NEXAFS spectroscopy of ionic liquids: experiments versus calculations
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Abstract

Experimental near edge X—ray absorption fine structure (NEXAFS) spectra are reported for
12 ionic liquids (ILs) encompassing a range of chemical structures for both the sulfur 1s and
nitrogen 1s edges and compared with time—dependent density functional theory (TD-DFT)
calculations. The energy scales for the experimental data were carefully calibrated against
literature data. Gas phase calculations were performed on lone ions, ion pairs and ion pair
dimers, with a wide range of ion pair conformers considered. For the first time, it is
demonstrated that TD-DFT is a suitable method for simulating NEXAFS spectra of ILs,
although the number of ions included in the calculations and their conformations are
important considerations. For most of the ILs studied, calculations on lone ions in the gas
phase were sufficient to successfully reproduce the experimental NEXAFS spectra.
However, for certain ILs — for example, those containing a protic ammonium cation —
calculations on ion pairs were required to obtain a good agreement with experimental
spectra. Furthermore, significant conformational dependence was observed for the protic
ammonium ILs, providing insight into the predominant liquid phase cation—anion interactions.
Among the 12 investigated ILs, we find that four have an excited state that is delocalised
across both the cation and the anion, which has implications for any process that depends
upon the excited state, for example, radiolysis. Considering the collective experimental and
theoretical data, we recommend that ion pairs should be the minimum number of ions used
for the calculations of NEXAFS spectra of ILs.

1. Introduction

lonic liquids (ILs) are liquids composed entirely of mobile ions. There is an essentially
inexhaustible number of potential ILs and, considering the broad range of physicochemical
properties attainable by combining different cations and anions, the overarching
characteristics of ILs are difficult to pinpoint. IL-based systems have the potential to affect a
wide array of energy technologies:! electrochemical applications (such as supercapacitors,
fuel cells, photoelectrochemical cells and batteries),> nuclear fuel processing,?
deconstruction of lignocellulosic biomass,* and gas separation/capture/storage®. Knowledge
of liquid phase electronic structure, and therefore reactivity, is crucial in order to understand
the chemical processes that underpin these applications. In particular, the excited states of
IL-based systems contribute significantly to many areas, including chemical reactivity (e.qg.
reduction reactions),®® the electrochemical window,*!* and radiolysis'>?!. However, IL
excited states have been studied far less than IL ground states,?? due to the greater
experimental and computational challenges.
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Near edge X-ray absorption fine structure (NEXAFS) spectroscopy is an element— and site—
specific technique that can be applied to all elements (other than H and He) and is used to
investigate the electronic properties of materials, in particular the excited states.?% The
specificity of NEXAFS spectroscopy renders it an attractive technique for investigating
elements that are essentially silent by NMR spectroscopy, for example, sulfur.?62° NEXAFS
spectroscopy involves the study of the absorption of an X-ray photon by the element of
interest, leading to promotion of an electron from a core orbital to a previously unoccupied
molecular orbital (UMO). Absorption is generally indirectly monitored by measurement of
either the fluorescence yield (FY) or the electron yield (EY), e.g. partial EY (PEY).2® FY and
PEY can provide subtly different measures of absorption, as the physical processes
following core-hole creation are different.3* 31 EY detection requires ultrahigh vacuum
(UHV) conditions for the detector and therefore, with the notable exception of rare specialist
apparatus,? 3 3! excludes the study of molecular liquids using soft X-rays. However, ILs
are sufficiently non—volatile that standard soft X—ray apparatus can be used to study the
liguid phase at room temperature.?? 32

To date, experimental NEXAFS spectroscopy of ILs has focused almost exclusively on
aprotic dialkylimidazolium-based ILs ([CnC1lm]*),3342 primarily at the N 1s edge**“°. For ILs,
other edges that have been studied in the soft X—ray regime include Cl 2p,3” O 1s,*” F 15337
and C 1s,%® and in the tender X-ray regime (1.5 keV < hv< 5 keV) S 1s.%” % |Ls studied at
the N 1s edge have mainly contained nitrogen in the cation and not the anion ([C4+C1Im]ClI,
[C4Cilm]Br, [CaCilm]l, [CaCilm][BF4] and [CsCilm][PFe]). One exception to this is
[C4C1IM][NTT,], where [NTf,]” is the bis[(trifluoromethane)sulfonyllimide ion. A peak arising
from an N 1s — 2pzn* transition was identified at hv ~401.9 eV for all six of the [C,CiIm]*—
based ILs listed above;®* 340 as two of these samples were solids, the NEXAFS data is of
limited value for understanding the properties of the liquid state. For [C4C1Im][NTf;], no clear
peak arising from the [NTf,]~ anion was identified.®"*® Protic samples that are structurally
very similar to the dialkylimidazolium-based ILs listed above have also been studied using
NEXAFS spectroscopy, although both [C1Colm]Cl and [C1Colm][NTT,] (where Co represents a
proton attached to a nitrogen atom to give N—H) are solids.*’

Calculated NEXAFS spectra can play an important part in the interpretation of experimental
spectra and can provide significantly greater insight than that available from experiments
alone. When simulating NEXAFS spectra for ILs, at least two important questions must be
addressed. The first relates to the choice of the computational method: what is the most
appropriate method to use? The second concerns the structure: what is the optimum model
system to use, e.g. an ion pair, and what is the role of conformation? The answers to these
guestions will be dependent, at least in part, on the level of accuracy that can be achieved at
a practical computational cost.

