
This is a repository copy of Electron spectroscopy of ionic liquids: experimental 
identification of atomic orbital contributions to valence electronic structure.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/148943/

Version: Accepted Version

Article:

Fogarty, R, Palgrave, R, Bourne, R orcid.org/0000-0001-7107-6297 et al. (5 more authors)
(2019) Electron spectroscopy of ionic liquids: experimental identification of atomic orbital 
contributions to valence electronic structure. Physical Chemistry Chemical Physics, 21 
(35). pp. 18893-18910. ISSN 1463-9076 

https://doi.org/10.1039/C9CP02200G

This journal is © the Owner Societies 2019. This is an author produced version of a paper 
published in Physical Chemistry Chemistry Physics. Uploaded in accordance with the 
publisher's self-archiving policy

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


1 

Electron spectroscopy of ionic liquids: 

experimental identification of atomic orbital contributions to valence electronic structure 

 

Richard M. Fogarty,1 Robert G. Palgrave,2 Richard A. Bourne,3 Karsten Handrup,4 Ignacio J. Villar-

Garcia,5 David J. Payne,5 Patricia A. Hunt,1 Kevin R. J. Lovelock.6 

 
1 Department of Chemistry, Imperial College London, UK 

2 Department of Chemistry, University College London, UK 
3 Institute of Process Research and Development, Schools of Chemistry and Chemical and Process 

Engineering, University of Leeds, UK 
4 MAX IV Laboratory, Lund University, Lund, Sweden 

5 Department of Materials, Imperial College London, UK 
6 Department of Chemistry, University of Reading, UK 

Contact Eʹmail: k.r.j.lovelock@reading.ac.uk 

 

Abstract 

The atomic contributions to valence electronic structure for 37 ionic liquids (ILs) are identified using a 

combination of variable photon energy XPS, resonant Auger electron spectroscopy (RAES) and a 

subtraction method.  The ILs studied include a diverse range of cationic and anionic structural 

moieties.  We introduce a new parameter for ILs, the energy difference between the energies of the 

cationic and anionic highest occupied fragment orbitals (HOFOs), which we use to identify the highest 

occupied molecular orbital (HOMO).  The anion gave rise to the HOMO for 25 of the 37 ILs studied 

here.  For 10 of the ILs, the energies of the cationic and anionic HOFOs were the same (within 

experimental error); therefore, it could not be determined whether the HOMO was from the cation 

or the anion.  For two of the ILs, the HOMO was from the cation and not from the anion; consequently 

it is energetically more favourable to remove an electron from the cation than the anion for these two 

ILs.  In addition, we used a combination of area normalisation and subtraction of XP spectra to produce 

what are effectively XP spectra for individual ions; this was achieved for seven cations and 14 anions.   

 
1. Introduction 

 

Ionic liquids (ILs), liquids composed entirely of mobile ions, provide a novel environment different 

from traditional (neutral) molecular liquids or high temperature molten salts.  Liquid phase valence 

electronic structure, i.e. the molecular orbitals (MOs), controls chemical reactivity, electrochemistry 

and electronic interactions with light.1-3  Therefore, IL electronic structure underpins a broad range of 

potential technologies: electrochemical applications (supercapacitors, fuel cells, 

photoelectrochemical cells, batteries),4-7 photochemical applications,6-9 nuclear fuel processing,10 

deconstruction of lignocellulosic biomass,11 and gas separation/capture/storage12, 13.  Knowledge of 

the energies and composition of the highest occupied MO (HOMO) and valence MOs near in energy 

to the HOMO is vital for understanding any process that involves removal of an electron from the IL.  

For example, electrochemical oxidation and reduction of ILs are crucial for understanding 

electrochemical stability;14, 15 greater oxidative and reductive stability can lead to better 

supercapacitors16.  In addition, experimental data of the valence electronic structure is of primary use 

for validation of electronic structure calculations.  To provide a valid test of calculations, experimental 

data needs to be independent of the calculations, i.e. information from experiments must be gained 

without input of calculations.   

 

A molecular liquid contains only one constituent, the molecule.  The solvation environment in a 
molecular liquid is broadly always the same; a molecule is surrounded by other molecules of the same 

kind.  ILs contain at least two constituents: a cation and an anion.  The cation has a different solvation 

environment to the anion, i.e. there are different solvation environments around each ion.  Therefore, 
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determining the correct relative energies for the anionic and cationic valence MOs of an IL is 

challenging.  There are many combinations of IL cations and anions, giving a challenging range of 

different valence electronic structures.  Both ions in an IL will give a highest occupied fragment orbital 

(HOFO), one of which will also be the IL HOMO.  Using a combination of experiments and calculations, 

in some ILs the cation HOFO has been identified as the system HOMO,17-20 a result that might go 

against some ƌĞƐĞĂƌĐŚĞƌƐ͛ ĐŚĞŵŝĐĂů ŝŶƚƵŝƚŝŽŶ.  Overall, understanding IL valence electronic structure 

is expected to be significantly more difficult than understanding molecular liquid valence electronic 

structure.   

 
X-ray and ultraviolet spectroscopy are used to study the valence electronic structure of condensed 

matter.  The techniques used include: X-ray photoelectron spectroscopy (XPS), ultraviolet 

photoelectron spectroscopy (UPS), resonant Auger electron spectroscopy (RAES), X-ray emission 

spectroscopy (XES) and inverse photoelectron spectroscopy (IPES).21-25  Most X-ray spectroscopy 

techniques require ultra-high vacuum conditions.  X-ray spectroscopy is relatively straightforward for 

ILs, unlike for aqueous systems,24-28 due to their very low volatility.21, 29  Experimentally, X-ray source 

electron-detection techniques can be used to determine energies and atom-based contributions to 

liquid phase MOs.   

 

X-ray photoelectron spectroscopy (XPS), the most commonly used X-ray technique to study the 

valence MOs, involves using electromagnetic radiation to induce the ejection of an electron from a 

particular (core or valence) orbital and measuring the kinetic energy, EK, of the ejected electron to 

determine the electron binding energy, EB, of the probed orbital (Figures 1b and 1c).  Valence XPS 

involves the removal of a valence electron, leaving the atom in a 1hv final state, and gives rise to peaks 

at constant EB (referenced to the Fermi level, EF).  A single h XPS source can provide an experimental 

measure of valence MO EB.  Therefore, valence XP spectra recorded at a single h have been used to 

validate calculated MO energies for a number of ILs.17, 19, 30-32   
 

 
Figure 1.  Sketches explaining the different electron dynamics events featured in this article.  The 

contents of each dashed box represent different collective events: blue dashed box = non-resonant 

processes, orange dashed box = core excitation (both non-resonant and resonant), red dashed box = 
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resonant processes (i.e. involving core excitation), green dashed box = core de-excitation by Auger 

emission.  A simplified ground state (containing only one core level) is shown in (a).  The text at the 

bottom of each sketch gives the initial state and the final state of each event.  For valence and core 

photoemission, 1econt refers to an electron in the continuum (vacuum).  For X-ray absorption, 1eu refers 

to an electron in a previously unoccupied conduction molecular orbital.   

 

Experimental identification of the atomic orbitals (AOs) that contribute to MOs for ILs, e.g. whether a 

valence MO originates primarily from the cation or the anion, has proven extremely challenging for 

ILs.  Compared to many of the samples traditionally studied using XPS, e.g. metal oxides, ILs have a 
relatively large number of different elements and therefore a relatively large number of different 

contributing AOs.   

 

Valence MOs for ILs can potentially be identified from single h valence XP spectra using a visual 

fingerprint method (i.e. measuring valence XP spectra for a number of ILs, identifying peaks common 

to structurally similar ILs and using this information to identify other peaks).  Area normalisation to 

aid visual interpretation of core level XP spectra has been successfully used for a range of ILs, with the 

focus on identifying the different C 1s electronic environments for ILs with common structural 

features.33, 34  However, such a visual fingerprint method has not been demonstrated for identification 
of valence MOs for ILs to date, most likely due to the relatively complex valence XP spectra of ILs and 

the relatively small number of ILs studied using valence XPS.   

 

Variable source h valence XPS has been used to obtain information on the atomic (AO) contributions 

to MOs from changes in relative peak intensities by using the Gelius method and AO photoionisation 

cross-sections (see ESI Section 6 for more details).35-37  A combination of variable h valence XPS and 

density functional theory (DFT) calculations have been used to investigate the valence MOs of 15 ILs, 

including a range of different cations ([CnC1Im]+ = 1-alkyl-3-methylimidazolium, [CnC1Pyrr]+ = 1-alkyl-1-

methylpyrrolidinium) and anions (Cl- = chloride, [BF4]- = tetrafluoroborate, [N(CN)2]- = dicyanamide, 

[TfO]- = trifluoromethylsulfonate, [NTf2]- = bis[(trifluoromethane)sulfonyl]imide)20, 38, 39; however, 

insufficient experimental information was available to draw conclusions solely from experimental 

data.  Soft XES has been used to experimentally identify AO contributions to MOs for three [C4C1Im][A] 

ILs (where [A]- was [PF6]- = hexafluorophosphate, [TfO]- and [NTf2]-).18, 19  A drawback of this method is 

that matching of XE energies to MO EB can prove challenging.   

 

Resonant Auger electron spectroscopy (RAES) is an element-specific, and potentially site-specific, 

technique to probe the valence MOs (and the conduction MOs).  RAES has been used to study the 
valence electronic structure of the condensed phase for: ionic crystals (e.g. CaF2,40 BN41 Na[NO3]42, 43), 

a range of small organic molecules (nitrogen heterocycles,44 furan and pyrrole,45, 46 ethylene and 

cyclohexane,47 benzene,48 acrylonitrile49), a thiophene oligomer,50 polymers51-53, proteins,54 DNA,55, 56 

water,57 perovskite,58 and ions in aqueous solution59-63, but not for ILs to the best of our knowledge.   

