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Abstract 

 
Ions in solution are ubiquitous within a broad range of chemical applications, e.g., batteries, 

catalysis, renewable energy production, and aerosols. The physico-chemical properties of each 

component within solution enables their function within each application, which are in turn 

determined by their electronic structure. It is well known that solvent-solute interactions influence 

the electronic structure of each component within solution. However, knowledge of the governing 

factors, which control how the contributing atomic and molecular orbital energies of solvent and 

solute species are influenced for liquid phase ions, is heavily lacking. This fact is especially true for 

solvents other than H2O. X-ray spectroscopic techniques provide the means to probe the electronic 

structure of every component in solution. Experiments yield information on how the electronic 

structure of components in solution are affected upon different chemical changes.  

 

The extent and reasoning as to the influence of solvent identity on the anionic electronic structure 

was explored (Chapter 3). A strong correlation was found between the anionic molecular orbital 

energies and solvent Lewis acidity. All anionic molecular orbital energies were affected equally with 

varying solvent identity; hence, observed solvation effects were stated as non-specific in nature.  

 

For all anion identities measured, destabilisation of the anionic electronic structure upon increasing 

electrolyte concentration was observed (Chapter 4). Although anion identity was found to influence 

the extent of anionic destabilisation, the effect of varying anion identity on solvent molecular 

orbitals was shown to be insignificant. 

 

Varying the concentration of ions in solution was shown to significantly influence the electronic 

structure of each component (Chapter 5). Both anionic and solvent molecular orbitals were found 

to decrease in energetic stability with increasing electrolyte concentration. Moreover, a strong 

linear relationship between core and valence state energies was obtained, once again suggesting 

that non-specific solvation effects dominate.  

 

The effect of solvent identity on the cationic electronic structure was determined (Chapter 6). 

Strongly coordinating cations were found to be equally as Lewis acidic within both, aqueous, and 

organic solvents, in contrast to weakly coordinating cationic species.  
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in Section 8.2. N 1s valence RXPS heat map and N 1s valence RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3. Remaining RXP spectra were shifted to match EB(Ncation 

2p) to allow for a clearer visual comparison.  
 
Figure 5.1. Samples measured within Chapter 5, where ([C4C1Im][SCN])x(H2O)1-x was studied at 
various concentrations, from dilute electrolyte, to concentrated electrolyte. (a) The structure of 
[C4C1Im][SCN], where atoms are numbered according to convention for reference within the 
current work. (b) A graphic depiction of a dilute electrolyte (left) and a concentrated electrolyte, 
which is not intended to represent the orientation or arrangement of ions or solvent molecules 
within solution; red = cation, blue = anion, and solvent (H2O) = ball and stick structure.  
 
Figure 5.2. NRXPS spectra for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01 (red), 0.10 (blue), 0.25 
(green) and 1.00 (grey). (a) Nanion 1s NRXP spectra. (b) S 2p NRXP spectra. (c) O 1s NRXP spectra. All 
XP spectra for solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25, were measured 
at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV. Dashed lines are 
intended as a visual aid of the changes in EB that occur with varying xIL, where lines of the same type 
have the same gradient. All values were charge referenced using the methods detailed in Section 
2.7.1.  
 
Figure 5.3. Photoemission peak binding energies, EB, against ([C4C1Im][SCN])x(H2O)1-x, where xIL = 
0.01 (red), 0.10 (blue), 0.25 (green) and 1.00 (grey). (a) EB(Nanion 1s) against xIL. (b) EB(S 2p3/2) against 
xIL. (c) EB(Oliq 1s) against xIL. All XP spectra for solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 
0.10, and 0.25, were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at 
h𝜈 = 1486.6 eV. All values were charge referenced using the methods detailed in Section 2.7.1.  
 
Figure 5.4. Depth profile experiments for EB(Nanion 1s) at varying h𝜈 (450.0 eV, 500.0 eV, 600.0 eV, 
700.0 eV, 850.0 eV, 1000.0 eV, and 1200.0 eV): (a) Nanion 1s NRXP spectra at varying h𝜈. (b) EB(Nanion 
1s) against h𝜈. All XP spectra for solutions of ([C4C1Im][SCN])0.01(H2O)0.99 were measured at h𝜈 = 
700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV. All values were charge 
referenced using the methods detailed in Section 2.7.1.  
 
Figure 5.5. Comparisons between EB(anion), area ratio, and FWHM ratio for (Ncation 1s/Nanion 1s): (a) 
FWHM ratio against area ratio for (Ncation 1s/Nanion 1s). (b) Area ratio against EB(Nanion 1s) for (Ncation 
1s/Nanion 1s). (c) FWHM ratio against EB(Nanion 1s) for (Ncation 1s/Nanion 1s). All XP spectra for solutions 
of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25, were measured at h𝜈 = 700.0 eV; pure 
[C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV. All values were charge referenced using 
the methods detailed in Section 2.7.1.  
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Figure 5.6. NRXPS spectra for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01 (red), 0.10 (blue), 0.25 
(green) and 1.00 (grey). (a) Ncation 1s NRXP spectra. (b) C 1s NRXP spectra. All spectra were measured 
at h𝜈 = 700.0 eV. Dashed lines are intended as a visual aid of the changes in EB that occur with 
varying xIL. All XP spectra for solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25, 
were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV. 
All values were charge referenced using the methods detailed in Section 2.7.1.  
 
Figure 5.7. XAS spectra for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01 (red), 0.10 (blue), 0.25 (green) 
and 1.00 (grey). (a) Valence NRXPS for solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, 
and 0.25, were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 
1486.6 eV. (b) Nanion 1s → π* XAS. Dashed lines are intended as a visual aid of the changes in EB that 
occur with varying xIL, where lines of the same type have the same gradient. Valence NRXPS values 
were charge referenced using the methods detailed in Section 2.7.1.  
 
Figure 5.8. Photoemission peak binding energies, EB, against ([C4C1Im][SCN])x(H2O)1-x, where xIL = 
0.01 (red), 0.10 (blue), 0.25 (green) and 1.00 (grey). (a) EB(HOVS) against xIL. (b) h𝜈(Nanion 1s → 𝜋*) 
against xIL. All values were charge referenced using the methods detailed in Section 2.7.1.  
 
Figure 5.9. RXPS spectra for ([C4C1Im][SCN])x(H2O)1-x, where x = 0.01 (red), 0.10 (blue), 0.25 (green) 
and 1.00 (grey). (a) Ncation 1s at h𝜈 = 402.1 eV. (b) Nanion 1s at h𝜈 = 399.7 eV. (c) Oliq 1s RXPS at h𝜈 = 
535.0 eV. Dashed lines are intended as a visual aid of the changes in EB that occur with varying xIL, 
where lines of the same type have the same gradient. All values were charge referenced using the 
methods detailed in Section 2.7.3.  
 
Figure 5.10. An energy level diagram for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, 0.25 and 
1.00, constructed from spectroscopic data measured using NRXPS and partial electron yield XAS. 
All values were charge referenced using the methods detailed in Section 2.7.1 (NRXPS) and Section 
2.7.3 (RXPS).  
 
Figure 6.1. Names and structures of key ions and solvents studied within Chapter 6: (a) Cations, 
where atoms within [C4C1Im]+ are numbered according to convention for reference within the 
current work. (b) Anions. (c) Solvents.  
 
Figure 6.2. Cationic NRXP spectra for 0.5 M (solute)(H2O) and 0.5 M (solute])(PC), where solute = 
[C4C1Im][SCN], K[SCN], and Li[NTf2]: (a) N 1s comparison between 0.5 M ([C4C1Im][SCN])(H2O) and 
0.5 M ([C4C1Im][SCN])(PC). (b) K 2p comparison between 0.5 M (K[SCN])(H2O) and 0.5 M 
(K[SCN])(PC). (c) Li 1s comparison between 0.5 M (Li[NTf2])(H2O) and 0.5 M (Li[NTf2])(PC). All spectra 
were measured at hn = 700.0 eV and vertically offset for clarity. All values charge referenced using 
the methods detailed in Section 2.7.2.  
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Appendix Figure 8.1. Core and valence state NRXP spectra for pure H2O (plus 20 mM NaI): (a) O 1s. 
(b) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra were charge referenced 
using the methods detailed in Section 2.7.2.  
 