NEXAFS spectra are commonly calculated using the transition—potential density functional
theory (TP-DFT)* method. In this approach, the orbital binding energy is calculated as the
derivative of the total energy with respect to the orbital occupation number. To account for
orbital relaxation, the energy is approximated by the derivative at the point corresponding to
an occupation of one half. Formally, this corresponds to a core orbital with half an electron
removed, capturing a balance between the final and initial states. A potentially more
accurate approach is time—dependent density functional theory (TD-DFT),* a well-
established method for studying the excited states of molecular systems.?®> However, TD—
DFT with standard exchange-correlation functionals significantly underestimates the
transition energies of core excitations. This failing has been addressed through the
introduction of short-range corrected exchange—correlation functionals, which provide
accurate core—excitation energies.*®

Any model system used to simulate ILs must capture the bulk IL environment to a sufficient



degree. For ILs, cations and anions experience different solvation environments in the liquid
phase,*” which may be important for calculated NEXAFS spectra of ILs. For the calculation
of IL excited states, the number of ions used in calculations (i.e. the system size) has been
shown to be important,’® because the excited state may be delocalised and spread across
multiple ions. Therefore, large model systems may be needed to successfully calculate
NEXAFS spectra of ILs. However, ground state ab initio calculations on ILs have primarily
considered ion pairs (one cation and one anion) in the gas phase,*¥*° which do not always
reflect the bulk IL properties.>* Recently, calculations on more complex systems —such as
ion pair dimers (two cations and two anions) in the gas phase and ions in a polarisable
continuum — have been reported.>*¢ It has been shown that calculations for either lone ions
or ion pairs in an IL—parameterised solvent continuum give excellent agreement with
experimental valence band spectra.>* These calculations demonstrate that, for the occupied
orbitals at least, calculations on small model systems (i.e. those with a small number of ions)
can describe the liquid phase behaviour to an acceptable level. For small model systems
the conformation is also expected to be important for many properties. A thorough
conformational analysis is particularly relevant for ILs since there are often multiple low
energy conformers of the individual ions and ion pairs that can contribute to the property
being studied.*® 4° Calculations on ion pair dimers are demanding, both in terms of user time
cost (surveying a wide range of possible conformer structures) and computational cost
(optimisation of conformers and calculating NEXAFS spectra).

To date, only two studies have reported calculated NEXAFS spectra (for three ILs in total)
using TP-DFT; to the best of our knowledge no studies have used TD-DFT to calculate
NEXAFS spectra for ILs. Both of the TP-DFT studies involved calculations on relatively
small model systems in the gas phase, with no ion pair conformational dependence
considered. This highlights the limited literature on the comparison of experimental and
calculated NEXAFS spectra for ILs (although plenty of NEXAFS calculations have been
reported for molecular liquids such as water?). The accuracy of the calculated NEXAFS
spectra was assessed by the ability of the calculations to reproduce both the experimental
spectral shape and experimental edge energies. Ehlert et al. used TP-DFT to study
[C1C1IM][NTf,] and [C4Cilm]l; for each IL only one ion pair conformer (chosen from solid
state crystal structures) in the gas phase was considered.® An energy shift of -1.6 eV was
applied to the calculated N 1s NEXAFS spectrum for [C1C1Im][NTf,] to achieve a good visual
match with the experimental N 1s NEXAFS spectrum for [C4C1Im][NTf,]. The lowest energy
peak in the calculated [C:C1Im][NTfz] N 1s spectrum had significant contributions from both
[NTf]- and [C1Cilm]*. This finding highlights why no clear peak attributable to the [NTf;]"
anion could be identified in experimental N 1s NEXAFS spectra for [CnCilm][NTf].3"3°
Horikawa et al. used TP-DFT on isolated (i.e. lone) [C.CiIm]* and [NTf;]~ ions.*® For
calculations on lone [NTf,]~ and lone [C2Cilm]*, similar results to Ehlert et al.*® were found for
the N 1s edge. A +1.0 eV energy shift was needed for the calculated NEXAFS spectrum for
lone [NTf,]~ to obtain the best match to the [C.Cilm][NTf,] experimental N 1s spectrum; no
shift was reported for the lone [C.Cilm]* calculations. Overall, the lack of a clearly
identifiable experimental peak associated with the [NTf;]~ anion means that [C,Cilm][NTf;]
ILs are not ideal candidates for comparing calculated and experimental NEXAFS spectra.

In this paper we report a detailed study on the NEXAFS spectroscopy of ILs; we provide new
experimental NEXAFS spectra, assess the accuracy of TD-DFT calculations of NEXAFS
spectra and offer new insights into the excited states. We have measured seven different
experimental NEXAFS spectra at the S 1s edge and seven at the N 1s edge for a total of 12
structurally related ILs, with both the S 1s and N 1s edges studied for [C4C1Im][SCN] and
[CsC1Im][NTf,] (Table 1). These ILs were chosen for their wide range of both sulfur and
nitrogen chemical environments.

TD-DFT NEXAFS spectra have been calculated for both the S 1s and N 1s edges for
multiple system sizes: lone ions, ion pairs and ion pair dimers. For all 12 ILs, calculations
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were performed for both lone ions and at least three ion pair conformations. We restricted
our ion pair dimer calculations to a smaller number of ILs and edges: S 1s TD-DFT
calculations for [C4Cilm][MeSO4] ion pair dimers and N 1s TD-DFT calculations for
[C2C1Im]Cl ion pair dimers. The nomenclature used for labelling ion pair and ion pair dimer
calculations is given in the Supplementary Information. ILs that give rise to peaks from both
the cation and the anion in the same NEXAFS spectrum, e.g. [C4C1Im][C(CN)3] for the N 1s
edge, are patrticularly important; such ILs ensure that the TD-DFT calculations capture the
liquid phase solvation environment for the both the cation and the anion, providing an
excellent test of our chosen TD-DFT calculations. Using our combination of experiments
and calculations, excited states of ILs are investigated, with particular focus on ILs with
either a protic cation or a Cl- anion, enabling us to draw new conclusions on the excited
states of ILs.