 

For RAES, X-rays are absorbed, leading to core level excitation of a specific core orbital on a specific 

element at a specific photon energy.  An electron is promoted to a previously unoccupied conduction 

MO, forming a one-hole (core) one-electron (previously unoccupied) intermediate state (1hcore1eu) 

(Figure 1d); this intermediate has the same charge as the ground state.  The unstable core hole is filled 

(i.e. de-excited) by an electron from a higher energy level, leading to radiative emission (X-ray 

fluorescence) or radiationless emission of an Auger electron (Auger emission).  For lighter elements 

(which ILs are generally composed of) Auger emission is favoured.64  Three types of resonant Auger 

emission can occur: participator Auger emission (Figure 1f), spectator Auger emission and resonant 

normal Auger emission.  These different processes can give complementary information on the 

valence (and/or conduction) MOs.  The focus of this article is valence electronic structure, so we only 

explain the theory behind participator Auger emission.   
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For participator Auger emission, the core hole is filled by the same 1eu that was initially excited to a 

conduction MO, and 1ev is simultaneously emitted.  Participator Auger transitions give the same 1hv 

(valence) final state as direct photoemission.  Generally, participator Auger emission gives electrons 

with approximately the same EK (and therefore, EB) as those from direct photoemission,45 called the 

resonant Auger Raman effect,42 leading to an enhancement in intensity, under resonant conditions, 

of peaks due to valence XPS.   

 

The probabilities of participator Auger transitions are controlled by MO localisation, i.e. only those 
MOs located near to the core-hole can give participator Auger electron emission.46-48  These 

probabilities can be used to probe both the valence MOs (and the conduction MOs).  The relative 

intensity of peaks due to two different participator Auger transitions at the same photon energy (i.e. 

the same resonant 1eu) is governed by the localisation of the two effectively competing 1ev near to 

the core-hole.  Hence, the observation of peaks due to participator Auger transitions can be used to 

identify 1ev (i.e. valence MOs) that are located near to the atom with the core-hole.  Therefore, 

participator Auger RAES is an element-specific, and often site-specific, method to identify which atoms 

significantly contribute AOs to particular MOs.  Participator Auger RAES is especially powerful when a 

sample is composed of atoms of the same element in significantly different electronic environments; 

for ILs this power allows cationic and anionic contributions (for a specific element) to MOs to be 

distinguished.  In addition, matching RAES energies to MO EB is straightforward, an advantage over 

XES.   

 

In this article, we identify atomic contributions to IL valence electronic structure using experimental 

methods, without the aid of calculations.  The 37 ILs studied in this paper are given in ESI Table S1; 

how the ILs were chosen is given in ESI Section 1.  For seven ILs, MO identification was achieved using 

a combination of variable h XPS (Section 3.1) and RAES (Section 3.2).  RAES was particularly effective 

for identification of cationic and anionic nitrogen atom contributions to the valence MOs.  Using a 

combination of the MO identifications provided by variable h XPS and RAES, the fingerprint method 

and the area subtraction method, MO identification was achieved for a further 30 ILs (Section 3.3 and 

Section 3.4).  The fingerprint and area subtraction methods are explained more in detail in ESI Section 

8 to ESI Section 11.  For all 32 different ions studied here ion HOFOs were identified, and for all 37 ILs 

the HOMO was identified (Section 3.5 and Section 3.6).  In addition, two different measures of the 

energy difference between the cationic and anionic HOFOs were determined (Section 3.6).   
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2. Experimental 

 

Details of IL synthesis are given in the ESI Section 1.   

 

Laboratoryʹbased XPS was carried out using two separate Thermo Kʹalpha spectrometers utilising Al 

K radiation (h = 1486.6 eV).65, 66  Valence XP spectra (with lower h than 1486.6 eV) and all RAES 

data were collected at MAXʹlab (beamline I311).  Further details for all three experimental setʹups 

are given in the ESI Section 2.   

 

Details on data analysis (e.g. fitting XP spectra) are provided in the ESI Section 4 to ESI Section 12.  The 

purity of the ILs studied here is demonstrated in the ESI Section 13.   
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3. Results 

 

A summary of the results for all 37 ILs studied here is given in Table 3.  Table 1 and Table 2 give details, 

for [C4C1Im][SCN] and [C8C1Im]Cl respectively, of the experimental spectral features, provide 

qualitative observations and give the experimentally-determined atomic contributions to each peak.  

ESI Table S8 to ESI Table S12 give details for the other five ILs studied here using variable h XPS and 

RAES. The method used to assign component labels for the seven ILs studied with RAES is given in the 

ESI Section 4.   

 

3.1. Variable h XPS 

 

Six of the ILs studied here were investigated using variable h XPS.  [C8C1Im]Cl, [C4C1Im][SCN], 

[P6,6,6,14][NO3], [N4,1,1,0][HSO4], [C8C1Im][NTf2] and [N2,2,1,0][TfO] showed valence XP spectra with 

different relative peak areas at high h (in this article h = 1486.6 eV) and low h (in this article 129 

eV < h < 200 eV).  XP spectra recorded at high and low h are shown in Figure 2 for [C4C1Im][SCN] 

and [C8C1Im]Cl, and in ESI Figure S59 for the other ILs.  At h = 165.0 eV for all seven elements of 

importance here (C, N, O, F, P, S, Cl), the s and p orbital photoionisation cross-sections are of similar 

magnitude (ESI Table S5 and ESI Figure S10a).  At h = 1486.6 eV for all seven elements (C, N, O, F, P, 

S, Cl), the s orbital photoionisation cross-sections are larger than the p orbital photoionisation cross-

sections (ESI Table S5 and ESI Figure S10a), particularly for the 2nd row elements (C, N, O, F).  Comparing 

high and low h valence XP spectra for these six ILs, the features at EB > 12 eV were more intense, 

relative to the features at EB < 12 eV, for the high h valence XP spectra.  Therefore, for the features 

with EB > ~12 eV, s AOs are the primary contributors to the MOs and for the features at 0 eV < EB < 

~12 eV, p AOs are the primary contributors to the MOs.   

 

 
Figure 2.  Variable h valence XP spectra for: (a) [C4C1Im][SCN] at h = 1486.6 eV and h = 161.0 eV 

and (b) [C8C1Im]Cl at h = 1486.6 eV and h = 198.0 eV.  All valence XP spectra were charge referenced 

as given in Table S3.  The areas of all valence XP spectra in both graphs are normalised to the area of 

the most intense component in the region 0 eV < EB < 12 eV.  The numbers on each graph represent 

component labels.   
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For [C4C1Im][SCN], valence XP spectra were recorded at two different photon energies, h = 1486.6 

eV and h = 161.0 eV (Figure 2a).  The areas of components 1 and 4 decreased (relative to components 

2, 3 and 5) with decreasing h.  At h = 1486.6 eV, the photoionisation cross-section for S 3p is ~50 

times greater than that for C 2p and ~12 times greater than that for N 2p (ESI Section 6).37  The ratio 

of S 3p to C 2p (and S 3p to N 2p) photoionisation cross-sections decreases significantly between h = 

1486.6 eV and h = 165.0 eV (ESI Section 6 and ESI Figure S10b).  Therefore, the relative intensity of 

components with large S 3p AO contributions is expected to decrease with decreasing h (relative to 

other components with mainly C 2p or N 2p AO contributions).  Therefore, it can be concluded that S 

3p AOs contributed significantly to the MOs that gave rise to components 1 and 4 (Figure 2a).  

Furthermore, it can be concluded that either/both N 2p and C 2p AOs contributed significantly to 

components 2, 3 and 5.   

 

Table 1.  Component electron binding energies, EB, for [C4C1Im][SCN] and experimentally-determined 

atomic orbital contributions to valence electronic structure (see Figure 2a for component labels) 

Component 
Electron binding 

energy, EB / eV 

Atomic orbital contributions 

to valence molecular orbitals 

determined using variable h 

XPS and the fingerprint 

method 

Atomic orbital contributions 

to valence molecular orbitals 

determined using RAES 

1 ~3 Sanion 3p Nanion 

2 ~5 Ncation 2p and/or Ccation 2p Ncation, C 

3 ~6.5 N 2p and/or C 2p Ncation, Nanion, C 

4 ~8.5 Sanion 3p Nanion 

5 ~10 Ncation 2p and/or Ccation 2p 

Spectator Auger 

contributions potentially 
observed; no conclusions can 

be drawn using participator 

Auger transitions.   

 

Table 2.  Component electron binding energies, EB, for [C8C1Im]Cl and experimentally-determined 

atomic orbital contributions to valence electronic structure (see Figure 2b for component labels) 

Component 
Electron binding 

energy, EB / eV 

Atomic orbital contributions 

to valence molecular orbitals 

determined using variable h 

XPS and the fingerprint 

method 

Atomic orbital contributions 
to valence electronic 

structure determined using 

RAES 

1 ~3.7 Cl 3p  

2 ~5 Ncation 2p and/or Ccation 2p Ncation 

3 ~6 Ncation 2p and/or Ccation 2p Ncation 

4 ~8 Ncation 2p and/or Ccation 2p  

5 ~10 Ncation 2p and/or Ccation 2p  

6 ~14.3 Cl 3s 

Spectator Auger 

contributions potentially 

observed; no conclusions can 

be drawn using participator 

Auger transitions.   

 

Valence XP spectra for [C8C1Im]Cl were recorded at two different photon energies, h = 1486.6 eV and 

h = 198.0 eV (Figure 2b).  For [C8C1Im]Cl, the areas of components 2 to 5 (at 5 eV < EB < 12 eV) 
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increased (relative to component 1 at EB = 3.7 eV) with decreasing h (Figure 2b).  The ratio of Cl 3p 

to C 2p (and Cl 3p to N 2p) photoionisation cross sections decrease significantly with decreasing h 

(ESI Section 6 and ESI Figure S10c).  Therefore, Cl 3p AOs contributed significantly to the MOs of 

component 1.  Furthermore, N 2p and/or C 2p AOs contributed significantly to the MOs of components 

2 to 5.  The difference in EB between the peaks for component 6 (EB = 14.3 eV) and component 1 was 

10.6 eV; this value matched very well with the EB(Cl 3s) minus EB(Cl 3p) value of ~11 eV for a NaCl 

single crystal.67  In addition, the area of component 6 at EB = 14.3 eV decreased (relative to component 

1 for Cl 3p) with decreasing h (Figure 2b); component 6 was also more intense than the other peaks 

in the EB < 12 eV region, especially at h = 1486.6 eV.  At h = 1486.6 eV the Cl 3s photoionisation cross 

section is larger than the Cl 3p photoionisation cross section, whereas as at h = 198.0 eV the Cl 3p 

photoionisation cross section is larger than the Cl 3s photoionisation cross section (ESI Section 6).  

