary to make final conclusions.
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