Abbreviation Structure Name S 1s studied? N 1s studied?
[S222][NTT2] 2 FS(;:/E‘N’?:; F?e giiSG[t(r':%:‘ISLTcl)frcc))rr]#:aThane)suIfonyI]imide ves No
commol D, refe bt menimdzoun oy, No
[C:Calm]MesOs] (O o " 539 #:th’r']‘:;?:rfgi’gmidazo"“m Yes No
[C4C1Im][MeSOx] /N@N\Q‘HQ H Co-g-;l@ rln‘et;m's‘u?l’% bl Yes No
[CoCumIHSO N o Ho-g-f ﬁ;grc;é';g;ﬂzttgy'imidazo"”m Yes No
[C4CaIm][SCN] B N/@N oy 57 P gr;gg:/)g;z;emethylimidazolium Yes Yes
[CaCaIm][NTH] /N/\_/\N\CSHW N " éi_s?((;tr?:‘llai:énrﬁé?ggrr?ei?sj?gix%imide ves ves
[CCoIm][C(CN)3] /”/:”mBH” - ETC:@ tlri‘c‘;‘;z;igmmimidazo"um N/A Yes
[CaCalm]Cl /NC\N*CBHW o® i;lt;c;%/le—S—methylimidazolium N/A Yes
[Poc6a][NOS] H::ECG +\§:-):1‘; O’O ;@ ;ei::g%ecyl(trihexyl)phosphonium N/A Ves
Nosdisod s o b bueimetryammonum No ves
L T S o tuoromettylsulonte No ves

Table 1. ILs experimentally investigated in this work. For details on ILs investigated using calculations see Section 2.2.



2. Experimental Section
2.1. lonic liquids synthesis

Select ILs were purchased from Sigma-Aldrich ([S222][NTf2], [CsCilm][TfO] and
[C4C1Im][SCN]) and lolitec ([CsC1Im][C(CN)s] and [N22,1,0][TfO]). The other investigated ILs
were prepared in our laboratories via established synthetic methods ([Na41,10][HSO4],%’
[Ps.6.6,14][NO3],%8 [C2C1Im][MeSO3],%° [C4C1IM][MeSO4],° [ChC1IM][NTF,] (n = 2, 4, 8 and 12),%°
and [CsC1Im]CI®®) or via a modified procedure ([CsC1lm][HSO4], see below). The purities of
all IL samples synthesised in our laboratories were assessed using *H NMR and *C NMR
spectroscopy. The low chamber pressures for both S 1s and N 1s NEXAFS spectroscopy
experiments (see Section 2.2 below) ensures that all volatile impurities, most importantly
water, were highly likely to have been removed prior to data collection, leading to high purity
samples.®® Sample purity was also confirmed by X—ray photoelectron survey spectra.®? &3

Synthesis of 1—octyl-3—methylimidazolium hydrogen sulfate, [CsCilm][HSO4]

A round-bottomed flask was fitted with two bubblers (charged with 1 M aqueous sodium
hydroxide) and a dropping funnel. Sulfuric acid 98% (22.18 g, 0.23 mol) was added
dropwise to a cold mixture of 1-octyl-3—methylimidazolium chloride (50.00 g, 0.22 mol) and
water (50 ml) over a period of one hour. The water was removed via rotary evaporation and
the remaining liquid was dried in vacuo (24 hours) to yield 1-octyl-3—methylimidazolium
hydrogen sulfate (62.48 g, 97.1%) as a colourless viscous liquid. *H NMR spectroscopy
(400 MHz, DMSO-d¢): & 11.25 (s, 2H), 8.56 (s, 1H), 7.12 (d, J = 18.6 Hz, 2H), 3.38 (s, 3H),
1.26 (s, 2H), 0.66 (s, 5H), 0.56 (s, 6H), 0.16 (s, 3H). *C NMR spectroscopy (101 MHz,
DMSO-de): © 136.24, 135.19, 123.22, 122.90, 121.88, 119.27, 48.87, 40.39, 40.18, 39.97,
39.76, 39.55, 35.58, 35.37, 31.18, 29.56, 29.45, 28.55, 28.44, 25.55, 21.97, 13.29. m/z
(LSIMS™): 195 (100%) [CsCilm]*. m/z (LSIMS"): 97 (100%) [HSO.]~. Calc. for C12H24N204S:
C, 49.29; H, 8.27; N, 9.58%. Measured: C, 49.14; H, 8.34; N, 9.57%.

2.2. NEXAFS spectroscopy

S 1s NEXAFS spectra were collected on beamline BM28 of the European Synchrotron
Radiation Facility (ESRF) using a Si(111) double crystal monochromator with an electron
beam energy of 6 GeV and current of 200 mA. Spectra were collected in fluorescence
mode.** S 1s and N 1s edge white line energies, EwL(exp), were obtained by fitting a
smoothing spline to the measured spectra and taking the first maximum of the fitted spectra.
The chamber pressure was ~10~" mbar during measurements. N 1s NEXAFS spectra were
collected at MAX—lab (beamline 1311). A drop of IL was deposited onto a molybdenum
sample plate. The sample was placed in a load lock chamber and pumped down slowly to
107° mbar before being transferred to an analysis chamber (10~° mbar). Etching was carried
out with a 500 eV Ar* ion gun. The chamber pressure was ~5x1071° mbar during
measurements. For both the S 1s and N 1s results, no energy calibration of the data after
recording was required (the data acquired in these investigations matches within
experimental error with examples from the literature, as discussed in further detail in Section
3.1 and in the Supplementary Information).

All structures were optimised in the gas phase at the B3LYP-D3BJ/6—-311+G(d,p) level of
theory®+% as implemented in the Gaussian 09 suite of programs. Dispersion was accounted
for by using Grimme’s D3 dispersion correction combined with Becke—Johnson damping.®°
Structures were optimised under no symmetry constraints and confirmed as minima by
frequency analysis. Numerical integration was carried out using a pruned grid of 99 radial
shells and 590 angular points per shell. The self—consistent field convergence criteria were
set to 107° au for the density matrix and 10~" au for the energy matrix. For [C,CiIm][A] ILs
the [C.Cilm]* cation was used in calculations to save computational time (e.g. the
[CeC1Im][HSO4] NEXAFS spectra were calculated using [C4C1Im][HSO4] ion pairs), and for
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[Pe,6,6.14][NO3] the [P22.24]" cation was used. For all ILs a range of conformers have been
examined, details of relevant structures and energies can be found in the ESI.