Furthermore, at h = 1486.6 eV the Cl 3s photoionisation cross section is larger than the N 2p and C 

2p photoionisation cross-sections.  These observations demonstrate that the MOs that gave rise to 

component 6 had significant contributions from Cl 3s AOs.   
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3.2. RAES 

 

In ESI Section 16 a brief description is given of the EB values at which peaks due to participator Auger 

and spectator Auger transitions appear.  Peaks due to participator Auger transitions can be identified 

with high confidence at EB < 10 eV.  At EB > 10 eV, peaks due to spectator Auger transitions may have 

contributed to the overall RAES signal, although at 10 eV < EB < 16 eV transitions due to participator 

Auger transitions are considered far more likely than transitions due to spectator Auger (ESI Section 

16).  These values are used as a conservative guide for identification of peaks due to participator Auger 

transitions in our results.   
 

All peaks in the N 1s NEXAFS spectra for the seven ILs for which RAES has been measured here have 

been identified previously, using a combination of core level XPS, NEXAFS spectroscopy and time-

dependent density functional theory calculations (ESI Section 15 and reference 68).  Identification of 

peaks in the O 1s and C 1s NEXAFS spectra are given in the ESI Section 15.  RAES data not given in the 

main paper is given in ESI Section 16.   

 

3.2.1. Nitrogen edge RAES: cation 

 

For [C8C1Im]Cl, a broad peak due to resonant enhancement was observed at h = 401.8 eV and 4 eV < 

EB < 7 eV (Figure 3a and 3c).  We identify this broad peak as arising from two components, labelled as 

components 2 and 3 (see explanation in ESI Section 26.1).  This peak can be positively identified as 

being from participator Auger transitions involving MOs that are located with good overlap of the 

Ncation 1s core hole.  Consequently, MOs in the valence XP spectrum at 4 eV < EB < 7 eV have significant 

contributions from the Ncation in the imidazolium ring.  For [C8C1Im]Cl, no peak due to resonant 

enhancement was observed at EB = 3.7 eV (Figure 3a and 3c), strongly suggesting that component 1 

for [C8C1Im]Cl did not contain a significant contribution from Ncation in the imidazolium ring.   

 

 
Figure 3.  RAES N 1s edge data for [C8C1Im]Cl.  (a) Heat map of h against EB for the N 1s edge (produced 

by combining individual electron spectra taken at varying h).  (b) Partial electron yield NEXAFS 

spectrum for the N 1s edge.  (c) Non-resonant valence XP spectrum below the N 1s absorption edge 

(h  = 399.5 eV) and subtracted Ncation resonant Auger electron spectrum (h = 401.8 eV).  The RAES 

trace was produced by subtraction of non-resonant XP contributions using the procedure outlined in 
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ESI Section 10.3.  Component labels 1 to 5 are given in (c).  All electron spectra were charge referenced 

using procedures outlined in ESI Section 5.   

 

For [C4C1Im][SCN] and [C8C1Im][C(CN)3], the N 1s NEXAFS spectra were dominated by Nanion 

contributions.68  However, Ncation contributions were clearly identifiable at h = 401.8 eV.   

 

For [C4C1Im][SCN], areas of components 2 and 3 at 4 eV < EB < 7 eV were enhanced at the Ncation 1s 

edge energy (h = 401.8 eV), relative to below the edge (Figure 4a and 4c).  Therefore, MOs which 

gave rise to components 2 and 3 had significant contributions from Ncation AOs, i.e. the imidazolium 

ring.  The MOs which gave rise to component 1 had no participator Auger contributions from Ncation.   

 

 
Figure 4.  RAES N 1s edge data for [C4C1Im][SCN].  (a) Heat map of h against EB for the N 1s edge 

(produced by combining individual electron spectra taken at varying h).  (b) Partial electron yield 

NEXAFS spectrum for the N 1s edge.  (c) Subtracted Nanion resonant Auger electron spectrum (h = 

399.5 eV) and subtracted Ncation resonant Auger electron spectrum (h = 401.8 eV).  The RAES traces 

were produced by subtraction of non-resonant XP contributions using the procedure outlined in ESI 

Section 10.3.  Component labels 1 to 5 are given in (c).  All electron spectra were charge referenced 

using procedures outlined in ESI Section 5.   

 

For [C8C1Im][C(CN)3], areas of components 2 and 3 at 4 eV < EB < 8 eV were also enhanced at the Ncation 

1s edge energy (h = 401.8 eV), relative to below the edge (Figure 5a and 5c).  Therefore, MOs which 

gave rise to components 2 and 3 had significant contributions from Ncation AOs, i.e. the imidazolium 

ring.  The MOs which gave rise to component 1 had no participator Auger contributions from Ncation.   
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Figure 5.  RAES N 1s edge data for [C8C1Im][C(CN)3].  (a) Heat map of h against EB for the N 1s edge 

(produced by combining individual electron spectra taken at varying h).  (b) Partial electron yield 

NEXAFS spectrum for the N 1s edge.  (c) Subtracted Nanion resonant electron spectra (h = 399.0 eV 

and h = 400.0 eV), and subtracted Ncation resonant Auger electron spectrum (h = 401.8 eV).  The RAES 

traces were produced by subtraction of non-resonant XP contributions using the procedure outlined 
in ESI Section 10.3.  Component labels 1 to 4 are given in (c).  All electron spectra were charge 

referenced using procedures outlined in ESI Section 5.   

 

In summary, for [C8C1Im]Cl, [C4C1Im][SCN] and [C8C1Im][C(CN)3] at the Ncation 1s absorption edge (h = 

401.8 eV) and at EB < 12 eV, there was a relatively broad feature at 4 eV < EB < 8 eV (Figures 3, 4, 5 and 

ESI Figure S74).  This feature can be confidently assigned as arising from an Ncation participator Auger 

transition.  [C8C1Im]Cl, [C4C1Im][SCN] and [C8C1Im][C(CN)3] all gave similar RAES spectral shapes at EB 

> 8 eV (ESI Figure S74), confirming that cationic contributions dominated these traces.   
 

For [C8C1Im][NTf2], the N 1s RAE spectrum gave an enhancement at h = 401.8 eV and 4 eV < EB < 7 eV 

(ESI Figure S61) due to a participator Auger transition.  Leading on from the assignment of this feature 

at h = 401.8 eV and 4 eV < EB < 7 eV for the other three [CnC1Im[A] ILs studied here as arising from an 

Ncation participator Auger transition, for [C8C1Im][NTf2] this feature at h = 401.8 eV and 4 eV < EB < 7 

eV can confidently be assigned as having a significant contribution from an Ncation participator Auger 
transition.  Further evidence for this assignment is the excellent visual match of the N 1s RAE spectra 

at h = 401.8 eV and 7 eV < EB < 12 eV (ESI Figure S74) for the four [CnC1Im[A] ILs studied here.   

 

Overall, for all four [CnC1Im[A] ILs studied here using RAES, Ncation gave a feature in the region of 4 eV 

< EB < 7 eV (summarised in Tables 1 and 2 and ESI Table S8 and ESI Table S9).  As this feature is in the 

p region (EB < 12 eV), we assign this feature as arising from N 2p AOs.   

 

No clear peaks due to participator Auger transitions were observed for the N 1s edge for the two 

ammonium-based ILs (ESI Figure S62 and ESI Figure S63); an explanation for this observation is given 
in ESI Section 17.  Therefore, MOs with significant contribution from the cationic AOs could not be 

identified using N 1s RAES for these two ILs.   
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3.2.2. Nitrogen edge RAES: anion 

 

For [C4C1Im][SCN], areas of components 1, 3 and 4 were enhanced at the anionic N 1s edge energy (h 

= 399.5 eV), relative to below the edge, due to participator Auger transitions (Figure 4a and 4c).  

Therefore, the RAES data suggests that for [C4C1Im][SCN] components 1, 3 and 4 have significant 

contributions from anionic nitrogen.  Furthermore, the N 1s RAES data suggests that component 2 has 

no significant anionic nitrogen contributions, as no enhancement in component area was observed at 

the anionic N 1s edge energy.   

 

For [C8C1Im][C(CN)3], the anion gave two well-resolved resonant peaks in the N 1s NEXAFS spectrum, 

at h = 399.0 eV and h = 400.1 eV (Figure 5b).68  Areas of components 1 (at EB ~2.8 eV), 2, 3 and 4 

were enhanced at the anionic N 1s resonant energies (h = 399.0 eV and h = 400.1 eV), relative to 

below the edge, due to participator Auger transitions (Figure 5a and 5c).  Therefore, the RAES data 

suggests that for [C8C1Im][C(CN)3] components 1, 2, 3 and 4 have significant contributions from anionic 

nitrogen.   

 

For [P6,6,6,14][NO3], resonant enhancement was observed at the anionic N 1s edge energy (h = 405.1 

eV68 and EB = ~10 eV), relative to below the edge (ESI Figure S64).  This peak is identified with 

reasonable confidence as being from a participator Auger transition.  No peaks due to participator 

Auger transitions were observed at EB < 10 eV for [P6,6,6,14][NO3], strongly indicating that the MOs 

nearest to EF have little or no contribution from anionic N AOs.  Similar conclusions were made for N 

1s RAES data for Na[NO3] (ESI Section 18).42   

 

For [CnC1Im][NTf2], no clear peak arising from the [NTf2]ʹ anion can be identified in the N 1s NEXAFS 
spectrum (ESI Figure S61b and reference 68).  For [CnC1Im][NTf2], experiments and calculations (both 

transition potential DFT and time-dependent DFT) suggest that the lowest energy peak due to the 

[NTf2]ʹ anion in the N 1s NEXAFS spectrum would appear at a similar energy to the lowest energy peak 

for the imidazolium ring.68-71  Therefore, the feature at h = 401.8 eV and 4 eV < EB < 7 eV for 

[C8C1Im][NTf2] (ESI Figure S61) could potentially be due to either a cationic participator Auger 

transition or an anionic participator Auger transition.  However, given the excellent visual match of 

the N 1s RAE spectrum at h = 401.8 eV and 0 eV < EB < 12 eV for the four [CnC1Im][A] ILs studied here 

(ESI Figure S74), the feature at h = 401.8 eV and 4 eV < EB < 7 eV for [C8C1Im][NTf2] was confidently 

assigned as arising mainly from Ncation and not Nanion.   

 

3.2.3. Oxygen edge RAES: anion 

 

For [N2,2,1,0][TfO], the area of component 1 (EB ~6 eV) was enhanced at the anionic O 1s edge energy 

(h ~535 eV), relative to below the edge, due to participator Auger transitions (Figure 6a and 6c).  