Appendix Figure 8.2. Core and valence state NRXP spectra for pure EtOH (plus 20 mM NaI): (a) O 
1s. (b) C 1s. (c) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. No charge referencing 
methods were applied to the NRXP spectra for pure EtOH.  
 
Appendix Figure 8.3. Core and valence state NRXP spectra for pure MeCN (plus 20 mM NaI): (a) N 
1s. (b) C 1s. (c) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. No charge referencing 
methods were applied to the NRXP spectra for pure MeCN.  
 
Appendix Figure 8.4. Core and valence state NRXP spectra for pure PC (plus 20 mM NaI): (a) O 1s. 
(b) C 1s. (c) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra were charge 
referenced using the methods detailed in Section 2.7.2.  
 
Appendix Figure 8.5. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(H2O): (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.6. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(H2O/EtOH): 
(a) C 1s. (b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All 
XP spectra were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.7. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(EtOH): (a) C 
1s. (b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.8. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(MeCN): (a) C 
1s. (b) N 1s, where the Ncation 1s and Nanion 1s photoemission peaks were not reliably fitted without 
heavy constraints. (c) S 2p. (d) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.9. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(PC): (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.10. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(H2O): (a) N 1s 
valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(H2O). (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.11. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(H2O/EtOH): 
(a) N 1s valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(H2O/EtOH). (b) Partial electron yield N 
1s XA spectra. (c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 
402.1 eV and h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS 
contributions were subtracted using the procedure detailed in Section 8.2. All RXP spectra were 
charge referenced using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.12. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(EtOH): (a) N 
1s valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(EtOH). (b) Partial electron yield N 1s XA 
spectra. (c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 
eV and h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions 
were subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge 
referenced using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.13. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(MeCN): (a) N 
1s valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(MeCN). (b) Partial electron yield N 1s XA 
spectra. (c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 400.1 
eV), with the valence NRXP contributions subtracted. The NRXPS contributions were subtracted 
using the procedure detailed in Section 8.2. All RXP spectra were charge referenced using the 
methods detailed in Section 2.7.3.  
 
Appendix Figure 8.14. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(PC): (a) N 1s 
valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(PC). (b) Partial electron yield N 1s XA spectra. (c) 
N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and h𝜈 = 
399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.15. N 1s valence RXP spectra comparison for 0.5 M ([C4C1Im][SCN])(solvent), 
where solvent = H2O, H2O/EtOH, EtOH, MeCN, and PC. (a) Ncation 1s valence RXP spectra (h𝜈 = 
402.1 eV), with the valence NRXP contributions subtracted. (b) Nanion 1s valence RXP spectra (h𝜈 = 
399.7 eV), with the valence NRXP contributions subtracted. Spectra are vertically offset for clarity. 
All NRXP spectra were charge referenced using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.16. N 1s XA spectra comparison for 0.5 M ([C4C1Im][SCN])(solvent), where 
solvent = H2O, H2O/EtOH, EtOH, MeCN, and PC. Spectra are vertically offset for clarity and dashed 
lines are added as a visual aid.  
 
Appendix Figure 8.17. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][N(CN)2])(H2O): (a) 
C 1s. (b) N 1s. (c) O 1s. (d) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.18. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][BF4])(H2O): (a) C 1s. 
(b) N 1s. (c) O 1s. (d) B 1s. (e) F 1s. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All 
XP spectra were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.19. Core and valence state NRXP spectra for 0.5 M ([C4C1Im]Cl)(H2O): (a) C 1s. 
(b) N 1s. (c) Cl 2p. (d) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra were 
charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.20. Core and valence state NRXP spectra for 0.5 M ([C4C1Im]I)(H2O): (a) C 1s. (b) 
N 1s. (c) O 1s. (d) I 3d. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.21. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][TfO])(H2O): (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) F 1s. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All 
XP spectra were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.22. Core and valence state NRXP spectra for ([C4C1Im][SCN])0.01(H2O)0.99: (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.   
 
Appendix Figure 8.23. Core and valence state NRXP spectra for ([C4C1Im][SCN])0.10(H2O)0.90: (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.   
 
Appendix Figure 8.24. Core and valence state NRXP spectra for ([C4C1Im][SCN])0.25(H2O)0.75: (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
 
Appendix Figure 8.25. Core and valence state NRXP spectra for ([C4C1Im][SCN])1.00(H2O)0.00: (a) C 1s. 
(b) N 1s. (c) S 2p. (d) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra were 
charge referenced using the methods detailed in Section 2.7.1.   
 
Appendix Figure 8.26. N 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.01(H2O)0.99: (a) N 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.01(H2O)0.99. (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.27. N 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.10(H2O)0.90: (a) N 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.10(H2O)0.90. (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.28. N 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.25(H2O)0.75: (a) N 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.25(H2O)0.75. (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.29. N 1s valence RXPS map and spectra for ([C4C1Im][SCN])1.00(H2O)0.00: (a) N 1s 
valence RXPS heat map for ([C4C1Im][SCN])1.00(H2O)0.00. (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.30. O 1s valence RXPS map and spectra for pure H2O: (a) O 1s valence RXPS 
heat map for pure H2O. (b) Partial electron yield O 1s XA spectra. (c) O 1s valence NRXP spectrum 
(h𝜈 = 532.5 eV) and O 1s valence RXP spectra (h𝜈 = 536.0 eV and h𝜈 = 535.0 eV), with the valence 
NRXP contributions subtracted. The NRXPS contributions were subtracted using the procedure 
detailed in Section 8.2. All RXP spectra were charge referenced using the methods detailed in 
Section 2.7.3.  
 
Appendix Figure 8.31. O 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.01(H2O)0.99: (a) O 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.01(H2O)0.99. (b) Partial electron yield O 1s XA spectra. (c) 
O 1s valence NRXP spectrum (h𝜈 = 532.5 eV) and O 1s valence RXP spectra (h𝜈 = 536.0 eV and h𝜈 = 
535.0 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.32. O 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.10(H2O)0.90: (a) O 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.10(H2O)0.90. (b) Partial electron yield O 1s XA spectra. (c) 
O 1s valence NRXP spectrum (h𝜈 = 532.5 eV) and O 1s valence RXP spectra (h𝜈 = 536.0 eV and h𝜈 = 
535.0 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.33. O 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.25(H2O)0.75: (a) O 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.25(H2O)0.75. (b) Partial electron yield O 1s XA spectra. (c) 
O 1s valence NRXP spectrum (h𝜈 = 532.5 eV) and O 1s valence RXP spectra (h𝜈 = 536.0 eV and h𝜈 = 
535.0 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.34. Full N 1s XA spectra comparison for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 
0.10, and 0.25. Spectra are vertically offset for clarity and dashed lines are added as a visual aid.  
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Appendix Figure 8.35. Full O 1s XA spectra comparison for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 
0.10, and 0.25. Spectra are vertically offset for clarity and dashed lines are added as a visual aid.  
 
Appendix Figure 8.36. N 1s valence RXP spectra comparison for ([C4C1Im][SCN])x(H2O)1-x, where xIL 
= 0.01, 0.10, 0.25, and 1.00. (a) Ncation 1s valence RXP spectra (h𝜈 = 402.1 eV), with the valence NRXP 
contributions subtracted. (b) Nanion 1s valence RXP spectra (h𝜈 = 399.7 eV), with the valence NRXP 
contributions subtracted. Spectra are vertically offset for clarity. All NRXP spectra were charge 
referenced using the methods detailed in Section 2.7.3.  
 