NEXAFS spectra were calculated using TD-DFT within the Tamm-Dancoff approximation.”
The calculations were performed using a restricted single excitation subspace that only
included excitations from the relevant core orbital(s). A short-range corrected exchange—
correlation functional, denoted SRC1, was used with parameters of Csur = 0.50, Cve = 0.17,
usr = 0.56 a,* and pr = 2.45 a,* for the nitrogen 1s edge spectra and Csur = 0.87, Ciur =
0.25, usr = 2.20 a,t and ur = 1.80 a,* for the sulfur 1s edge spectra® %6 in conjunction with
the 6-311(2+,2+)G(d,p) basis set. These short-range corrected functionals have been
designed to predict core—excitation energies accurately and have been applied to study the
NEXAFS spectra of a range of systems.””® The computational cost of the calculations was
reduced by using a modified two—electron screening procedure with a reduced quality
numerical integration grid in the TD-DFT calculations.”* "> The TD-DFT calculations were
performed using the Q—Chem software package.”® Spectra were produced by convoluting
the calculated energies and oscillator strengths with Gaussian functions with a full-width at
half maximum of 0.5 eV. A constant shift of 5.9 eV was applied to the calculated excitation
energies for sulfur to account for relativistic effects, consistent with previous studies.’”

3. Results and Discussion
3.1. Experimental NEXAFS spectroscopy

High quality S 1s and N 1s NEXAFS spectra with sharp peaks were obtained for all
investigated ILs. For both the S 1s and N 1s edges, a wide range of spectral shapes and
experimental NEXAFS white line energies, Ewi(exp), were recorded, reflecting the wide
range of both sulfur and nitrogen bonding environments in the ILs studied (see Tables S2
and S3). A comprehensive analysis of the Ew.(exp) values will be discussed in detail in
other publications®? 63,

ILs containing imidazolium cations and anions of the form [YSO,]- (i.e. [NTf;]-, [TfO],
[MeSOg3]-, [MeSO4]- and [HSO.]-) were found to have similar S 1s near-edge structure,
exhibiting one broad peak, or in the case of [MeSO,]~ two broad peaks with a small
separation (Figure 1). This similarity suggests that the orbitals that give rise to these peaks
are of a similar nature, which is expected considering the similar geometries and covalent
bonds of the [YSO,]- anions. For both [NTf;]- and [TfO]- an additional small, broad peak is
present at ~2487 eV, which can be assigned to the S—CF3 group, since no peak at similar
energy was observed for any other [YSOy]- S 1s spectra).

For [S2.22][NTf;], the only IL studied here that contains sulfur atoms in two different
covalently bonded environments, two separate peaks were observed at Ew.(exp) = 2475.8
eV and Ew.(exp) = 2480.8 eV (Figure 1 and Figure 3b), which can be attributed to the cation
and anion respectively (plus a peak at ~2487 eV due to the S-CF3; group). The peak at
2480.8 eV can be assigned to the [NTf;- anion based on a comparison with the
[CsC1IM][NTT,] S 1s NEXAFS spectrum (Figure 1, Ewi(exp) = 2481.1 eV). The peak at Ew. =
2475.8 eV arises from the [S.22]" cation, with a less intense shoulder at 2477.5 eV. Both
Ew. and the shoulder energy match very well to aqueous [S111]".2® In addition, the Ew.
closely matches the S 1s X-ray photoelectron electron binding energy of 2474.6 eV for
[S222]" in [S222][NT,].5% Features at hv >~2478 eV that are due to the [Sz22]" ion for
[S2.22][INTf,] were not discernible owing to the presence of peaks from [NTf;]-. Ew.(exp) for
Sg and several of our IL anions are in excellent agreement with the literature values of
EwL(exp) (see Supplementary Information for more details), demonstrating that our energy
calibration for the S 1s NEXAFS results is reliable.
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Figure 1. Experimental S 1s edge NEXAFS spectra for seven ILs and elemental sulfur (Ss)
using fluorescence yield (FY) detection (the Sg spectrum shows the spectral shape expected
when self—absorption occurs for FY detection). The spectra are vertically offset for clarity.

For the four ILs studied here that contain an aprotic imidazolium cation ([CsCiIm]ClI,
[C4C1IM][SCN], [CsCalm][NTf,] and [CsC1lm][C(CN)s]), the single peaks observed in the N 1s
NEXAFS spectra at Ewi(exp) ~401.8 eV can be assigned to the cationic nitrogen atoms.
This finding is confirmed by the single peak observed in the N 1s spectrum for [CgC1Im]CI
(Figure 2), an IL which contains only cationic nitrogen. This peak is expected to arise from
an N 1s — m* transition.®® 3° The presence of a single peak for [CsC1Im]Cl means that the
two nitrogen atoms in imidazolium cannot be distinguished using NEXAFS spectroscopy due
to the peaks occurring at essentially the same energies (better experimental energy
resolution is unlikely to lead to detection of two peaks), consistent with literature reports.35-40
Our measured Ewi(exp) ~401.8 eV is in excellent agreement with the literature value of
~401.9 eV, 3540 and the energy calibration for the N 1s NEXAFS results is reliable.

For the protic ammonium ILs ([N2,2,10][TfO] and [Na11,0][HSO4]), the N 1s peaks (Ew.(exp)
~405.8 eV) can be assigned to N 1s — ¢* transitions. This assignment is made based on
the significantly higher Ew.(exp), relative to the Ew.(exp) observed for imidazolium—
containing ILs.

For ILs with either [SCN]- or [C(CN)s]- anions, N 1s X—ray photoelectron (XP) spectra and
calculated nitrogen atomic charges strongly suggest that the peaks with energy <400 eV are
due to N 1s — =n* transitions for the anions.®? [C,Cilm][SCN] gives a single Gaussian—
shaped peak due to the anion at Ew.(exp) = 399.5 eV (Figure 2 and Figure 6b), whereas the
anion in [CgC1Im][C(CN)3] gives two peaks at Ewi(exp) = 399.0 eV and Ew.(exp) = 401.1 eV
(Figure 2 and Figure 3a). For [Pss6,14][NO3], the single peak at Ewi(exp) = 405.1 eV can be
assigned to an anionic N 1s — n* transition (Figure 2). This observation is consistent with N
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1s XP spectra and nitrogen atomic charges (broadly, more positive atomic charges lead to
larger Ew.).? The spectrum of [CsC1Im][NTf,] (Figure 2) has two additional peaks compared
with literature N 1s spectra.®*® These peaks likely arise from a relatively small amount of
X-ray beam damage, as the sample had been exposed to the X—rays for eight hours when
the spectrum was recorded. Therefore, the experimental N 1s NEXAFS spectrum for the
[NTf2]- anion is currently unknown. The best approach would be to study an IL that contains
no nitrogen in the cation, e.g. [Pss6,6,14][NTf2]; we used this approach to positively identify
peaks due to the [NOs]- anion for [Pse,6,14][NO3].