Therefore, the RAES data suggests that for [N2,2,1,0][TfO] component 1 has significant contributions 
from anionic oxygen.  The area of component 2 (EB ~10 eV) gave relatively small area enhancements 

at the anionic O 1s edge energy, (Figure 6a and 6c), suggesting that component 2 has only small 

contributions from anionic oxygen.  The features at EB > ~12 eV are likely due to either spectator Auger 

or a combination of both spectator Auger and participator Auger transitions (i.e. not solely due to 

participator Auger transitions); therefore, no attempts have been made to draw conclusions on 

valence MOs at EB > 12 eV for the O 1s RAES spectra of [N2,2,1,0][TfO].   

 



13 

 
Figure 6.  RAES O 1s edge data for [N2,2,1,0][TfO].  (a) Heat map of h against EB for the O 1s edge 

(produced by combining individual electron spectra taken at varying h).  (b) Partial electron yield 

NEXAFS spectrum for the O 1s edge.  (c) Subtracted Oanion resonant Auger electron spectrum (h = 

535.3 eV).  The RAES trace was produced by subtraction of non-resonant XP contributions using the 

procedure outlined in ESI Section 10.3.  Component labels 1 and 2 are given in (c).  All electron spectra 

were charge referenced using procedures outlined in ESI Section 5.   

 

For [C8C1Im][NTf2], [P6,6,6,14][NO3] and [N4,1,1,0][HSO4] identification of anionic oxygen contributions to 

the valence electronic structure were made by observation of peaks due to participator Auger 

transitions; these identifications are summarised in the ESI Section 17.  For all three ILs, anionic oxygen 

contributed significantly to component 1.   

 

3.2.4. Carbon edge RAES: cation and anion 

 

For [C8C1Im][NTf2], the areas of components 1 and 2 were enhanced due to peaks from participator 

Auger transitions at the C 1s edge energies (h  = 286.6 eV and 287.2 eV) relative to below the edge 

(Figure 7).  These peaks at h ~287 eV corresponded to absorption by the imidazolium ring Ccation (see 

ESI Section 15 for more details).  Therefore, MOs which gave rise to components 1 and 2 had significant 
contributions from C 2p AOs of the imidazolium ring.   

 

For [P6,6,6,14][NO3], a low intensity and broad peak was observed due to participator Auger transitions 

at 5 eV < EB < 11 eV at the C 1s edge energy (h ~288 eV, ESI Figure S72), labelled as components 2, 3 

and 4.  Therefore, MOs which gave rise to components 2, 3 and 4 had significant contributions from 

Ccation 2p AOs.  Furthermore, no peak due to participator Auger transitions was observed for 

component 1, strongly suggesting that there was no significant cationic C 2p AO contribution to 

components 1.   

 
For [N4,1,1,0][HSO4] a very low intensity, broad peak was observed due to participator Auger transitions 

at 6 eV < EB < 12 eV and h ~288.5 eV (ESI Figure S70).  This corresponds to components 2, 3 and 4 

having significant contributions from Ccation 2p AOs for [N4,1,1,0][HSO4].   
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Figure 7.  RAES C 1s edge data for [C8C1Im][NTf2].  (a) Heat map of h against EB for the C 1s edge 

(produced by combining individual electron spectra taken at varying h).  (b) Partial electron yield 

NEXAFS spectrum for the C 1s edge.  (c) Subtracted Ccation resonant Auger electron spectrum (h = 

286.8 eV).  The RAES trace was produced by subtraction of non-resonant XP contributions using the 

procedure outlined in ESI Section 10.3.  Component labels 1 and 2 are given in (c).  All electron spectra 

were charge referenced using procedures outlined in ESI Section 5.   
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3.3. Fingerprint method 

 

The fingerprint method is a simpler data analysis method than the subtraction method that will be 

introduced in Section 3.4.  In addition, valence XP spectrum can be compared that are recorded under 

different conditions, e.g. on different apparatus or with different analyser settings.  Using peak 

identification from other experimental methods, e.g. from RAES, can also help MO identification using 

the fingerprint method.   

 

3.3.1. Fingerprint method: halide anion ILs 

 

For [C8C1Im]Cl, peaks due to Cl--based MOs were identified in Section 3.1 at EB = 3.7 eV and EB = 14.3 

eV (Table 2).  For [P6,6,6,14]Cl the valence XP spectrum at h = 1486.6 eV gave relatively intense, 

approximately Gaussian-shaped peaks at EB = 3.1 eV and EB ~13.9 eV compared to the other peaks in 

the XP spectrum (ESI Figure S76b).  The peak EB separation for [P6,6,6,14]Cl, 10.8 eV, matched that 

observed for Cl- in [C8C1Im]Cl (Table 2) and NaCl.67  Also, all four peaks identified as being from Cl- gave 

relatively intense, sharp valence peaks.  At h = 1486.6 eV the Cl 3p photoionisation cross-section is 

~90 times larger than C 2p and ~20 times larger than N 2p,37 explaining the observation of relatively 

intense peaks due to Cl 3p relative to N 2p and C 2p (the Cl 3p photoionisation cross-section is ~4 times 

larger than C 2s and ~2 times larger than N 2s,37).  Therefore, two peaks for [P6,6,6,14]Cl can be positively 

identified as being from Cl--based MOs.  The valence XP spectra for [C8C1Im]Br gave peaks at EB = 3.2 

eV and EB = 13.8 eV (ESI Figure S76c), and for [P6,6,6,14]Br gave peaks at EB = 2.9 eV and EB = 13.7 (ESI 

Figure S76d).  Peaks due to Br- can be readily identified at EB ~3 eV (Br 4p) and EB ~14 eV (Br 4s).  The 

valence XP spectrum for [C6C1Im]I gave two peaks at 1.4 eV < EB < 4.5 eV (ESI Figure S76e).  For 

[C6C1Im]I, these peaks can be identified as originating from I 5p-based MOs).  The spin-orbit splitting 

was also readily observed, showing both I 5p3/2 and I 5p1/2 peaks.  The peak separation [C6C1Im]I was 

0.93 eV, exactly matching that found for I- dissolved in water25.  These observations contribute to the 
positive identification of the I 5p contributions.   

 

3.3.2. Obtaining an individual ion trace for the [C8C1Im]+ cation 

 

The area normalisation method used in this paper is a very reliable and reproducible method (ESI 

Section 11).  Therefore, this method can be used to obtain individual ion traces, most importantly for 

the [C8C1Im]+ cation (ESI Section 9).  For [C8C1Im]Cl, all peaks apart from the intense, relatively 

Gaussian-shaped peaks at EB = 3.7 eV and EB = 14.3 eV were due to the [C8C1Im]+ cation (Section 3.1); 

therefore, for [C8C1Im]Cl all features in the region 5.5 eV < EB < 11.5 eV were from the [C8C1Im]+ cation.  

For [C8C1Im][BF4], all features in the region 0 eV < EB < 6.5 eV were from the [C8C1Im]+ cation (ESI Figure 

S77b and S77c).  By splicing together sections of the area normalised valence XP spectra for 

[C8C1Im][BF4] (0 eV < EB < 5.95 eV) and [C8C1Im]Cl (5.96 eV < EB < 11.5 eV) an area normalised trace for 

[C8C1Im]+ was obtained for 0 eV < EB < 11.5 eV (Figure 8).  Given the relatively small contribution from 

alkyl carbon-based C 2p AOs to the region at 0 eV < EB < 11.5 eV, this trace for [C8C1Im]+ can be used 

as the trace for [CnC1Im]+ (where n = 2, 4, 6).   

 



16 

 
Figure 8.  Cation traces for [C8C1Im]+ and [N8,8,8,1]+.  Area normalised valence XP spectrum recorded at 

h = 1486.6 eV for [P6,6,6,14]Cl and [P6,6,6,14]Br.  The areas were normalised using procedures outlined in 

ESI Section 8.2.  Subtraction was performed using procedures outlined in ESI Section 10.1.  The cation 

traces were obtained using procedures outlined in ESI Section 9.  All electron spectra were charge 

referenced using procedures outlined in ESI Section 5.   

 

3.3.3. Fingerprint method for [CnC1Im]+: RAES traces versus individual ion trace 

 

For all four of the [CnC1Im][A] ILs studied here using RAES (see Section 3.2.1), the Ncation 1s  * 

resonance gave a feature in the region of 4 eV < EB < 7 eV (summarised in Tables 1 and 2 and ESI Table 

S8 and ESI Table S9).  A comparison, area normalised by eye, of the Ncation RAES traces for the four ILs 

versus the cation trace for [C8C1Im]+ for data recorded at h = 1486.6 eV showed an excellent match 

for the feature at 4 eV < EB < 6 eV (Figure 9).  A comparison, area normalised by eye, of the Ccation RAES 

traces for [C8C1Im][NTf2] versus the cation trace for [C8C1Im]+ for data recorded at h = 1486.6 eV 

showed an excellent match for the feature at 4 eV < EB < 6 eV (ESI Figure S77a).  Furthermore, a 

comparison, area normalised by eye, of the Ncation RAES traces for the four ILs versus area normalised 

valence XP spectra for [C8C1Im][BF4], [C6C1Im][B(CN)4] and [C8C1Im][C(CN)3] (recorded at h = 1486.6 

eV) showed an excellent match for the feature at 4 eV < EB < 6 eV (ESI Figure S77b).  Lastly, a 

comparison (again normalised by eye) of the valence XP spectrum recorded at h = 198.0 eV for 

[C8C1Im]Cl and the valence XP spectrum recorded at h = 1486.6 eV for [C8C1Im][BF4] both showed the 

same feature at 4.5 eV < EB < 6 eV (ESI Figure S77c).   
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Figure 9.  Cation trace for [C8C1Im]+ for data recorded at h = 1486.6 eV, and RAES traces for 

[CnC1Im][A] recorded at h = 401.8 eV (Ncation 1s  * resonance).  The area for the [C8C1Im]+ trace 

was normalised using procedures outlined in ESI Section 8.2.  The cation trace was obtained using 

procedures outlined in ESI Section 9.  The RAES traces were produced by subtraction of non-resonant 

XP contributions using the procedure outlined in ESI Section 10.3 and area normalised by eye so that 

the feature at EB ~5 eV was the same intensity as for the cation trace for [C8C1Im]+.  All electron spectra 

were charge referenced using procedures outlined in ESI Section 5.   
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3.4. Subtraction method for valence level XP spectra 

 

Much data is available for laboratory-based XP spectrometers recorded using h = 1486.6 eV.  For 

such data, area subtraction can be attempted (see ESI Section 8 for an explanation of how the areas 

were normalised).  For example, the [CnC1Im]+ trace can be used for subtraction in combination with 

area normalised valence XP spectra for [CnC1Im][A] ILs to obtain traces for [A]-.  Using these traces for 

[A]-, further cation traces can be obtained.  In addition, for certain ILs it was possible to identify 

[CnC1Im]+ contributions when the subtraction of an area normalised valence XP spectrum for 

[CnC1Im][A] minus the [CnC1Im]+ trace gave a trace that matched closely to the zero line.   