Appendix Figure 8.37. O 1s valence RXP spectra comparison within the participator Auger region 
for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25: (a) O 1s valence RXP spectra (h𝜈 = 536.0 
eV), with the valence NRXP contributions subtracted. (b) O 1s valence RXP spectra (h𝜈 = 535.0 eV), 
with the valence NRXP contributions subtracted. The NRXPS contributions were subtracted using 
the procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
 
Appendix Figure 8.38. Core and valence state NRXP spectra for 0.5 M (K[SCN])(H2O): (a) C 1s. (b) N 
1s. (c) O 1s. (d) S 2p. (e) K 2p. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.2.  
 
Appendix Figure 8.39. Core and valence state NRXP spectra for 0.5 M (K[SCN])(PC): (a) C 1s. (b) N 
1s. (c) O 1s. (d) S 2p. (e) K 2p. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.2.  
 
Appendix Figure 8.40. Core and valence state NRXP spectra for 0.5 M (Li[NTf2])(H2O): (a) C 1s. (b) N 
1s. (c) O 1s. (d) S 2p. (e) F 1s. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.2.  
 
Appendix Figure 8.41. Core and valence state NRXP spectra for 0.5 M (Li[NTf2])(PC): (a) C 1s. (b) N 
1s. (c) O 1s. (d) S 2p. (e) F 1s. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.2.  
 
Appendix Figure 8.42. N 1s valence RXPS map and spectra for 0.5 M (K[SCN])(H2O): (a) N 1s 
valence RXPS heat map for 0.5 M (K[SCN])(H2O). (b) Partial electron yield N 1s XA spectra. (c) N 1s 
valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 399.7 eV), with the 
valence NRXP contributions subtracted. The NRXPS contributions were subtracted using the 
procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
 
Appendix Figure 8.43. C 1s valence RXPS map and spectra for 0.5 M (K[SCN])(H2O): (a) C 1s 
valence RXPS heat map for 0.5 M (K[SCN])(H2O). (b) Partial electron yield C 1s XA spectra. (c) C 1s 
valence NRXP spectrum (h𝜈 = 284.0 eV) and C 1s valence RXP spectra (h𝜈 = 287.5 eV), with the 
valence NRXP contributions subtracted. The NRXPS contributions were subtracted using the 
procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
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Appendix Figure 8.44. N 1s valence RXPS map and spectra for 0.5 M (K[SCN])(PC): (a) N 1s valence 
RXPS heat map for 0.5 M (K[SCN])(PC). (b) Partial electron yield N 1s XA spectra. (c) N 1s valence 
NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 399.7 eV), with the valence 
NRXP contributions subtracted. The NRXPS contributions were subtracted using the procedure 
detailed in Section 8.2. All RXP spectra were charge referenced using the methods detailed in 
Section 2.7.3.  
 
Appendix Figure 8.45. C 1s valence RXPS map and spectra for 0.5 M (K[SCN])(PC): (a) C 1s valence 
RXPS heat map for 0.5 M (K[SCN])(PC). (b) Partial electron yield C 1s XA spectra. (c) C 1s valence 
NRXP spectrum (h𝜈 = 284.0 eV) and C 1s valence RXP spectra (h𝜈 = 287.5 eV), with the valence 
NRXP contributions subtracted. The NRXPS contributions were subtracted using the procedure 
detailed in Section 8.2. All RXP spectra were charge referenced using the methods detailed in 
Section 2.7.3.  
 
Appendix Figure 8.46. N 1s valence RXPS map and spectra for 0.5 M (Li[NTf2])(H2O): (a) N 1s 
valence RXPS heat map for 0.5 M (Li[NTf2])(H2O). (b) Partial electron yield N 1s XA spectra. (c) N 1s 
valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV), with the 
valence NRXP contributions subtracted. The NRXPS contributions were subtracted using the 
procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
 
Appendix Figure 8.47. F 1s valence RXPS map and spectra for 0.5 M (Li[NTf2])(H2O): (a) F 1s 
valence RXPS heat map for 0.5 M (Li[NTf2])(H2O). (b) Partial electron yield F 1s XA spectra. (c) F 1s 
valence NRXP spectrum (h𝜈 = 686.0 eV) and F 1s valence RXP spectra (h𝜈 = 690.3 eV), with the 
valence NRXP contributions subtracted. The NRXPS contributions were subtracted using the 
procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
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Chapter 1 
 

Introduction  

 
This chapter aims to introduce the overarching topics addressed within this thesis. Solvent 

properties such as their classification, use, polarity, and polarisability are first examined (Section 

1.1). A review of the properties of ionic species is then undertaken, including a comparison between 

cationic and anionic species, cation-anion interactions and their quantification, and their 

prevalence within the literature (Section 1.2). Next, a review of ions in solution is carried out, 

detailing the process of solvation of a solute in molecular solvent (MS), the known theories 

pertaining to the solvation of solute within bulk MS and at the interface, ion-solvent interactions 

and their quantification, and the practical uses of ions in solution within the literature (Section 1.3). 

Following, the concept of electronic structure is explored in relation to both the core level, and 

valence states (Section 1.4). Subsequently, a review of X-ray spectroscopy of ions in MS within the 

literature is conducted (Section 1.5). Next, the reasoning for the choice of ions and solvents studied 

within this work was discussed (Section 1.6). Lastly, the aim of the current work is discussed (Section 

1.7). 

 

1.1. Solvent properties 

 

1.1.1. Classification and use of solvent species 

 

Uses 

 

A solvent may be defined as a substance in which other materials dissolve to form a solution.1 

Therefore, within a solution at least two components are present: the solvent and the solute, where 

the solute is the minor component, and the solvent is the major component. The uses of solvents 

of differing identity and function are vast (Table 1.1). For example, solvents may behave as a 

reaction medium, whereby dissolution of multiple solutes within a solvent can facilitate their 

increased reaction rate. Additionally, dissolution can provide a means to study species which would 
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otherwise be too unstable or impractical to measure (or store). Additionally, as the solvent is the 

major component within a solution, its role as a reactant is very important to consider. For example, 

solvent-solute interactions occur in almost all solutions. In circumstances where solvent-solute 

interactions are great, these interactions can lead to the modification of the properties of the solute 

species. Conversely, where solvent-solute interactions are weak, the solvent may act as a carrier 

for processes such as liquid chromatography, nuclear magnetic resonance spectroscopy, and mass 

spectrometry, where it is important that the solvent does not modify the properties of the solute.  

 
 
Table 1.1. The classification of common solvent species and their uses within the literature, where 
ML = molecular liquid, EPA = electron pair acceptor, and EPD = electron pair donor. 

Solvent Classification Use 

H2O ML; dipolar; EPA/EPD Key biological solvent2 

Ethanol ML; dipolar; EPA/EPD Organic solvent and biofuel production3 

Acetonitrile ML; dipolar; EPD Solvent for dye-sensitised solar cells4 

Propylene carbonate ML; dipolar; EPD Battery electrolyte5 

[C4C1Im]X IL; ion pairs; EPA/EPD Lignin decomposition6, 7 

 
 
Classification 

 

The classification of different solvent species can be undertaken based upon a variety of factors. 

Three methods of classification are discussed herein: based upon chemical bonds, according to 

physical constants, and according to acid/base behaviour.  

 

Classification according to chemical bonds, where solvents are characterised based upon the type 

of solvent-solvent bonds present in pure form, is useful for predicting the feasibility of dissolution 

of a solute in solvent according to greater ease of solvation where similar functional groups are 

present. Three groups containing differing chemical bonds are used within this method of 

classification: molecular liquids, atomic liquids, and ionic liquids (ILs). Molecular liquids are solvents 

which contain covalent bonds, e.g., molecular melts. Atomic liquids are solvents which contain 

metallic bonds, e.g., liquid mercury. ILs are solvents which contain ionic bonds, e.g., molten salts, 

ILs.  