—— [C4C4IM][C(CN);]
[C4C4Im][SCN]
[CgC4Im]CI

= [C5C4Im][NTH;]
[P6,6.6,14[NO3]

— [N4‘1_1‘o][H504]

= [Ny 2,10][TfO]

2

(it

rTrrTrrrTrTr Tttt
397 398 399 400 401 402 403 404 405 406 407 408 409
Photon Energy, hv/ eV
Figure 2. Experimental N 1s edge NEXAFS spectra for seven ILs using partial electron
yield (PEY) detection. The features at hy <400 eV for [CsC1Im][NTf;] are most likely due to
sample damage (see text). The spectra are vertically offset for clarity.

The presence of well-resolved and readily identifiable cation peaks and anion peaks make
[CnC1Im][C(CN)3] and [C4Cilm][SCN] ILs better than [C,CiIm][NTf;] ILs®® 3 for testing the
quality of calculated N 1s NEXAFS spectra. These peaks allow a test of the relative
accuracy of TD-DFT calculations for cations and anions. In addition, [S222][NTf,] is a very
good IL for testing the quality of calculated S 1s NEXAFS spectra owing to the well-resolved
peaks for both the cation and anion.

There is no significant counterion dependence observed for any of the S 1s or N 1s data
recorded here. S 1s NEXAFS spectra for all four [CnC1IMm][NTf;] ILs were similar in terms of
both the relative peak areas and energies (Figure S2). In addition, the PEY S 1s NEXAFS
spectra for [CgCilm][NTf;] and [Na111][NTf2] were essentially identical (Figure S3),
confirming a lack of counter—cation dependence. Lastly, for three [cation][HSO4,] ILs, we
have previously published the lack of counterion dependence.*®* Comparing the N 1s
spectra for the four imidazolium—based ILs, there is clearly little or no alkyl or anion
dependence on either the peak energy or the peak shape for the cationic nitrogen. In

9



addition, there is little or no alkyl or anion dependence on either Ew.(exp) or the peak shape
for [Na,1,1,0][HSO4] compared to [N2,2,1,0][TfO].

3.2. Experimental versus calculated NEXAFS spectra: assessing the accuracy of
TD-DFT calculations for awide range of ILs

Figures 3 to 6 show comparisons between calculated and experimental spectra. For the
majority of the ILs, spectra calculated from the lowest energy ion pair conformer provide a
good visual match for both S 1s and N 1s experimental spectra (see Figure S5 and Figure
S6 for comparisons for all ILs). The only exception is the N 1s spectrum of [C4C1Im][SCN],
whereby calculations on the lowest energy ion pair conformer (Sf) lead to a small peak not
observed experimentally (Figure 6). However, a slightly higher energy (<10 kJ mol™) ion
pair conformer gives an excellent match to the experimental N 1s spectrum (discussed
further in Section 3.3.3). Itis possible that, despite its low energy, structures similar to Sf are
relatively rare in the liquid phase and hence do not contribute significantly to the
experimental NEXAFS spectra. Therefore, for all 14 samples studied, we found at least one
low—energy ion pair conformer that gave a calculated NEXAFS spectrum that matched very
well to the experimental NEXAFS spectrum.

—— [C4C4IM][C(CN);] IP —0.8 eV

—— lone [C,C4Im]” cation —0.8 eV
—— lone [C(CN),] anion -0.8 eV
— [C4C{IM][C(CN)5] exp.

(a) N 1s
[C,C4Im][C(CN);]

cation

'

I ' | ' I ! ] ! I ' | ! 1
398 399 400 401 402 403 404
Photon Energy, hv / eV

—— [S222lINTf,] IP alkyl-side +1.0 eV
—— lone [52‘2‘2]+ cation +1.0 eV

—— lone [NTf,]” anion +1.0 eV

— [S222]INTf,] exp.

(b} S1s [S222INTF]

cation
1—|ﬁ' T T T T T T T T T T T T T T T T

2472 2476 2480 2484 2488

Photon Energy, hv / eV

Figure 3. (a) Comparison of experimental and calculated N 1s NEXAFS spectra for an ion
pair (IP) [C,C1IMm][C(CN)s] conformer and the lone ions. (b) Comparison of experimental and
calculated S 1s NEXAFS spectra for the [Sz22][NTf2] ion pair (IP) alkyl-side conformer
(INTf2]- sits further from the sulfur centre in the cation and interacts only with the alkyl
chains®®) and lone ions. Results for [S222][NTf;] lone ions are also shown. The “IP —-0.8 eV”
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(and similar) means that the ion pair calculated NEXAFS spectrum has been shifted by —0.8
eVv.

To align the calculated spectra with experiment it is necessary to apply energy shifts to the
calculated spectra, and the smaller the energy shift the better the calculations are performing
in predicting the correct energy scale. The magnitudes of the shifts were determined by
visually matching the calculated and experimental spectra (see Tables S4 and S5 for all
energy shifts). No energy shift was required to match the calculated S 1s spectrum to the
experimental S 1s spectrum for [C4C1Im][SCN]. For the six other ILs for which S 1s spectra
were calculated  ([S222][NTf2], [CaCilm][NTf], [CasCilm][TfO], [CaCilm][MeSOs3],
[C4C1Im][MeS0O4] and [C4C1Im][HSO4)), the calculated spectra were shifted by +1.2 £ 0.2 eV
to match the experimental spectra. For four of the aprotic ILs ([C4CiIm][C(CN)s],
[C4C1IM][SCN], [C4C1IM]CI and [C4C1Im][NTf2]), the calculated N 1s spectra were shifted by
—0.8 £ 0.2 eV to match the experimental data. For [Pes6614][NOs], an energy shift of +0.8 eV
was required. For the two protic ILs studied ([Na,1,1,0][HSO4] and [N2,2.1,0][TfO]), the N 1s
calculated spectra required energy shifts of —0.4 eV to match the experimental spectra. For
a direct comparison, our energy shift for the calculated N 1s spectrum of the most stable ion
pair conformer of [C4C1Im][NTf,] was —0.8 eV, whereas Ehlert et al. using TP-DFT required
an energy shift of —1.6 eV for their [C4C1Im][NTf;] ion pair conformer3.