 

3.4.1. Subtraction method: identifying cationic and anionic alkyl contributions 

 

The subtracted trace for [N8,8,8,1][NTf2] minus [N3,2,1,1][NTf2] (ILs with the same cation core but very 

different alkyl chain lengths) showed a positive deviation from the zero line in the p AO region at EB < 

11.5 eV (Figure 8).  No clear peaks were observed, suggesting that the relatively large number of 

[N8,8,8,1]+ cationic MOs gave a range of EB values.  Furthermore, a visual inspection of the subtracted 

trace and the [N8,8,8,1][NTf2] valence XP spectrum showed that the onset energies were relatively 

similar (Figure 8).   
 

For ILs with a difference of C4H8 alkyl units, e.g. [C8C1Im][HSO4] minus [C4C1Im][HSO4] or [N8,1,1,0][HSO4] 

minus [N4,1,1,0][HSO4], little positive deviation from the zero line was observed in the subtracted trace 

in the p AO region at EB < 12 eV (ESI Figure S81).  Furthermore, for ILs with the same anion core and 

relatively different alkyl chain lengths, [C4C1Im][OcSO4] minus [C4C1Im][MeSO4] (ESI Figure S82a), little 

deviation from the zero line was observed in the p AO region of the subtracted traces.  For ILs with 

the same cation core and very similar alkyl chain lengths, essentially no deviation from the zero line 

was observed in the subtracted traces, e.g. for [N4,1,1,1][NTf2] minus [N3,2,1,1][NTf2], [S2,2,2][NTf2] minus 

[S2,2,1][NTf2], and [C4C0Im][NTf2] minus [C2C0Im][NTf2] (ESI Figure S80a, ESI Figure S80d and ESI Figure 

S80c respectively), as expected.   

 

For IL XP spectra recorded at h = 1486.6 eV, the subtraction method only worked well when 

considering ILs with large differences in the number of alkyl carbons.  The C 2p photoionisation cross-

section is small at h = 1486.6 eV, relative to AOs such as F 2p and S 3p.37  Therefore, changing the 

alkyl chain length in an IL generally had minimal effect on the valence XP spectra.  The subtraction 

method would work better for XP spectra recorded at h significantly lower than h  = 1486.6 eV, as 

the C 2p photoionisation cross-section increases at lower h, relative to AOs such as F 2p and S 3p.37  

These observations (and those previously highlighted in Section 3.1 and Section 3.2.4) demonstrate 

the challenge identifying Calkyl contributions to the valence p AO region of ILs.   

 

A major advantage of the minimal impact of alkyl chains on the p AO region for data recorded at h  = 

1486.6 eV is that the subtraction method can be used for data recorded at h  = 1486.6 eV where the 

ILs have similar, but not the same, alkyl chains in their structure.  For example, [S2,2,2][NTf2] and 

[N3,2,1,1][NTf2] can be compared using the subtraction method, even though they have slightly different 

alkyl chains in the IL.   

 

3.4.2. Subtraction method: identifying cationic non-alkyl contributions 

 

For [C8C1Im][C(CN)3], the peak at EB = 2.8 eV has already been identified using RAES as originating from 

the [C(CN)3]- anion (Section 3.2).  The next feature was at 4 eV < EB < 6 eV, with a more intense feature 

at 6 eV < EB < 9 eV (Figure 10a).  The feature at 4 eV < EB < 6 eV matched the EB range for the feature 

identified using Ncation 1s RAES data for the four [CnC1Im][A] ILs (Section 3.2.1).  Furthermore, the 
subtracted anion trace ([C8C1Im][C(CN)3] minus the [C8C1Im]+ trace) showed a very close match to the 
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zero line at 3.5 eV < EB < 5.5 eV (Figure 10a).  Therefore, the feature at 4 eV < EB < 6 eV can be identified 

as arising from the [C8C1Im]+ cation.   

 

 
Figure 10.  Area normalised valence XP spectrum recorded at h = 1486.6 eV, spliced [C8C1Im]+ trace 

and subtracted anion trace for: (a) [C8C1Im][C(CN)3], (b) [C6C1Im][B(CN)4], (c) [C4C1Im][N(CN)2], (d) 

[C8C1Im][HSO4], (e) [C8C1Im][NTf2], (f) [C8C1Im][BF4].  The areas were normalised using procedures 

outlined in ESI Section 8.2.  Subtraction was performed using procedures outlined in ESI Section 10.1.  

The spliced [C8C1Im]+ trace and the subtracted anion traces were obtained using procedures outlined 

in ESI Section 9.  All electron spectra were charge referenced using procedures outlined in ESI Section 

5.   

 

For [C6C1Im][B(CN)4], the lowest EB feature was at 4 eV < EB < 6 eV, followed by a more intense feature 

at 6 eV < EB < 9 eV (Figure 10b and ESI Figure S87d).  Again, this feature matched the EB range for the 

feature identified using Ncation 1s RAES data for the four [CnC1Im][A] ILs (Section 3.2.1 and ESI Figure 

S77b).  Furthermore, the subtracted anion trace ([C6C1Im][B(CN)4] minus the [C8C1Im]+ trace) showed 

a close match to the zero line at 0 eV < EB < 5.5 eV (Figure 10b).  Therefore, the feature at 4 eV < EB < 

6 eV can be identified as arising from the [C6C1Im]+ cation.  Furthermore, for [C4C1Im][N(CN)2] and 
[C4C1Im][SCN], the subtracted anion traces both closely matched to the zero line at 4.5 eV < EB < 5.5 

eV (Figure 10c and ESI Figure S87a), indicating a contribution arising from the [C4C1Im]+ cation for this 

EB region.   

 

[CnC1Im]+ contributions to the region 5 eV < EB < 11.5 eV were identified, including identification (for 

ILs with a range of structurally different anions) of a feature due to [CnC1Im]+ at 9 eV < EB < 11.5 eV (ESI 
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Section 22).  Furthermore, the minimal impact on valence electronic structure of ILs with protic cations 

(compared to ILs with aprotic cations) is also demonstrated (ESI Section 22).   

 

For [P6,6,6,14]Cl and [P6,6,6,14]Br peaks due to the anion have already been identified using the fingerprint 

method (Section 3.3).  Given the small number of contributions from the halide anions, all 

peaks/features in the valence XP spectra for [P6,6,6,14]Cl and [P6,6,6,14]Br at h = 1486.6 eV, other than 

those due to the halide anions, can be readily identified as emanating from the [P6,6,6,14]+ cation.  The 

subtracted trace for [P6,6,6,14]Br minus [P6,6,6,14]Cl matched to the zero line almost perfectly at 4.5 eV < 

EB < 11.5 eV; signals due to the halide anions were at 1.5 eV < EB < 4 eV and 12 eV < EB < 14.5 eV (ESI 

Figure S91b).  This 4.5 eV < EB < 11.5 eV range matched almost perfectly to the C 1s RAES identification 

for [P6,6,6,14][NO3] cationic MOs at 5 eV < EB < 11 eV (Section 3.2.4).  Therefore, this feature at 4.5 eV < 

EB < 11.5 eV can be confidently identified as emanating from [P6,6,6,14]+ cation C 2p-based MOs.   

 

The [N8,8,8,1]+ cation trace matched closely to the [N8,8,8,1][NTf2] minus [N3,2,1,1][NTf2] trace (Figure 8).  In 

addition, the onset EB for the [N8,8,8,1]+ cation trace, the [N8,8,8,1][NTf2] minus [N3,2,1,1][NTf2] trace and 

the cation contribution for [P6,6,6,14]Cl and [P6,6,6,14]Br all showed a good match.  These observations 

highlight the relative dominance of the alkyl chains for the [N8,8,8,1]+ cation, and no contribution from 

the N atom could be identified.  For other alkylammonium-based ILs, the [N3,2,1,1]+ and [N3,2,1,1]+ cation 
traces were close to the zero line.  The cation traces for [N2,2,1,0]+, [N4,1,1,0]+ and [N8,1,1,0]+ all showed 

small positive deviations from the zero line.  Therefore, no conclusions will be drawn on these five 

cation traces.   

 

The cations in [S2,2,2][NTf2] and [N3,2,1,1][NTf2] are structurally different.  The [N3,2,1,1]+ cation contains 

only C, N and H atoms, whereas the [S2,2,2]+ cation contains a S atom.  The subtracted trace for 

[S2,2,2][NTf2] minus [N3,2,1,1][NTf2] showed a significant feature in the p AO region (0 eV < EB < 12 eV) at 

EB ~6 eV (Figure 11a).  In addition, three other combinations of similar ILs ([S2,2,1][NTf2] minus 

[N3,2,1,1][NTf2], [S2,2,1][NTf2] minus [N4,1,1,1][NTf2], and [S2,2,2][NTf2] minus [N4,1,1,1][NTf2]) showed a peak 

at EB ~6 eV (ESI Figure 92b).  Furthermore, the [S2,2,2]+ and [S2,2,1]+ cation traces both showed a feature 

at EB ~6 eV (Figure 11b and ESI Figure 83f respectively).  At h = 1486.6 eV, the photoionisation cross-

section for S 3p is ~50 times greater than that for C 2p and ~12 times greater than that for N 2p (ESI 

Section 6).37  Furthermore, the alkyl carbon contributions to the p AO region for the subtracted trace 

(at h = 1486.6 eV) for two ILs which contain similar amounts of alkyl carbon were essentially the same 

(see Section 3.4.1 and ESI Section 21).  Therefore, this peak at EB ~6 eV is confidently assigned to 

contributions from the S 3p AO of the [S2,2,2]+ cation.  Furthermore, a feature at 9 eV < EB < 12 eV was 

present for the four different subtracted traces (ESI Figure 92b); this feature can also be assigned to 
contributions from the S 3p AO of the [S2,2,2]+ cation, although this assignment was with less confidence 

than for the peak at EB ~6 eV (as explained in ESI Section 10.2).  The subtracted [S2,2,2][NTf2] minus 

[N3,2,1,1][NTf2] trace in Figure 11a can be thought of as a representation of the S 3p contributions to 

the [S2,2,2][NTf2] valence electronic structure.   