 

Classification according to physical constants, where solvents are characterised based upon 

properties such as cohesive energy density, ced, relative permittivity, 𝜀r, and refractive index, 𝑛! 
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(these bulk physical properties are discussed in Section 1.1.2), is useful for providing an assessment 

of solvent polarity and polarisability. For example, the classification according to the molecular 

physical property dipole moment, 𝜇, is common as it allows for a good description of ion pairing 

(relevant to later discussion). Solvents are separated into apolar, dipolar, zwitterionic, and ion pairs, 

where 𝜇 increases respectively. Apolar molecules (𝜇 ~ 0 D) allow for the least extent of charge 

separation for ionic solutes, e.g., cyclohexane. Dipolar molecules (𝜇 ~ 3 - 6 D) allow for a greater 

extent of charge separation than apolar molecules, e.g., acetone, DMSO, and H2O. Zwitterionic 

molecules (𝜇 > 10 D) allow for an increased extent of charge separation than dipolar molecules, 

e.g., sydnones and zwitterionic amino acids. Lastly, ion pairs contain the greatest extent of charge 

separation, where cationic and anionic species exist individually in the liquid phase, e.g., ILs.  

 

Classification according to acid/base behaviour, where solvents are characterised based upon the 

ability of a species to act as an electron pair acceptor (EPA) or an electron pair donor (EPD), 

according to the description of a Lewis acid/base (more detail in Section 1.3.4), where an EPA is a 

Lewis acid, and an EPD is a Lewis base. The strength of a donor/acceptor interaction is based upon 

the size of the overlap between the doubly occupied orbital of the donor and a vacant orbital of 

the acceptor (Section 1.4).8, 9 Therefore, this classification is useful within the determination of 

interactions between solvent and solute species.  

 

1.1.2. Polarity and polarisability 

 

The polarity and polarisability are important properties of a solvent, where the polarity relates to 

the separation of its electric charge leading to the molecule or its chemical groups having an electric 

dipole moment, and the polarisability (Equation 1.1) is indicative of the tendency of its electric 

charge to become distorted due to the influence of a neighbouring species.1 Polarisability is linked 

to the refractive index through the Lorentz-Lorenz relation (Equation 1.2), and to the relative 

permittivity through the Clausius-Mossotti relation (Equation 1.3). The Lorentz-Lorenz law 

combines the two relations to describe the relationship between the refractive index and the 

relative permittivity (Equation 1.4). There are many properties used to assess solvent polarity, 

which are separated into physical and chemical properties. Physical properties are further 

separated into bulk properties and molecular properties. Physical bulk (macroscopic) properties 

include cohesive energy density, relative permittivity, and refractive index, whereas molecular 

(microscopic) properties include dipole moment. Chemical properties include EPA/EPD, and 

solvatochromic polarity descriptors (Section 1.3.5).  
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 𝛼 =
𝜌
𝐸

 (1.1) 

𝛼 = polarisability (C ∙ m2 V-1) 

𝜌 = electrical dipole moment induced by an electric field 

E = electric field strength	

 

 
𝐾𝜌 =

𝑛" − 1
𝑛" + 2

 
(1.2) 

K = proportionality factor (m3 kg-1) 

𝜌 = electrical dipole moment induced by an electric field 

𝑛 = index of refraction 

 𝑁𝛼
3𝜀#

=
𝜀$ − 1
𝜀$ + 2

 (1.3) 

 

N = number density of the molecules (number per cubic meter) 

𝛼 = polarisability (C ∙ m2 V-1) 

𝜀# = permittivity of free space (V ∙ m-1) 

𝜀$  = relative permittivity 

 

 𝑛 = 	4𝜀$  (1.4) 

 

The cohesive energy density, ced, is a measure of the total strength of all solvent-solvent forces 

within the liquid (Equation 1.5).10-12 As shown, the ced has an inverse relationship with the 

molecular volume, 𝑉%, which is the volume occupied by one mole at a given temperature and 

pressure. Therefore, ced reflects the absence of solvent-solvent bonds within the vapour phase. 

However, the ced does not consider solvent-solute interactions so is most applicable when these 

are weak.  

 

 𝑐𝑒𝑑 =
Δ𝐻&'( − 	𝑅𝑇

𝑉%
 

(1.5) 

ΔHvap = molar enthalpy of vaporisation (J ∙ mol-1) 

R = gas constant (mol-1 ∙ K-1) 

T = temperature (K) 

Vm = molecular volume (M ∙ 𝜌)	
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The relative permittivity, 𝜀$, otherwise known as the dielectric constant, is a measure of the ability 

of a solvent to separate its charges and orient its dipoles.1 The relative permittivity of a solvent is 

measured by placing the solvent between two plates of a capacitor. The relationship between the 

electric field strength between capacitor plates in a vacuum, 𝐸), and the electric field strength upon 

the introduction of a solvent, 𝐸, is then compared to yield the relative permittivity (Equation 1.6). 

The relative permittivity ranges between 1.8 (pentane, 293 K) and 191 (N-methylacetamide, 305 

K), where H2O is considered a high relative permittivity solvent (𝜀$  = 80, 293 K).13  

 

 𝜀$ =
𝐸)
𝐸

 (1.6) 

Eo = electric field strength between capacitor plates in a vacuum (V ∙ m-1) 

E = electric field strength between capacitor plates upon the introduction of a solvent (V ∙ m-1) 

 

The refractive index, 𝑛!, is a measure of the induced polarisability of electrons in a solvent (Figure 

1.1a). 𝑛! is the ratio of the speed of light of the sodium D-line (𝜆 = 589 nm) in vacuum, co, to its 

speed in the liquid, c (Equation 1.7). Therefore, 𝑛! generally increases with increasing molar mass 

and polarisability of the solvent.1  

 

 𝑛! =
𝑐)
𝑐
=
sin 𝜃
sin𝜙

 (1.7) 

co = speed of light of a specific wavelength in vacuum 

c = speed of light in the liquid phase 

 

The dipole moment, 𝜇, yields the polarisation orientation of a molecule (Figure 1.1b). A solvent 

molecule may be termed either polar or nonpolar, depending upon its dipole moment, which is 

determined from both, the relative permittivity, and the refractive index. A polar molecule contains 

an uneven charge distribution due to a greater electron density on one side than the other, inducing 

a permanent dipole; hence the molecule is susceptible to permanent dipole interactions. In 

contrast, a nonpolar molecule contains a uniform electron distribution, containing no permanent 

dipole; hence, the molecule is susceptible to induced dipole interactions. Both permanent and 

induced dipole interactions will be discussed later (Section 1.3.4).  
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Figure 1.1. Examples of the physical properties used to assess solvent polarity: (a) Refractive index 
(bulk property). (b) Dipole moment (molecular property), where a dipole moment exists in the 
direction from the 𝛿+ to 𝛿- atom.  
 
 
In the pure liquid phase, solvent molecules (excluding liquid crystals) possess a random orientation 

and movement due to Brownian motion.14 This random orientation is shown to occur for both polar 

and nonpolar solvents in the absence of an electric field (Figure 1.2a). Upon the introduction of an 

electric field, the permanent dipole of polar solvent molecules, and the induced dipole of nonpolar 

solvent molecules, align (Figure 1.2b). In the presence of an ionic solute species, molecular dipoles 

of polar solvent molecules orient towards their opposite, attractive charge (Figure 1.2c).  

 

 
Figure 1.2. Orientation of solvent molecules with differing external electric field stimuli: (a) Absence 
of an electric field. (b) Presence of an electric field. (c) Introduction of a cationic species. Adapted 
from reference 15.  
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1.2. Properties of ionic species 

 

1.2.1. Cationic and anionic species 

 

The ratio between the number of electrons (negatively charged subatomic particles) and protons 

(positively charged subatomic particles) within an atom, or group of atoms within a molecule, 

determines the overall charge of the species. Species with an overall excess of either positive or 

negative charge are termed ‘ions’. For example, a neutral H2O molecule contains eight protons and 

eight electrons. Through the addition of a proton to form [H3O]+, a cation with an overall positive 

charge is formed. The removal of a proton from H2O to form [OH]- results in an excess of negative 

charge; hence, the species is anionic. Common modes of interaction between ionic species include 

ionic bonding, and coulombic interactions (Section 1.2.2).  