The excellent agreement between experiment and the calculated spectra for both energy
and shape shows that TD-DFT is a suitable method for calculating NEXAFS spectra of ILs;
in cases where there is a poorer visual match, the discrepancy can be attributed to the
system size and/or conformer but not to the TD-DFT method. Comparing our TD-DFT
method to the TP—-DFT methods used previously for ILs, it is difficult to determine which
method works best because so few ILs have been studied using the TP-DFT method.
However, we can state with confidence that our TD—DFT method provides an excellent
match to experiments, with small energy shifts required. The fact that the energy shifts
required to match experiments were very similar for lone ions and ion pairs suggests that the
energy shifts are required because of the method and not the system size.

3.3. Investigating the model system: size and structure

We now explore the dependence of the calculated spectra on the model system used in the
calculations. We investigated the sensitivity of calculated spectra to both the system size
(lone ion, ion pair and ion pair dimer) and system conformation. Investigating the system
size dependence provides insight into both the degree of excited state localisation and the
importance of intermolecular interactions for IL NEXAFS spectra; if lone ions calculations
can reproduce NEXAFS spectra then clearly intermolecular interactions are unimportant,
and the excited states must be localised on a single ion. Our investigation into system
conformation (structure) is mainly for practical purposes; we wish to determine whether
multiple conformers are required to calculate IL NEXAFS spectra (use of a single conformer
would lead to significant computational savings).

3.3.1. Size and structure do not matter: most ILs

Calculations on lone ions were sufficient to obtain a satisfactory match to experimental data
for eight out of the 12 ILs studied: [S222][NTf2], [CiCilm][TfO], [CaCilm][MeSO4],
[C4Cllm][HSO4], [C4C1Im][Nng], [P6,6,6,14][N03], [C4C1Im]CI and [C4C1|m][C(CN)3] For
example, Figure 3 shows the excellent matches between experiment and lone ion
calculations for [S222][NTf,] and [C,Cilm][C(CN)s]. The presence of peaks from both the
anion and cation in these NEXAFS spectra makes the match particularly impressive, as it
shows that calculations capture the differences in energy between cation and anion
excitations. Further evidence of lone ions being sufficient for eight of 12 ILs is displayed in
Figure S7 and Figure S8, which shows lone ion and ion pair calculations leading to highly

11



similar calculated spectra. The success of lone ion calculations for these eight ILs suggests
the excited states are relatively localised on the ion which contains the (either S 1s or N 1s)
core—hole (if excitations were delocalised onto the counterion, then lone ions calculations
would not be able to describe them).

3.3.2. Structure matters: [C4C1Im]CI

For [C4Cilm]CI, the calculated N 1s spectra for two of the three ion pair conformers (front
and top) give a single peak, providing a good visual match with the experimental spectrum
(Figure 4a). These two ion pair conformers have the CI~ anion located near the imidazolium
C2-H and approximately equidistant from the two imidazolium nitrogen atoms (Figure 4c, Cl—
N distances range from 3.2 A to 4.2 A).

However, one [C4CiIm]CI ion pair conformer (the back—butyl) gives two peaks in the
calculated N 1s spectrum, which is not observed in the [CsCiIm]Cl experimental spectrum
(Figure 4b). For this back—butyl conformer the CI~ anion is located much further from one of
the imidazolium nitrogen atoms than the other nitrogen atom (Figure 4c, CI-N(CHs) distance
= 5.4 A and CI-N(C4Hy) distance = 3.7 A); hence, the nitrogen atoms have very different
electronic environments. The peak at lower hv can be assigned to the CI-N(CHs) nitrogen
atom and the peak at higher hv can be assigned to the CI-N(CsHo) nitrogen atom by
analysing the individual contributions of each atom to the calculated spectrum. Clearly, this
back—butyl ion pair conformer does not capture the interactions present in the bulk IL, which
is unsurprising given the high relative energy of the back-butyl conformer (~41 kJ mol™
higher in energy than the most stable conformer). Nevertheless, the calculated spectrum
with two peaks for N 1s — «* transitions for the back—butyl conformer is very similar to that
observed experimentally for solid [C:Colm]CI.3” This match suggests solid [C:Colm]Cl has
very different CI-N interactions for the two different N atoms in [C1Colm]*.

(a)N1s

[C,C4im]ClI

== |P front -0.9 eV
- experimental

(b) N 1s
— IPBB—-09eV
= |P front -0.9 eV

[C,C4Im]CI — IPtop-0.9 eV

IP dimer 1 -0.9 eV
= |P dimer 2 -0.9 eV

I ¥ T !
400 401 402 403
(c) Photon Energy, hv/ eV
] \{J 9
9 9 3 9
4!34 9 J‘)‘). o9 ")3 9
f o J_) 9 9 > [ ] "j
> e,
Jd Jd )
Front Top Back-Butyl
0.0 kJ mol! 4.6 kJ mol! 37.6 kJ mol!

Figure 4. (a) Comparison of the experimental N 1s NEXAFS spectrum for [CsC1Im]CI and
the calculated N 1s NEXAFS spectrum for the [C4C1Im]Cl ion pair (IP) front conformer. (b)
Calculated N 1s NEXAFS spectra for [C,C1Im]Cl for three IP conformers and two IP dimer
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conformers. (c) Structures of the three IP conformers studied here for [C.Cilm]Cl. BB =
back—butyl conformer. Values in (c) are relative zero point—energy corrected energies.
Pictures of IP dimer conformers are shown in Figure S22 (IP dimer 1 = D_FF_TT_T, IP
dimer 2 = M_BF_FB_A). The “front —0.9eV” means the front conformer with a shift of —0.9
eV applied to the calculated spectrum.