 

The cations in [N2OH,2OH,2OH,1][TfO] and [N2,2,1,0][TfO] contain the same central nitrogen atom.  The 

[N2,2,1,0]+ cation contains only C, N and H atoms, whereas the [N2OH,2OH,2OH,1]+ cation contains three 

oxygen atoms.  [N2OH,2OH,2OH,1][TfO] and [N2,2,1,0][TfO] contain relatively similar amounts of alkyl carbon; 

hence these differences should be negligible in the p AO region.  The subtracted trace for 

[N2OH,2OH,2OH,1][TfO] minus [N2,2,1,0][TfO] showed a broad feature in the p AO region at 4 eV < EB < 10 eV 

(Figure 11c).  Furthermore, the [N2OH,2OH,2OH,1]+ cation trace showed a feature of very similar shape at 

4 eV < EB < 10 eV (Figure 11d).  At h = 1486.6 eV, the photoionisation cross-section for O 2p is ~12 

times greater than that for C 2p and ~3 times greater than that for N 2p (ESI Section 6).37  The 

contribution at 4 eV < EB < 8 eV can confidently be assigned to contributions from the O 2p AO of the 

[N2OH,2OH,2OH,1]+ cation.  However, the feature at 8 eV < EB < 10 eV can be assigned to contributions from 

the O 2p AO of the [N2OH,2OH,2OH,1]+ cation with less confidence than for the feature at 4 eV < EB < 8 eV 
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(as explained in ESI Section 10.2).  The subtracted trace in Figure 11c can be thought of as a 

representation of the O 2p contributions to the [N2OH,2OH,2OH,1][TfO] valence electronic structure.   

 

 
Figure 11.  (a) Area normalised valence XP spectra for [S2,2,2][NTf2] and [N3,2,1,1][NTf2] recorded at h = 

1486.6 eV, and the subtracted [S2,2,2][NTf2] minus [N3,2,1,1][NTf2] trace.  (b) Area normalised valence XP 

spectrum for [S2,2,2][NTf2], [NTf2]- anion trace and [S2,2,2]+ cation trace.  (c) Area normalised valence XP 

spectra for [N2OH,2OH,2OH,1][TfO] and [N2,2,1,0][TfO] recorded at h = 1486.6 eV, and the subtracted trace 

([N2OH,2OH,2OH,1][TfO] minus [N2,2,1,0][TfO]).  (d) Area normalised valence XP spectrum for 

[N2OH,2OH,2OH,1][TfO], [TfO]- anion trace and [N2OH,2OH,2OH,1]+ cation trace.  The areas were normalised 

using procedures outlined in ESI Section 8.2; subtraction was performed using procedures outlined in 

ESI Section 10.1.  All electron spectra were charge referenced using procedures outlined in ESI Section 

5.   

 

3.4.3. Subtraction method: identifying anionic non-alkyl contributions 

 

Identification of anionic contributions for select ILs is presented here.  Identification of anionic non-

alkyl contributions in the region 5 eV < EB < 12 eV for other ILs ([SCN]-, [N(CN)2]-, [C(CN)3]-, [B(CN)4]-, 

[TfO]-, [NTf2]-, [HSO4]-, [MeSO4]-, [OcSO4]-, [MeSO3]-, [Me2PO4]-, [NO3]- and I-) is given in the ESI Section 

23.   

 

To identify anionic contributions for [CnC1Im][A] ILs in the region 0 eV < EB < 11.5 eV, the subtracted 

[A]- traces can be used.  To identify anionic contributions for [P6,6,6,14][A] ILs in the region 5 eV < EB < 

12 eV, [P6,6,6,14]Cl can provide a standard area normalised XP spectrum for subtraction.  Cationic 

[P6,6,6,14]+ contributions to the valence XP spectra for [P6,6,6,14][A] have been identified; in the p AO 

region they occurred at 4.5 eV < EB < 12 eV (Section 3.2.4 and Section 3.4.2).  Most importantly, there 

were no significant Cl- contributions in this EB region, meaning that anionic contributions to valence 
XP spectra for other [P6,6,6,14][A] ILs can be identified.   

 

For [P6,6,6,14][N(CN)2] the lowest EB feature was at 2.5 eV < EB < 4.5 eV (ESI Figure S98a).  This feature 

appeared at significantly lower EB than the lowest EB [P6,6,6,14]+ cation contribution at 4.5 eV < EB < 11.5 

eV (Section 3.2.4 and Section 3.4.2).  For [C4C1Im][N(CN)2] the lowest EB anionic feature was at 3 eV < 

EB < 5 eV (Figure 10c).  This feature appeared at significantly lower EB than the lowest EB [CnC1Im]+ 
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cation contribution at 4 eV < EB < 7 eV (Figure 10c).  Furthermore, the subtracted trace for [N(CN)2]- 

(i.e. [C4C1Im][N(CN)3] minus [C8C1Im]+) showed a significant feature at 3 eV < EB < 5 eV (Figure 10c).  

Therefore, the feature at 3 eV < EB < 5 eV can be identified as arising from the [N(CN)2]- anion.  In 

addition, the area normalised valence XP spectra for [P6,6,6,14][N(CN)2] and [C4C1Im][N(CN)2] visually 

matched well in the region 3 eV < EB < 4.5 eV (ESI Figure S97b and ESI Figure S98a).  The core level 

Nanion 1s peaks, when charge referenced to EB(Calkyl 1s) = 285.0 eV, for [P6,6,6,14][N(CN)2] were at EB ~0.3 

eV less than for [C4C1Im][N(CN)2] (ESI Figure S98b).   Therefore, the feature at 2.5 eV < EB < 4.5 eV for 

[P6,6,6,14][N(CN)2] can be identified as arising from the [N(CN)2]- anion.  As expected, the valence levels 

due to the [N(CN)2]- anion were also EB ~0.3 eV less for [P6,6,6,14][N(CN)2] than for [C4C1Im][N(CN)2] (ESI 
Figure S98a); when the area normalised valence XP spectrum for [P6,6,6,14][N(CN)2] was shifted by EB 

+0.3 eV the region 3 eV < EB < 5 eV visually matched that of [C4C1Im][N(CN)2] almost perfectly.  For 

[C4C1Im][SCN] and [C8C1Im][C(CN)3] the lowest EB peaks were at 2.9 eV and 2.8 eV respectively (ESI 

Figure S87a and Figure 10a), matching the assignment made using variable h XPS (Section 3.1) and 

RAES (Section 3.2.2).   

 

For [C8C1Im][HSO4], [C4C1Im][MeSO4], [C4C1Im][OcSO4], [C2C1Im][MeSO3] and [C4C1Im][Me2PO4] gave 

very visually similar anion traces at 3 eV < EB < 5 eV (ESI Figure S99b).  Therefore, the feature at 3 eV 

< EB < 5 eV for [C8C1Im][HSO4], [C4C1Im][MeSO4], [C4C1Im][OcSO4], [C2C1Im][MeSO3] and 
[C4C1Im][Me2PO4] can be identified as arising from the respective anions.  Furthermore, the subtracted 

traces in the p AO region for [C4C1Im][MeSO4] minus [C4C1Im][HSO4] and [C4C1Im][OcSO4] minus 

[C4C1Im][HSO4] gave little deviation from the zero line (ESI Figure S82b and ESI Figure 82c).  However, 

in the s AO region at 12 eV < EB < 24 eV greater deviations were observed than for the p AO region for 

data recorded at h = 1486.6 eV (see ESI Section 23.2 for more discussion).  These greater deviations 

suggest that CH2-R groups can have a significant effect on valence electronic structure.   

 

For both [C8C1Im][NTf2] and [C8C1Im][TfO], the anion traces showed that the lowest EB features were 
at 4 eV < EB < 7 eV (Figure 10e and ESI Figure S86d).  These features arose at approximately the same 

EB as the lowest EB feature due to the [CnC1Im]+ cation at 4 eV < EB < 7 eV (Figure 10e and ESI Figure 

S86d).  Therefore, the features at 4 eV < EB < 7 eV for [C8C1Im][TfO] and [C8C1Im][NTf2] were likely to 

be from both the cation and the anion.   

 

The [BF4]- anion trace ([C8C1Im][BF4] minus [C8C1Im]+) gave a relatively intense feature at 6.5 eV < EB < 

10.5 eV; the maximum intensity of the feature was at EB ~7.8 eV (Figure 10f).  Therefore, this feature 

for [C8C1Im][BF4] originated from the [BF4]- anion.  Furthermore, at h = 1486.6 eV, the F 2p AO 

photoionisation cross-section is ~250 times larger than the B 2p AOs photoionisation cross-section 
(ESI Section 6 and reference 37).  Therefore, this feature can be identified as having a significant 

contribution from the F atoms in the [BF4]- anion.   

 

The [B(CN)4]- trace ([C6C1Im][B(CN)4] minus [C8C1Im]+) gave a relatively sharp and intense feature at 6 

eV < EB < 9 eV (Figure 10b).  Therefore, this feature can be identified as arising from the [B(CN)4]- anion.  

The feature at 6 eV < EB < 9 eV was the lowest EB contribution from the [B(CN)4]- anion.  Furthermore, 

at h = 1486.6 eV, the N 2p and C 2p AO photoionisation cross-sections are ~30 times and ~eight times 

larger than the B 2p AOs photoionisation cross-section respectively (ESI Section 6 and reference 37).  

Therefore, this feature can be identified as primarily arising from the cyano atoms in the [B(CN)4]- 
anion.   
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3.5. Ion HOFO identification 

 

In this Section, evidence is collated from the previous Sections to highlight when ion HOFO 

contributions were positively identified.  A summary of all 37 ILs is given in Table 3, and summaries for 

the seven ILs that were the focus of our RAES study are given in Tables 1 and 2 and ESI Table S8 to ESI 

Table S12.  Furthermore, contributions from ions that were identified for MOs that were at larger EB 

than the HOFO are given, where known, in ESI Section 24.   