 

A cation is a species containing an overall positive charge. The electronic structure of singly charged 

cationic species contain one less electron within their outermost orbital in comparison to their 

neutral counterparts. Hence, the electron affinity of cations is negative, indicating the favourability 

of adding an electron to the system. Conversely, ionisation energies are high due to the strong 

nuclear attraction on the valence electrons. Cationic species possess a unique set of abilities which 

enables their use in a range of processes. Within electrochemistry, the attraction of a cation to the 

cathode is exploited for the use in battery systems.16 Within synthetic chemistry, cations act as 

electrophilic species due to their electron deficiency, allowing for reactions such as electrophilic 

addition to occur. Examples of cationic species include Na+, K+, and [C4C1Im]+.  

 

An anion is a species containing an overall negative charge. In contrast to cations, the electronic 

structure of singly charged anionic species contain an additional electron within their outermost 

orbital in comparison to their neutral counterparts. Hence, the electron affinity of anions is positive, 

reflecting the unfavorability of adding an electron to the system. Ionisation energies are low due to 

a weak nuclear attraction experienced by the valence electrons, which are screened by the other 

electrons within the system. Anionic atoms are also useful within a variety of applications due to 

their contrasting abilities to cations. For example, anions are also used in electrochemistry as the 

counterion, where they are instead attracted to the anode, facilitating the movement of electrons 

between electrodes to allow for charging and discharging of batteries. Within synthetic chemistry, 

anions act as nucleophiles due to their free electron pair or 𝜋 bond character, allowing for reactions 

such as those categorised as SN1 and SN2.17 Examples of anionic species include Cl-, I-, [SCN]-.  
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1.2.2. Cation-anion interactions  

 

Cations and anions interact through Coulomb forces. Similarly, ionic solids are held together by 

electrostatic attraction in ionic bonds.18 Cations and anions in solution have the ability to act as 

Lewis acids and bases, respectively, towards other solute species in solution. The indirect 

quantification of the Lewis acid/base behaviour of ionic species has been attempted through 

various methodologies (Table 1.2).  

 

Pearson and co-workers used the ground-state electronic energy as a function of the number of 

electrons, N, within a system, calculated through use of density functional theory (DFT), to describe 

two terms: the absolute electronegativity, 𝜒, and the absolute hardness, 𝜂, of a species.19, 20 The 

value of the absolute electronegativity of a species indicates the direction of electron transfer 

within a chemical interaction, where electrons will flow from species with a low value of 𝜒 to those 

of a high value of 𝜒. Therefore, a large value of 𝜒 is indicative of a Lewis acid (EPA), and a small 

value of 𝜒 is indicative of a Lewis base (EPD). The value of the absolute hardness relates to the 

relative energies of the frontier orbitals (Section 1.4) of a species, which indicates the extent of 

polarisability. Large values of 𝜂 are indicative of hard species with a large HOMO-LUMO gap. 

Therefore, hard molecules display low polarisabilities and favour ionic bond formation between 

species, where an example of a hard base is H2O, and an example of a hard acid is Li+. In contrast, 

small values of 𝜂 are indicative of soft species with a small HOMO-LUMO gap. Therefore, soft 

molecules are highly polarisable (large electrostatic repulsion between electrons of relatively 

similar energies) and favour covalent bond formation between species, where an example of a soft 

base is I-, and an example of a soft acid is Ag+. As a general rule, hard acids are shown to prioritise 

coordination to hard bases, and soft acids prefer soft bases.20 One benefit of the Pearson hard and 

soft acids and bases (HSAB) principle is that no external reference probe is used within the 

calculation of 𝜒 and 𝜂, as the number of electrons within a system, N, is used. However, as 𝜒 and 𝜂 

values are obtained through computational methods, an incomplete description of system 

experimental parameters can lead to results which are inconsistent with experimental 

observations.  

 

Gutmann and co-workers (namely Beckett) used two different techniques to describe the ability of 

a species to act as a Lewis acid or Lewis base, through the descriptors: electron acceptor number, 

AN, and electron donor number, DN, respectively.21, 22 To determine the AN of a species, Gutmann 

utilised the nature of chemical shifts within 31P NMR, which vary in magnitude dependent upon the 
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strength of the interaction between the investigated species and the chemical probe, Et3
31PO. AN 

is primarily a measure of Lewis acidity, where the greater the value, the greater the ability of a 

species to accept an electron pair. To determine the DN of a species, the negative enthalpy, −∆𝐻∘, 

for the reaction between the investigated species and the chemical probe, SbCl5, was measured. 

DN is primarily a measure of Lewis basicity, where the greater the value, the greater the ability of 

a species to donate an electron pair. One benefit of the Gutmann AN/DN scale is that it allows for 

the rationalisation of Lewis acid/base interactions.1 However, the Gutmann AN/DN scale is probe 

dependent, meaning each measured species must be quantified using the same probe for valid 

comparisons across AN/DN values. Additionally, it may be impossible to measure certain species 

using the standard probes due to alterations of probe or probed species via chemical reactions 

between the two.  

 
 
Table 1.2. Summary of descriptors and probes used for each quantification method for cation-anion 
interactions.   

Quantification method Descriptor Probe Technique 

Pearson 
𝜒: absolute electronegativity 

N DFT 
𝜂: absolute hardness	

Gutmann 
AN: acceptor number Et3

31PO 31P NMR 

DN: donor number SbCl5 −∆𝐻∘ 

 
 
1.2.3. Ionic liquids 

 

Ionic liquids (ILs) are substances composed entirely of mobile ions.23, 24 ILs are commonly composed 

of bulky organic cations, e.g., [C4C1Im]+, paired with smaller inorganic anions, e.g., [SCN]-. The 

number of potential ILs is vast due to a large quantity of possible cation-anion combinations.25 

Through variation of cation-anion combinations the physicochemical properties of each liquid has 

been shown to differ, giving rise to the subset of task-specific ILs.26 However, ionic properties are 

not superimposable, meaning task-specific ILs may not easily be formed with the favoured 

properties of their constituent ions.27 Nevertheless, the majority of ILs are shown to possess the 

same five common properties:  
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1. A negligible vapour pressure due to strong ionic character, large electrostatic interactions, and 

low melting temperatures. When heated to high temperature (between 450 K and 550 K) ILs 

have been shown to evaporate as ion pairs.28 

2. A large liquid range due to the existence of a number of different bonding modes, e.g., 

Coulombic interactions and hydrogen bonding,29, 30 and a large ced.12  

3. High thermal stability due to a composition of thermally stable ions (although not for all ILs).31 

4. Good ionic conductivity due to their ionic composition, which favours the solvation of 

additional ions.32, 33 

5. High electrochemical stability due to a large electrochemical window.34-36 

 

IL nomenclature and the atomic numbering system referred to for the 1-butyl-3-methylimidazolium 

cation, [C4C1Im]+, which features primarily within this work is subsequently explained (Figure 1.3). 

[C4C1Im]+ is used to denote an alkyl chain with four carbon atoms (butyl), which correspond to C7, 

C8, C9, and C10 atoms. [C4C1Im]+ represents an alkyl group with a single carbon atom (methyl), which 

corresponds to the C6 atom. Finally, [C4C1Im]+ is used to signify the presence of the five membered 

imidazolium ring, which contains three carbon atoms C2, C4, and C5, additional to two nitrogen 

atoms N1 and N3. Resonance is permitted within the imidazolium ring due to the double bond 

character across both, C4 and C5, and N1, C2, and N3. Hence, the cationic positive charge is shown 

over all atoms within the heterocyclic ring.  