Calculations were performed for [C2C1Im]CI ion pair dimers. The butyl chain was replaced
with an ethyl group to reduce the computational cost; this change is not expected to have a
significant impact on the results (as we demonstrated using our experimental data in Section
3.1). For six different [CoC1Im]Cl ion pair dimer conformers (Figure S22) all N 1s calculated
NEXAFS spectra give a single peak, in agreement with the [CsCilm]Cl experimental
spectrum. Therefore, as expected, the ion pair dimers capture the interactions present in the
bulk IL well.

3.3.3. Size and structure matter: [Ns110][HSO4], [N2210][TfO] and
[C4C1Im][SCN]

For both [Na41.1,0][HSO4] and [N221,0][TfO], selected ion pair conformers gave good visual
matches with experiment (Figure 5a and Figure S6d). These conformers, labelled here as
NH-O conformers, have the anion located on the N—H side of the cation, allowing a strong
cation—anion hydrogen bond to form (Figure 5c¢). For both [Na41,1,0][HSO4] and [N2,2.1,0][TfO],
certain ion pair conformers and the lone protic cation gave poor visual matches with
experiment (Figure 5b and Figure S6d), all showing two well separated peaks, with the peak
at larger hv having a much larger relative intensity. These conformers, labelled here as
alkyl-O ion pair conformers, have the anion located near the alkyl chains, meaning that a
hydrogen bond to the cationic NH group cannot be formed (Figure 5c).

The NH-O conformers show the best match to experiment as these structures involve
delocalisation of the excited state over both cation and anion. The LUMO to LUMO+4
(which contribute strongly to the calculated spectra) are delocalised across both ions for
NH-O conformers, but localised on the cation for alkyl-O conformers (Figure S9).
Therefore, the formation of strong N—H--O hydrogen bonds significantly affects the N 1s
NEXAFS spectrum, and must be accounted for when calculating NEXAFS spectra for protic
ILs (i.e. by using ion pair systems as a minimum).
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e NH-O IP calc. -0.4 eV
= NH-O IP calc. -0.4 eV
- experimental

(a) N 1s

[N4 1,1,0l[HSO,]
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(b)N 1s -

== glkyl-O IP calc. 1.3 eV
= glkyl-O IP calc. 1.3 eV
- |one cation calc. -1.3 eV
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© Photon Energy, hv/ eV
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Figure 5. (a) Comparison of experimental and calculated N 1s NEXAFS spectra for
[Na4,1,1,0][HSO4] for two NH-O ion pair (IP) conformers. (b) Comparison of experimental and
calculated N 1s NEXAFS spectra for [Na4,1,1,0][HSO4] for two alkyl-O ion pair (IP) conformers
and lone [Na110]". (c) Structures of two ion pair conformers for [N4,1,1,0][HSO4]. The “calc. —
1.3 eV’ (and similar) means the calculated spectrum was shifted by —1.3 eV.

Calculations for lone [SCN]~ gave a good match to the [C4C1Im][SCN] experiment for the N
1s edge (Figures 6b and 6c) but not for the S 1s edge (Figure 6a). In contrast, significant ion
pair conformer dependence was observed for calculations for [C4CiIm][SCN] on the N 1s
edge (Figure 6¢) and not for calculations on the S 1s edge (Figure 6a). For [C4C1Im][SCN],
the connection between calculated spectra and geometric structure is less obvious than for
the protic ILs and [C4,Cilm]CIl. At this stage these observations are difficult to rationalise
using the different [C4C1Im][SCN] structures.

S 1s calculated spectra for the three [C4C.Im][SCN] ion pair conformers show no significant
conformer dependence and give a satisfactory match to the experimental S 1s spectrum
(Figure 6a). The S 1s calculated spectrum for the lone [SCN]™ ion was poor with a sharp,
intense peak at ~2482 eV that is not observed in either ion pair calculated spectra or the
experimental spectrum (Figure 6a). We expect that the excited states include significant
delocalisation onto the [C4C:Im]* countercation in this case.

The three [C4C1Im][SCN] ion pair conformers investigated lead to three significantly different
anionic N 1s calculated spectra (Figure 6¢). There is an excellent visual match of the
experimental N 1s spectrum with the calculated N 1s spectrum for one [C4C1Im][SCN] ion
pair conformer, CNbot (Figure 6b), and indeed with a calculated N 1s spectrum for lone
[SCN]~. This CNbot conformer, in which the anionic nitrogen atom is located to the front of
the imidazolium C2-H group (Figure 6d), leads to a calculated spectrum with a single sharp
peak at hv ~399 eV. However, the other two ion pair conformers, Nf and Sf, give poorer
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matches (Figure 6c), as the shape of the feature due to the anion at hv ~399 eV does not
match the relatively sharp peak in the [C4CiIm][SCN] experimental spectrum. The Sf
conformer, in which the anionic nitrogen atom sits directly above the imidazolium ring (Figure
6d), gives rise to a second peak ~1 eV lower in energy than the main peak. The calculated
spectrum for the Nf conformer, in which the nitrogen atom sits above the C>-H group (Figure
6d), gives a much broader peak than both the calculated N 1s spectrum for the CNbot
conformer and the N 1s experimental spectrum. A tentative conclusion is that the poorest
match to experiment occurs for conformers in which anionic nitrogen is located closer to the
imidazolium ring mm—system. Note that the relative energies of all three [C4CiIm][SCN]
conformers are within 10 kJ mol, hence they should all be accessible in the liquid phase.

—— |IP CNbot 0.0 eV
IP Sf0.0eV

— IP Nf0.0 eV

—— |one anion 0.0 eV

— exp.

(a) S 1s

T T T T T T T T T T T T T T
2472 2476 2480 2484 2488
Photon Energy, hv/eV

(BYN1s — IP CNbot —0.9 eV

—_— eXp.