 

3.5.1. Cation HOFO identification 

 

For the four [CnC1Im][A] ILs studied here using RAES, the N 1s and C 1s RAES data strongly indicated 

that the cation HOFO was located on the imidazolium ring and not on the alkyl chain (neither butyl 

nor octyl).  Furthermore, variable h XPS showed that the [CnC1Im]+ HOFO had a strong contribution 

from p AOs.  Therefore, it can be concluded that the [CnC1Im]+ HOFO (at least for n  8) was composed 

of N 2p and C 2p contributions from the imidazolium ring.  The [CnC1Im]+ cation HOFO has been 

assigned to the imidazolium ring based upon DFT calculations for gas phase ion pairs for [C4C1Im]Cl72 

and DFT calculations for eight [C2C1Im][B(CN)4] ion pairs in the gas phase,73 matching our experimental 

findings.  The [CnC1Im]+ cation HOFO has been assigned to the imidazolium ring for [C4C1Im]+ and to 

the alkyl chain for [C8C1Im]+ and [C10C1Im]+, based upon lone ion gas phase DFT calculations.  These 

conclusions do not match our own; we expect that lone ion gas phase calculations do not account 

sufficiently for solvation effects.   

 

For [P6,6,6,14][NO3], we demonstrated that the cation HOFO had a very significant contribution from C 

2p, i.e. alkyl chains; it is possible that the P 2p of the central P cationic atom contributed to the cation 

HOFO, but any contribution was likely to be small relative to that of C 2p.   

 
For [N4,1,1,0][HSO4] and [N8,8,8,1][NTf2], we demonstrated that the cation HOFO had a very significant 

contribution from C 2p, i.e. alkyl chains (using C 1s RAES data and the subtraction method, 

respectively); it is possible that the N 2p of the central N cationic atom contributed to the cation HOFO.  

The cation HOFO was not experimentally identified using methods here for [N2,2,1,0][TfO].   

 

For [N2OH,2OH,2OH,1][TfO], the O 2p AOs of the OH groups gave rise to the cation HOFO (identified using 

the subtraction method).  This finding is in contrast to that for [N4,1,1,0][HSO4] and [N8,8,8,1][NTf2], where 

the cation HOFO had a significant contribution from the alkyl chains.  Clearly, adding OH atoms to the 

cation had a significant effect on the identity of the cation HOFO.   

 

For [S2,2,n][NTf2], the S 3p AOs of the [S2,2,n]+ cations gave rise to the cation HOFO (identified using the 

subtraction method).   

 

We have been unable to find any previous studies identifying the HOFOs of ILs containing sulfonium 

cations, ammonium cations, phosphonium cations, or hydroxyl-containing cations.   

 

3.5.2. Anion HOFO identification 

 

For the halide anion-based ILs, a combination of variable h XPS, RAES and the fingerprint method 

allowed identification of the anion HOFO as arising from p AO contributions, e.g. Cl 3p for Cl-.  For 

[C8C1Im]Cl, Krischok and co-workers used a combination of experiment and DFT calculations to show 

that the anion HOFO was primarily from Cl 3p.39  Our identification using variable h XPS of the cationic 

contributions to the MOs matched that of Krischok and co-workers.  Using variable h PES (i.e. XPS at 

h = 1486.6 eV and UPS) it was shown that the anion HOFO for [C8C1Im]Br came from Br 4p,19 in 
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agreement with our findings here.  We have been unable to find any identification for HOFOs of ILs 

containing I-.   

 

For both [TfO]- and [NTf2]-, the anion HOFOs had significant contributions from O 2p AOs, as identified 

using RAES.  For these ILs, contributions to the anion HOFO from other AOs (e.g. F 2p, S 3p, C 2p) could 

not be ruled out.  Ouchi and co-workers used a combination of SXES and calculations to conclude that 

the anion HOFO for both [TfO]- and [NTf2]- came from O 2p,18, 19 matching our conclusions here.  

Kurisaki and co-workers used a combination of valence XPS and calculations to conclude that the anion 

HOFO for [NTf2]- came from O 2p,74 matching our conclusions here.  Beenken and co-workers used a 
combination of valence XPS, UPS and calculations to conclude that the anion HOFO for [NTf2]- came 

mainly from oxygen,38 matching our conclusions here.   

 

The [SCN]- anion HOFO was identified, using a combination of variable h XPS and RAES, as having 

contributions from both S 3p and N 2p.  DFT calculations for eight [C2C1Im][SCN] ion pairs in the gas 

phase (relative to other examples in the literature, this is a very large number of ion pairs used) gave 

the anion HOFO mainly from S 3p and N 2p of the [SCN]- anion.73  This finding is consistent with our 

data.   

 
The [C(CN)3]- anion HOFO had a significant contribution from N 2p of the cyano group.  No C 2p 

contribution to the anion HOFO was identified using C 1s RAES; however, a lack of a peak observed in 

RAES does not categorically rule out a contribution from the C 2p of the anion to the anion HOFO.  DFT 

calculations for eight [C2C1Im][C(CN)3] ion pairs in the gas phase gave the anion HOFO from nitrogen 

and the central carbon of the [C(CN)3]- anion.73  These findings match our conclusions.   

 

For [B(CN)4]-, a N 2p AO contribution to the anion HOFOs was identified here, based on observations 

from a combination of subtracted traces, variable h XPS and RAES data.  DFT calculations for eight 

[C2C1Im][B(CN)4] ion pairs in the gas phase showed that the HOFO had a strong contribution from the 

cyano N,73 matching our experimental findings.   

 

For [N(CN)2]-, AO contributions to the anion HOFO were not identified here, as the AO photoionisation 

cross-sections for N 2p and C 2p are relatively similar, making identification very challenging using XPS.  

DFT calculations for eight [C2C1Im][N(CN)2] ion pairs in the gas phase gave the anion HOFO mainly from 

N of the [N(CN)2]- anion.73   

 

The [BF4]- anion HOFO was identified as having a significant contribution from the F 2p AOs, based 

upon fingerprint comparisons and AO photoionisation cross-sections.  For [CnC1Im][BF4] a combination 

of UPS and metastable atom electron spectroscopy experiments and lone ion gas phase DFT 

calculations (using two energy-scale shifts to match the calculated data to the experimental data) 

identified the anion HOFO as being from F 2p AOs,19, 30, 75 matching our findings.   

 

The [NO3]- anion HOFO had a significant contribution from O 2p, as identified using RAES.  

Furthermore, there was no significant contribution to the [NO3]- anion HOFO from N 2p, again 

identified using RAES.  For [HSO4]- the anion HOFO AO contributions was readily identified as O 2p 

using our RAES data.  Given the similarity in spectral shape and relative peak intensity in the HOFO EB 

region, as highlighted by data from the subtraction method, for ILs containing [HSO4]-, [MeSO4]-, 

[OcSO4]-, [MeSO3]- and [Me2PO4]-, we identify the anion HOFO as arising from O 2p contributions for 
all of these anions.  We have been unable to find any identification for HOFOs of ILs containing [HSO4]-

, [MeSO4]-, [OcSO4]-, [MeSO3]-, [Me2PO4]- or [NO3]-.   
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3.6. HOMO identification using EB(ion HOFO), EB(ion onset) and visual inspection 

 

In this Section results are reported based on two different approaches, EB(ion HOFO) and EB(ion onset), 

to quantify the EB values for cation and anion HOFOs.  These values are vital for identifying the IL 

HOMO, along with visual inspection of the RAE and valence XP spectra.  How values for both 

approaches were determined is outlined in ESI Section 12.  EB(ion HOFO) = EB(cation HOFO) ʹ 

EB(anion HOFO).  EB(ion HOFO) was measured for 34 ILs (Table 3); for [N2,2,1,0][TfO], [N4,1,1,1][NTf2] and 

[N3,2,1,1][NTf2] EB(cation HOFO) were not determined; consequently, EB(ion HOFO) could not be 

obtained for these ILs.  EB(ion onset) = EB(cation onset) ʹ EB(anion onset) was measured for 24 ILs 

(Table 3); EB(cation onset) was not measured for nine of the cations ([N4,1,1,0]+, [N8,1,1,0]+, [P6,6,6,14]+, 

[S2,2,2]+, [S2,2,1]+, [N2,2,1,0]+, [N4,1,1,1]+, [N3,2,1,1]+, [N8,8,8,1]+, Table S14), which meant that EB(ion onset) 

could not be measured for 13 ILs.  The correlation between EB(ion HOFO) and EB(ion onset) was 

excellent.  A gradient of 1.01 and an R2 of 0.98 was obtained for a linear correlation (ESI Figure S102).   
 

For 15 ILs studied here (entries 1 to 15 in Table 3), there was no doubt that the anion gave rise to the 

HOMO, as both EB(ion HOFO) and EB(ion onset) were positive (larger than the experimental error).  

For seven ILs studied here (entries 16 to 22 in Table 3) both the EB(ion HOFO) and EB(ion onset) 

values were positive, but the experimental errors suggested that the cation could give rise to the 

HOMO.  However, additional evidence can be gained by a visual inspection; for all seven of these 

[CnC1Im][A] IL the anion trace had a feature clearly visible at EB smaller than the lowest EB feature for 

the [C8C1Im]+ trace.  Therefore, given the weight of evidence that for all seven of these ILs both EB(ion 

HOFO) and EB(ion onset) were all positive values, and given the visual comparison methods, we 

conclude that the HOMO was from the anion from these seven ILs.  For four ILs studied here (entries 

23 to 26 in Table 3) EB(ion HOFO) and EB(ion onset) were not quantitatively determined; however, 

given the rationale explained in Section 3.5.1, we can confidently conclude that for these four ILs the 

HOMO came from the anion.  Therefore, for 25 of 37 ILs studied here the anion gave rise to the IL 

HOMO (Table 3).  No EB(cation HOFO) values were determined for [N2,2,1,0]+, [N4,1,1,1]+ or [N3,2,1,1]+.  

However, we assumed that EB(cation HOFO) for [N2,2,1,0]+, [N4,1,1,1]+ and [N3,2,1,1]+ were similar to 

EB(cation HOFO) for [N4,1,1,0]+.  Given the significant differences between EB(cation HOFO) for the 

[N4,1,1,0]+ cation and EB(anion HOFO) for [TfO]- and [NTf2]-, we positively identified the HOMO as 

originating from the anion for [N2,2,1,0][TfO], [N4,1,1,1][NTf2] and [N3,2,1,1][NTf2].   