 
 

 
Figure 1.3. Structure of the 1-butyl-3-methylimidazolium cation, [C4C1Im]+, where atoms are 
numbered according to convention for reference within the current work.  
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1.3. Ions in solution 

 

1.3.1. Solvation of solutes 

 

The solvation of a solute within solvent species results in the formation of a solution.1 A solution is 

a homogeneous liquid phase consisting of more than one substance in variable ratios, where the 

major component is termed the solvent, and the minor component is the solute.37 Solvation of the 

solute is achieved through the surrounding of each dissolved molecule or ion by a shell of solvent 

molecules in reversible chemical combination.38 The solvation of ions within an aqueous or organic 

solvent can significantly alter their physicochemical and electronic properties.39  

 

The process of solvation is often thermodynamically described by breaking down solvent-solute 

interactions into the following four steps:40  

1. Solvent-solvent bonds break to form a cavity within the solvent structure. Cavity creation is 

both entropically and enthalpically unfavourable (endothermic process, Figure 1.4b). 

2. Solute-solute bonds break, leading to the separation of solute species into its constituents, 

which is also enthalpically unfavourable (endothermic process, Figure 1.4b).  

3. Solvent-solute interactions form resulting in the insertion of the solute species into the solvent 

cavity, which is an enthalpically favourable process (exothermic process, Figure 1.4c). 

4. Steps 1 to 3 repeat until complete mixing of solute and solvent species is achieved, which is 

entropically favourable.  
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Figure 1.4. The process of solvation: (a) Solvent and solute species exist separately, where solvent-
solvent bonds and solute-solute bonds remain intact. (b) Solvent-solvent bonds break to form 
cavities within the solvent bonding network; solute-solute bonds break. (c) Solute is solvated by the 
solvent molecules to form a solution.  
 
 
The overall enthalpy of solution, ∆𝐻+,-., can be represented within an enthalpy diagram (Figure 

1.5). The enthalpy of solution can be either exothermic, or endothermic (Equation 1.4). The 

solvation process is exothermic when ∆𝐻+,-. < 0. In contrast, the solvation process is endothermic 

when ∆𝐻+,-. > 0.  

 

 ∆𝐻+,-. = ∆𝐻/ + ∆𝐻" + ∆𝐻0 (1.4) 

∆𝐻+,-. = enthalpy of solution 

∆𝐻/ = enthalpy change for the breaking of solvent-solvent bonds (step 1) 

∆𝐻" = enthalpy change for the breaking of solute-solute bonds (step 2) 

∆𝐻0 = enthalpy change for the forming of solvent-solute bonds (step 3) 
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Figure 1.5. Enthalpy of solution diagram for: (a) Exothermic solvation. (b) Endothermic solvation.   
 
 
The force of interaction between two oppositely charged ions, which indicates the extent of ion 

pairing in solution, can be predicted in relation to the relative permittivity of the solvent using 

Coulomb’s law (Equation 1.5).41 Hence, it follows that the greater the relative permittivity of the 

solvent, the lower the degree of ion pairing in solution is to be expected. This process is termed 

‘dielectric decrement’, whereby ion pairing is screened by high relative permittivity solvents, e.g., 

H2O, but permitted to a greater degree within low relative permittivity solvents, e.g., 

tetrahydrofuran.10, 42  

 

 𝐹 ∝
𝑞/𝑞"
𝑟"𝜀1

 (1.5) 

F = force 

q1 = charge on ion 1 

q2 = charge on ion 2 

r = distance between the two charges 

 

The Gibbs free energy of solvation, ∆𝐺+,, of a mole of ions is calculated from the Born equation 

(Equation 1.6). ∆𝐺+, determines the spontaneity of solvation of an ion in solvent species, where a 

negative value indicates spontaneous solvation, and a positive value suggests that solvation is 

nonspontaneous. The Born equation shows that solvation of ions becomes greater with increasing 

solvent relative permittivity. However, the Born equation treats the solvent as a continuum rather 
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than a collection of individual solvent molecules, neglecting specific solvent-solute interactions 

(Section 1.3.4).  

 

 
∆𝐺+, = −

𝑁2𝑧"𝑒"

8𝜋𝜀,𝑟
P1 −

1
𝜀$
Q 

(1.6) 

𝑁2 = Avogadro’s constant 

𝑧 = charge of ion 

𝑒 = elementary charge 

𝜀, = permittivity of free space 

 

1.3.2. Description of bulk electrolyte solutions with varying solute concentration 

 

Varying the amount of solute within solution will lead to a change in the concentration, which is 

defined by the number of moles per unit volume (M, mol dm-3). An alternative representation of 

the molar composition of a solution can be defined using the mole fraction, xcomponent, of each 

constituent, where the mole fraction of a component increases as its concentration in solution 

increases. As an example, for a solution of IL in H2O, xIL = 0 signifies pure H2O, whereas xIL = 1 denotes 

pure IL.  

 

With increasing xIL in molecular solvent, the degree of ion pairing and liquid phase structure 

formation has been shown to vary.43 The process of increasing ionic concentration within molecular 

solvent has been shown to lead to four distinct concentration regimes (for systems that do not have 

a miscibility gap, i.e., IL/MS mixtures), from low to high values of xIL:44 

 

Regime 1: The concentration of ions in solution is very low (Figure 1.6a). Ions exist in an infinite 

dilution of solvent molecules, where the population of solvent molecules is higher than needed to 

complete the primary solvation sheath for the ions. Ions exist in a far lower ratio than MS molecules, 

e.g., xIL = 0.01 (~0.5 M). 

 

Regime 2: The concentration of ions in solution is greater than during Regime 1 (Figure 1.6b). The 

population of solvent molecules is just sufficient to complete the primary solvation sheath for the 

ions. Ions still exist in a lower ratio than MS molecules but with far greater prevalence than Regime 

1, e.g., xIL = 0.10 (~2.9 M). 
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Regime 3: The concentration of ions in solution is greater than during Regime 2 (Figure 1.6c). The 

primary solvation sheath for ions can no longer be completed due to insufficient solvation 

population. The Ion:MS ratio is close to equal, e.g., xIL = 0.25, (~4.2 M). 

 

Regime 4: Pure IL where cations are solvated by anions and vice versa (Figure 1.6d). In the absence 

of MS, cation-anion interactions dominate in pure IL, i.e., xIL = 1.00, (~5.4 M).  

 
 

 
Figure 1.6. The process of increasing the solute concentration of a solution: (a) Regime 1; low solute 
concentration. (b) Regime 2; medium solute concentration. (c) Regime 3; high solute concentration. 
(d) Regime 4; pure IL.  
 
 
1.3.3. Types of solvent-solute interactions 

 

There are many types of solvent-solute interactions which play key roles in determining the 

physico-chemical and electronic properties of a solution. Differing solvent-solute interactions can 

be described as either, non-specific or specific.1 Non-specific solvent-solute interactions are 
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directional, and manifest through induction and dispersion forces, which cannot be completely 

saturated, e.g., Coulombic interactions between ions. Specific solvent-solute interactions are also 

directional; however, specific interactions can be fully saturated, e.g., hydrogen bonding. The effect 

of the solvation environment on the electronic properties of each ion can also be described using 

specific and non-specific notation, where specific solvation effects affect the electronic properties 

locally. On the other hand, non-specific solvation effects influence the electronic properties of all 

electronic environments to an approximate equal degree.  