[C4C4Im][SCN]

= |P CNbot -0.9 eV
= |P Nf -0.9 eV

— |P Sf-0.9 eV

- |one cation -0.9 eV
= |one anion —-0.9 eV

398 399 400 401 402 403 404
(d) Photon Energy, hv/ eV

,"’ J‘) 4 9

F ? -

J/ y Q J
Jd
e L@ 9 S
9 9 9
Sf Nf CNbot2
0.0 kJ mol* 1.7 kd mol! 9.6 kJ mol!

Figure 6. Comparison of experimental and calculated NEXAFS spectra for [C4C1Im][SCN]:
(@) S 1s edge, (b) N 1s edge. (c) N 1s calculated NEXAFS spectra for three different
[C4C1Im][SCN] ion pairs (IP), lone [C4Cilm]" and lone [SCN]~. (d) Structures of the three ion
pair conformers studied here for [C4C.Im][SCN]. Values in (d) are relative zero point—-energy
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corrected energies. The term “IP CNbot —0.9 eV” (and similar) mean an ion pair structure
whereby the calculated spectrum has been shifted —0.9 eV.

3.4. NEXAFS calculations for ILs: why the solvation environment does not play a
significant role

The ability to calculate accurate NEXAFS spectra using lone ions suggests that the solvation
environment does not affect IL NEXAFS spectra (Section 3.3.1). This finding may seem to
contradict other work suggesting that IL orbital energies strongly depend on the solvation
environment; for example, calculations suggest that adding a [C4Cilm]™ counterion to lone
[C(CN)3]~ (i.e. using an ion pair) causes a 3.6 eV shift in the highest occupied molecular
orbital energy.*” In contrast, calculated anionic Ew. shifts by <0.1 eV between lone ion and
ion pair systems for [C4C1Im][C(CN)3].

By contrast, for calculated N 1s NEXAFS spectra, [C(CN)s]- compared with the
[C4C1Im][C(CN)3] ion pair gave a difference in Ewi(exp) of <0.1 eV. Furthermore, excellent
matches were obtained between experimental and calculated spectra of lone ions for the
three ILs that contain a well-resolved peak from both the cation and the anion in a single
NEXAFS spectrum (the S 1s edge for [S2.2][NTf;] and the N 1s edge for both
[C4C1Im][C(CN)z] and [C4C1ImM][SCN]). These findings demonstrate that, for these three ILs
at least, for calculated NEXAFS spectra the neighbouring ion solvation environment does not
have a significant role.

The cause of this difference between ground state and excited state calculations is expected
to be the fact that for NEXAFS spectra calculations, both the ground and excited states are
in approximately the same solvation environment, i.e. NEXAFS spectra rely on, effectively,
an internal reference, whereas VB spectra have an external reference (in the case of the
calculations described above, the external reference is the vacuum level). One possible
explanation is that in NEXAFS spectroscopy, ion—ion interactions (that is, the interactions
responsible for the solvation environment in the liquid phase) have approximately the same
effect on the initial (ground) and final (excited) states probed. Hence, the difference in
energy between the final and initial states is unaffected by ion solvation.

4. Conclusions

TD-DFT with short-range corrected exchange—correlation functionals can be used to
calculate accurate NEXAFS spectra for ILs, demonstrating that TD-DFT is an excellent
method for investigating the excited state of ILs. Lone ions can be sufficient for calculating
NEXAFS spectra, although in some cases calculations on ion pairs resulted in a much better
match with experiment. In addition, some ion pair conformers led to spectra that varied
significantly from experiment, indicating that these conformers do not capture the bulk liquid
environment.

Considering these variations for some ILs, our recommendation is that ion pair calculations
should be the minimum system size used for calculating NEXAFS spectra of ILs, as it cannot
be predicted in advance whether lone ions and ion pairs will lead to similar calculated
NEXAFS spectra. However, calculations using ion pair dimers did not lead to significant
improvements relative to calculations using ion pairs, at least for the limited number of ILs
investigated here. In addition, conformational effects can be very significant when
calculating NEXAFS spectra. Certain ion pair conformers miss crucial cation—anion
interactions that are present in the bulk liquid that other ion pair conformers do a better job of
capturing. Therefore, we recommend that a rigorous conformational search may be
necessary in order to be confident that the calculated NEXAFS spectra are appropriately
capturing the bulk liquid phase for ILs.
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We found that the IL family previously used to test NEXAFS calculations, [CnC1Im][NTf],
was not an ideal choice because the primary peak for both the cation and the anion in the N
1 spectra appear at approximately the same hv. A much better test-set of ILs, that give
well-resolved peaks from both the cation and the anion, contains [ChCilm][C(CN)3],
[S2.2,2][NTf2] and [ChC1Im][SCN] ILs.

Our findings show that delocalised excited states exist for certain ILs, e.g. the ILs with a
protic ammonium cation. These states are spread across multiple ions, i.e. the excited
electron has a significant probability of being located on either the cation or anion,
regardless of which ion contains the core—hole. This finding has significant implications for
any process involving ILs or any IL property that involves the excited state, e.g. radiolysis
and IL reduction, etc.

Whilst we have studied 12 ILs with a wide range of structural features, clearly there are
outstanding questions to be answered. In particular, what factors determine whether an IL
gives rise to delocalised excited states? More protic ILs should be studied using a
combination of experimental and calculated NEXAFS spectra, as protic ILs have potential as
relatively cheap yet effective ILs for lignocellulose processing.”® In addition, the conformer
dependence of protic ammonium ILs has the potential to give insight into hydrogen bonding
in the liquid phase. Protic ammonium cations are present in a wide range of applications,
including those of great interest for biology™ and gas capture®.

Given the importance of the counterion to calculating the NEXAFS spectra, there is great
potential to use NEXAFS spectroscopy to probe the interactions of IL ions with important
solutes, e.g. water. In addition, NEXAFS spectroscopy has the potential to be used to
monitor reactions in situ*® in ILs; our results provide a valuable starting point for such
studies.
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