 

Using experiments, both Ouchi and co-workers and Krischok and co-workers concluded that the halide 

gave rise to the anion for [C8C1Im]Br and [CnC1Im]Cl respectively,19, 39 in agreement with our findings 

here.  DFT calculations for [C2C1Im][SCN], [C2C1Im][N(CN)2] and [C2C1Im][C(CN)3] gave the HOMO from 

the anion.73  These findings matched our HOMO identification using a combination of RAES and 

variable h XPS.  However, we have been unable to find any identification for HOFOs of many of the 

ILs, e.g. sulfate-containing ILs.   

 

For 10 ILs studied here ([CnCmIm][NTf2], [P6,6,6,14][NTf2], [N8,8,8,1][NTf2], [CnC1Im][TfO] and 

[N2OH,2OH,2OH,1][TfO]) EB(ion HOFO) and EB(ion onset) were very close to zero (Table 3).  Identification 

of the HOMO was not possible for these 10 ILs, using the experimental data presented here.  Using 

experiments, both Ouchi and co-workers and Beenken and co-workers came to the same conclusion 

for [CnCmIm][NTf2΁͘  IŶ ĂĚĚŝƚŝŽŶ͕ SůĂǀşēĞŬ and co-workers found using calculations that for 

[CnC1Im][NTf2] (n = 2 and 4) the cation gave rise to the HOMO, although the anion contribution was 

very close to being the HOMO.76   

 

For two ILs studied here ([C8C1Im][BF4] and [C6C1Im][B(CN)4]) EB(ion HOFO) and EB(ion onset) were 

both negative, demonstrating that the cation, and not the anion, gave rise to the IL HOMO (Table 3).  

For [CnC1Im][BF4] a combination of UPS and metastable atom electron spectroscopy experiments and 

lone ion gas phase DFT calculations identified the HOMO as being from the cation and not the anion.19, 
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30, 75  These identifications match our identifications using experimental data.  For [C2C1Im][B(CN)4], 

Kötz and co-workers used a combination of XPS experiments and DFT calculations (on a gas phase ion 

pair) to suggest that the HOMO was not from the [B(CN)4]- anion.77  DFT calculations for eight 

[C2C1Im][B(CN)4] ion pairs in the gas phase showed that the HOMO was from the imidazolium ring of 

the cation and not from the anion.73   

 

Table 3.  HOFO identities, EB(ion onset) = EB(cation onset) ʹ EB(anion onset), EB(ion HOFO) = 

EB(cation HOFO) ʹ EB(anion HOFO) and HOMO identity.  Entries are listed by EB(ion HOFO) a 

Ionic Liquid 
Cation HOFO 
contribution 

Anion HOFO 
contribution 

EB(ion onset) / 
eV 

EB(ion HOFO) / 
eV 

HOMO identify 

[C6C1Im]I N 2p + C 2p I 5p 2.0 ± 0.5 2.2 ± 0.5 Anion 

[P6,6,6,14]Br C 2p Br 4p Unknown 2.1 ± 0.5 Anion 
[N4,1,1,0][HSO4] C 2p O 2p Unknown 2.0 ± 1.4 Anion 
[N8,1,1,0][HSO4] C 2p O 2p Unknown 2.0 ± 1.4 Anion 
[C8C1Im][C(CN)3] N 2p + C 2p N 2p 1.9 ± 0.5 2.0 ± 0.6 Anion 
[C4C1Im][SCN] N 2p + C 2p N 2p + S 3p 1.8 ± 0.5 1.9 ± 0.5 Anion 
[C8C1Im][SCN] N 2p + C 2p N 2p + S 3p 1.8 ± 0.5 1.9 ± 0.5 Anion 
[P6,6,6,14]Cl C 2p Cl 3p Unknown 1.9 ± 0.5 Anion 
[P6,6,6,14][N(CN)2] C 2p N 2p and/or C 2p Unknown 1.8 ± 0.5 Anion 
[C8C1Im]Br N 2p + C 2p Br 4p 1.5 ± 0.5 1.6 ± 0.5 Anion 

[P6,6,6,14][NO3] C 2p O 2p Unknown 1.5 ± 0.5 Anion 
[C4C1Im][N(CN)2] N 2p + C 2p N 2p and/or C 2p 1.3 ± 0.6 1.3 ± 0.8 Anion 
[C8C1Im]Cl N 2p + C 2p Cl 3p 1.1 ± 0.5 1.1 ± 0.5 Anion 
[S2,2,2][NTf2] S 3p All elements Unknown 1.0 ± 0.8 Anion 
[S2,2,1][NTf2] S 3p All elements Unknown 1.0 ± 0.8 Anion 
[C4C1Im][HSO4] N 2p + C 2p O 2p 0.5 ± 0.6 0.3 ± 0.8 Anion 
[C8C1Im][HSO4] N 2p + C 2p O 2p 0.5 ± 0.6 0.3 ± 0.8 Anion 
[C4C0Im][HSO4] N 2p + C 2p O 2p 0.3 ± 0.6 0.3 ± 0.8 Anion 

[C4C1Im][MeSO4] N 2p + C 2p O 2p 0.6 ± 0.6 0.3 ± 0.8 Anion 
[C4C1Im][OcSO4] N 2p + C 2p O 2p 0.6 ± 0.6 0.3 ± 0.8 Anion 
[C2C1Im][MeSO3] N 2p + C 2p O 2p 0.7 ± 0.6 0.3 ± 0.8 Anion 
[C4C1Im][Me2PO4] N 2p + C 2p O 2p 0.5 ± 0.6 0.3 ± 0.8 Anion 
[N2,2,1,0][TfO] Not identified O 2p Unknown Not determined Anion 
[N4,1,1,1][NTf2] Not identified O 2p + C 2p Unknown Not determined Anion 
[N3,2,1,1][NTf2] Not identified O 2p + C 2p Unknown Not determined Anion 
[C4C1Im][TfO] N 2p + C 2p O 2p + C 2p 0.1 ± 0.6 -0.2 ± 0.8 Cation/Anion 

[C8C1Im][TfO] N 2p + C 2p O 2p + C 2p 0.0 ± 0.6 -0.2 ± 0.8 Cation/Anion 
[C4C1Im][NTf2] N 2p + C 2p O 2p + C 2p -0.1 ± 0.6 -0.2 ± 0.8 Cation/Anion 
[C6C1Im][NTf2] N 2p + C 2p O 2p + C 2p -0.1 ± 0.6 -0.2 ± 0.8 Cation/Anion 
[C8C1Im][NTf2] N 2p + C 2p O 2p + C 2p -0.1 ± 0.6 -0.2 ± 0.8 Cation/Anion 
[C2C0Im][NTf2] N 2p + C 2p O 2p + C 2p -0.2 ± 0.6 -0.2 ± 0.8 Cation/Anion 
[C4C0Im][NTf2] N 2p + C 2p O 2p + C 2p -0.2 ± 0.6 -0.2 ± 0.8 Cation/Anion 
[P6,6,6,14][NTf2] C 2p O 2p + C 2p Unknown 0.0 ± 0.8 Cation/Anion 
[N8,8,8,1][NTf2] C 2p O 2p + C 2p Unknown 0.0 ± 0.8 Cation/Anion 
[N2OH,2OH,2OH,1][TfO] O 2p O 2p 0.0 ± 0.6 -0.2 ± 0.8 Cation/Anion 
[C6C1Im][B(CN)4] N 2p + C 2p N 2p and/or C 2p -1.6 ± 0.6 -1.6 ± 1.0 Cation 
[C8C1Im][BF4] N 2p + C 2p F 2p -2.7 ± 0.6 -2.8 ± 1.0 Cation 

a The HOMO identity assignments for [N2,2,1,0][TfO], [N4,1,1,1][NTf2] and [N3,2,1,1][NTf2] were based upon 

a combination of EB(anion HOFO) for these ILs and EB(cation HOFO) for [N4,1,1,0][HSO4] 
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4. Conclusions 

 

Using experimental data from a combination of resonant Auger electron spectroscopy (RAES) and X-

ray photoelectron spectroscopy (XPS), we have identified cation and anion highest occupied fragment 

orbitals (HOFOs) for 37 ILs.  Furthermore, we have determined the energies of these cation and anion 

HOFOs, which has allowed us to identify the highest occupied molecular orbital (HOMO) for each IL.  

The HOMO was clearly from the anion for most ILs studied here (25 out of a total of 37 ILs studied).  

For 10 of the ILs, the cation and anion HOFO energies were the same within the error of the 

experimental measurements, meaning that the HOMO could not be identified for these 10 ILs.  For 
two of the ILs the cation was clearly the HOMO, a remarkable finding ʹ it is energetically more 

favourable to remove an electron from the positively charged cation than the negatively charged 

anion.   

 

In this paper, we have introduced three new experimental approaches for identifying atomic orbital 

contributions to the valence electronic structure of ILs.  RAES is an incredibly powerful technique for 

ILs; it can provide experimental identification of MOs, without the need for input from calculations.  

The results for [C4C1Im][SCN] and [C8C1Im][C(CN)3] show that RAES is especially effective for 

distinguishing the cationic and anionic contributions for the same element, in this case nitrogen.  Both 

comparison methods, the fingerprint method and the subtraction method, have proven effective for 

identification of MOs for a range of different IL structures, in particular when used as a complementary 

method to information provided by RAES.  Both the fingerprint and subtraction methods worked well 

for identification of contributions from elements with relatively large photoionisation cross-sections 

at the h used, e.g. at h = 1486.6 eV S 3p contributions were identified for [S2,2,2][NTf2], but C 2p 

contributions can be hard to identify.  In addition, ILs with larger molecular units, e.g. [N8,8,8,1]+, gave 

relatively intense contributions compared to ILs with smaller molecular units, e.g. [N2,2,1,0]+, making 

MO identification easier for these ILs with larger molecular units.  In total, we have used the 

subtraction method to obtain traces for 10 cations and 14 anions.   

 

The unambiguous experimental identification of elemental contributions to the HOFOs and HOMOs is 

expected to be very useful for understanding different forms of reactivity data, e.g. the origin of 

oxidative and reductive stability.  Moreover, it provides an invaluable piece of experimental 

information for the validation of IL calculations.  Experimental identification of the HOMO for ILs, 

without contributions from calculations, is very limited to date.  Most calculations for ILs, e.g. those 

of the electronic structure, are usually performed on relatively small numbers of ions.  Therefore, this 

comprehensive data set will be particularly valuable to evaluate if calculations capture ion solvation 

correctly.   
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