 

Ion-dipole interactions occur between electrically neutral molecules and ions. If an unsymmetrical 

charge distribution (permanent dipole moment) exists within a neutral molecule, the introduction 

of an ionic electric field causes opposing ends of its dipole to orient both attractively towards, and 

the repulsively away from the electric field (Figure 1.2c). This orientation results in an attractive 

force between the neutral molecule and an ion. Coulombic interactions are non-specific and are 

pervasive within solutions of ionic species in dipolar solvents.1 

 

Dipole-induced dipole forces occur between a dipolar molecule, containing a permanent dipole 

moment, and a nonpolar molecule with high polarisability. The permanent dipole moment of the 

dipolar molecule induces a dipole moment in the nonpolar molecule, resulting in electronic 

attraction between the neighbouring molecules. Dipole-induced dipole forces are non-specific 

interactions, which are important within solutions of ionic or dipolar species within a nonpolar 

solvent.1 

 

Instantaneous dipole-induced dipole forces occur between atoms and molecules possessing no 

permanent dipole, otherwise known as dispersion forces. Through continuous movement of 

electrons within each atomic or molecular orbital, the probability of an uneven electron distribution 

existing at any one time is high. The resultant temporary dipole moment can polarise the electrons 

within neighbouring molecules, resulting in a short-lived, short-range, attractive force between 

molecules. Instantaneous dipole-induced dipole forces are non-specific interactions, which are the 

primary mode of interaction between two nonpolar molecules. Dispersion forces exist for all atoms 

and molecules, where they form the weakest basis for each interaction.1  

 

Hydrogen bonding interactions are specific interactions which occur due to a selective set of criteria 

between hydrogen bond donor species and hydrogen bond acceptor species.45 Hydrogen bonding 

takes place between a covalently bound hydrogen atom, and an atom of greater electronegativity, 
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e.g., N, O, S, F.1 Such interactions may also exist between neutral molecules and ionic species, 

where anions are particularly good hydrogen bond acceptors. The selective criteria which define a 

hydrogen bond include its distance, angle, and lone-pair directionality.29 The strength of hydrogen 

bonding interactions are known to be approximately ten times stronger than non-specific 

interaction forces (discussed earlier), due to the small size of the hydrogen atom which can more 

closely approach a hydrogen bond acceptor species. However, hydrogen bonding interactions are 

also known to be approximately ten time weaker than covalently bound single bonds. Weak 

hydrogen bonds are thought to be more electrostatic in nature, whereas strong hydrogen bonds 

possess a mixture of both, electrostatic and covalent contributions.1  

 

Electron-pair acceptor/donor interactions are specific interactions which occur due to the electron 

transfer from an occupied valence state (OVS) of a donor species to an unoccupied molecular 

orbital (MO) of an acceptor species, where the energies are sufficiently high and low, respectively, 

for overlap to occur.1 Electron pair donor molecules are categorised into n-, 𝜎-, and 𝜋-EPDs. The 

EPD ability of n-EPDs is facilitated through a lone pair of n-electrons on a heteroatom, e.g., R2O. 

The ability of 𝜎-EPDs is enabled through an electron pair within an 𝜎-bond, e.g., cyclopropane. 

Lastly, the ability of 𝜋-EPDs is permitted through an electron pair of 𝜋-electrons within unsaturated 

or aromatic compounds, e.g., alkenes. Electron pair acceptor molecules can also be categorised 

into three types: 𝜈-, 𝜎-, and 𝜋-EPAs. The EPA ability of 𝜈-EPAs is due to the high degree of vacancy 

within the lowest energy orbitals, e.g., metal atoms. The ability of 𝜎-EPAs is due to the presence of 

a non-bonding 𝜎-orbital, e.g., I2. Lastly, the ability of 𝜋-EPAs is due to the presence of a system of 

𝜋-bonds, e.g., aromatic compounds. As EPA/EPD interactions can take place between any 

acceptor/donor species, nine different EPA/EPD combinations exist. Electron transfer is greatest 

where the ionisation potential of the donor is low, and the electron affinity of the acceptor is high. 

Therefore, EPA/EPD interactions are closely related to those of Lewis acid/base interactions, where 

a Lewis acid acts as an EPA, and a Lewis base acts as an EPD.  

 

1.3.4. Quantification of solvent-solute interactions 

 

The ability to reliably predict the feasibility and strength of interaction between solvent-solute 

species in solution would be a very powerful tool for both, experimental, and computational 

chemists. Such prediction power would save an experimentalist time and effort during the search 

for potential methodology improvements, whilst also providing computational chemists with 

additional parameters to improve upon the accuracy of a computational model. Attempts to 
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quantify the chemical properties responsible for such solvent-solute interactions have been 

demonstrated through various solvent polarity scales, e.g., Kamlet-Taft (KT), and Catalán.  

 

Kamlet, Taft, and co-workers measured the absorption shifts within UV/Vis spectra of a 

combination of chemical probe species (Table 1.3, Figure 1.7) which exhibit solvatochromism, to 

describe the three terms of the KT solvent polarity scale: hydrogen bond donor ability, 𝛼, hydrogen 

bond acceptor ability, 𝛽, and dipolarity-polarisability, 𝜋*.1, 46-49 The hydrogen bond donor ability of 

a solvent describes the ease with which a solvent molecule yields a proton to facilitate a hydrogen 

bonding interaction. 𝛼 has been shown to correlate with Gutmann AN, hence can be thought as a 

measure of solvent Lewis acidity.50 The hydrogen bond acceptor ability of a solvent describes the 

ease with which a solvent molecule abstracts a proton to facilitate a hydrogen bonding interaction. 

𝛽	has been shown to correlate with Gutmann DN, hence can be thought as a measure of solvent 

Lewis basicity.50 The dipolarity-polarisability descriptor demonstrates the movement of 𝜋 electrons 

within the solvent molecule, where the 𝜋* descriptor has been shown to correlate with the 

refractive index of a solvent.50 One benefit of the KT polarity scale is how it allows for a broad 

assessment of solvent properties, as evidenced by the correlation of KT values with a range of 

additional solvent properties. However, limitations arise through probe dependency, where it is not 

certain that the values obtained for KT scale descriptors, which are a measure of the influence of 

the solvent on the probed dye species, are applicable to additional solvent-solute interactions.51  

 

Similarly to KT, Catalán and co-workers also utilised characteristic absorption shifts within UV/Vis 

spectra of a combination of chemical probe species (Table 1.3, Figure 1.7) which exhibit 

solvatochromism, to describe three terms: solvent acidity, SA, solvent basicity, SB, and solvent 

dipolarity-polarisability, SPP.52, 53 The probes used to obtain values for each descriptor within the 

Catalán scale are homomorphic pairs of dyes, allowing for the cancellation of unwanted solvent-

solute interaction effects. Values for each Catalán descriptor have been shown to correlate strongly 

with KT solvent polarity scale descriptors.54 Therefore, Catalán descriptors, SA, SB, and SPP, also 

demonstrate the ability of solvent Lewis acidity, Lewis basicity, and dipolarity-polarisability, 

respectively. One benefit of the Catalán scale over KT is the ability to further separate SPP into its 

constituent contributions, where SP describes the solvent polarizability, and SdP describes the 

dipolarity.53 However, the Catalán scale continues to face the same probe dependency limitation 

as that discussed for the KT solvent polarity scale.  
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Figure 1.7. Structures of probes used in the measurement of each solvent polarity descriptor: (a) 
Dyes used within the Kamlet-Taft solvent polarity scale. (b) Dyes used within the Catalán solvent 
polarity scale, where adjacent molecules form homomorphic pairs of dyes.  
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Table 1.3. Summary of solvent polarity descriptors and probes used for each quantification method 
for solvent-solute interactions.  

Quantification method Descriptor Probe Technique 

Kamlet-Taft 

𝛼 4-nitroanisole/Reichardt’s dye UV/Vis 

𝛽 
4-nitroaniline/N,N-Diethyl-4-

nitroaniline 
UV/Vis	

𝜋* p → 𝜋* and 𝜋 → 𝜋* transitions for 𝛼/𝛽 UV/Vis	

Catalán 

SA TBSB + DTBSB UV/Vis 

SB NI + MNI UV/Vis 

SPP DMANF + FNF UV/Vis 

 
 
1.3.5. Applications of ions in solution   

 

The applicability and prevalence of ion-solvent solutions span a range of scientific fields of study. 

Hence, literature examples of the applications of ions in solution are vast. Therefore, within this 

section the broad themes of their implementation are discussed, rather than specific comparative 

examples. 

 

Ions in solution dominate the field of electrochemistry and electrochemical devices, where the 

movement of electrons in solution is facilitated by the reduction and oxidation of cationic and 

anionic species.55, 56 For example, within battery systems a consistent influx of research papers 

report on new cation-anion-solvent combinations, which allow for higher efficiency at the required 

voltage for a variety of applications.16, 57 The increasing popularity of research into water-in-salt 

batteries look to provide a safer, non-toxic alternative to currently employed battery systems.16, 58-

64 Additional to battery systems, the strong ability of ions to promote the solvation of other ions 

allows for the electrodeposition of metal species, such as zinc, within metal-IL solutions.65 Lastly, 

the use of aqueous ions within electrochemical devices, such as dye-sensitised solar cells, has been 

proposed.66 The development of processes which utilise H2O as a solvent within each 

electrochemical device is highly attractive due to the subsequent decreased flammability, reduced 

cost, and reduced negative environmental impact.  
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The Lewis acid/base ability of ionic species permit several reaction pathways between species in an 

electrolyte solution. For example, the ability of ions to coordinate with metal centers,67-72 and the 

ability of ILs to act as green solvents,73 lend themselves well to inorganic synthesis.74 Moreover, the 

Lewis acidic ability of cationic species, and Lewis basic ability of anionic species in solution afford 

potential for their application as liquid phase catalysts.75-79 The reactivity of ions in solution has 

therefore enabled their employment as components within drug formulation.80, 81  

 

Many biological processes require the symbiotic relationship between ions in solution.82 For 

example, ions are known to exhibit structural changes in protein molecules when combined in 

solution, promoting protein refolding and crystallisation.83 This process is described by the 

Hofmeister series, in which ion specificity leads to a salting-in or salting-out effect, depending on 

the ion present.84 However, conclusions as to the reasoning of the accepted Hofmeister series 

remain contentious. 
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1.4. Electronic structure 

 

The electronic structure of an atom describes the arrangement of electrons within orbitals around 

a nucleus, which are composed of regions with the highest probability of electron location.85 At a 

quantum mechanical level, quantum numbers, n, l, ml, ms, are used to describe the shape, position, 

and energies of the electrons within an atom (Table 1.4). For example, the quantum numbers used 

to describe the p-electron location within a carbon atom are: n = 2; l = 0, 1; ml = -1, 0, +1; ms = ±1⁄2.  

 
 
Table 1.4. Quantum numbers used to describe the electronic structure of an atom.  

Quantum number Symbol Allowed values Property 

Principal n 
Positive integers 

e.g., 1 = s-orbital 

AO size and energy 

level 

Angular momentum l Range from 0 to n-1 Shape of the AO 

Magnetic ml 
Range from -l to +l, 

including 0 
AO orientation 

Spin ms ± 1⁄2 
Electron spin 

direction 

 
 
The electronic configuration of an atom is used to describe the distribution of electrons in each AO 

according to its quantum numbers. For example, the electron configuration of an O2- anion is 1s2 

2s2 2p4. The rules for filling each subshell within an AO are determined by Hund’s rule, the Aufbau 

principle, and the Pauli exclusion principle.85 The Aufbau principle states electrons fill lower energy 

atomic orbitals before filling higher energy ones. Hund’s rule states that each orbital in a sublevel is 

separately occupied before any orbital is doubly occupied. The Pauli exclusion principle states that 

no two electrons in the same atom can have identical values for all four of their quantum numbers. 

 

Computational techniques afford the ability to assign the formation of molecules to the 

combination of AOs from each constituent atom to form molecular orbitals (MOs).86 Of these MOs, 

the so-called frontier molecular orbitals refer to the energetically highest occupied molecular 

orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs). In 1981, the Nobel Prize for 

chemistry was won by Fukui for his work on determining the relationship between frontier MOs 

and the reactivity of each species.8, 9 Previously, electron density was thought responsible for all 
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chemical interactions. However, Fukui and co-workers computationally probed the role of the 

highest energy valence orbitals, i.e., the HOMO and LUMO, in chemical reactivity. It was posited 

that the electron delocalisation between the HOMO and the LUMO was the principle factor in 

determining the readiness of a chemical reaction, where a larger orbital overlap and smaller energy 

level separation led to a greater overall stabilisation.87 During the interaction of the frontier MOs, 

the HOMO becomes destabilised, while the LUMO becomes more stabilised. The basis of Lewis 

acidity/basicity follows on from the fundamental principle of HOMO/LUMO interaction. Therefore, 

understanding the energies involved in the electronic structure of a chemical species is crucial for 

interpreting and predicting trends in reactivity. Experimental techniques, as opposed to 

computational methods, do not probe the HOMO level and instead, the energetic position of the 

highest occupied valence states (HOVSs) are measured. The key principles from Fukui’s work are 

also proven to apply to the experimentally defined behaviour of the HOVSs.88, 89  

 
 

 
Figure 1.8. The electronic structure of atomic sulphur presented as an energy level diagram. S 1s, 
2s, and 2p are labelled core level orbitals. Valence states are shown at lower EB and, for the sulphur 
atom, include the S 3s and S 3p AOs.  
 
 
Each orbital can be further described as either a core or valence state energy level (Figure 1.8). 

Electrons located within core level orbitals are those located within inner-shell AOs of an atom and 

experience the greatest nuclear pull attraction as a result. Hence, core level electrons are non-

bonding in nature. Conversely, valence state electrons are located within outer-shell MOs and are 

therefore far more loosely held than their core level counterparts. Hence, valence state orbitals 

contain key bonding electrons. Within the example for the given electronic configuration of an O2- 
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anion, the core electrons are located within the 1s and 2s AOs, whereas the valence state electrons 

are located within the 2p MOs.  
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1.5. The use of X-ray spectroscopy in the probing of ions in molecular 

solvent 

 

X-ray spectroscopy is a term used to describe a wide range of techniques, including X-ray 

photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and resonant XPS (RXPS). 

One subset of X-ray spectroscopy relates to photoelectron spectroscopic techniques, which utilise 

the photoelectric effect to measure the kinetic energy, EK, of electrons emitted by 

photoionisation.90 As the value of EK is characteristic to the identity of each element probed, it is 

used to yield information relating to both, the core level (non-bonding) and valence state (bonding) 

energies. An introduction to the origin of each spectroscopy and their employment in the probing 

of ions in molecular solvent is explored below. The mechanisms and technologies through which 

each of these spectroscopic techniques operate are discussed in greater detail later (Chapter 2).  

 

XPS 

 

XPS was first carried out by Innes and co-workers, who recorded a broad band of emitted electrons 

as a function of velocity, using a Röntgen X-ray tube (to produce X-rays), Helmholtz coils (to create 

a controlled magnetic field), an early hemispherical electron analyser (to map electron energies), 

and photographic plates (as a detector).91 The broad band of emitted electrons was later refined 

by researchers such as Moseley, Rawlinson, and Robinson, pre-World War II (WWII).92, 93 Post WWII, 

Kai Siegbahn and co-workers from Uppsala (Sweden) developed several significant instrumental 

improvements, and in 1957 recorded the first examples of high-energy-resolution XP spectra.94 In 

1967, Siegbahn published a comprehensive study of XPS, which he called Electron Spectroscopy for 

Chemical Analysis (ESCA).95 Siegbahn later worked in collaboration with engineers from Hewlett-

Packard to produce the first commercial monochromatic XPS instrument in 1969.96 In 1981, 

Siegbahn received the Nobel Prize in Physics for his contribution to the development of high-

resolution electron spectroscopy.97 The measurement of volatile liquids by XPS is unfeasible using 

the commercial XPS equipment, due to the requirement for high vacuum for electron detection. 

However, in 1997, the development of the liquid jet apparatus98 on synchrotron source XPS 

instruments allowed for the measurement of volatile liquids, e.g., H2O,99-101 further expanding the 

field of X-ray spectroscopy to liquid-phase research.102, 103  

 

The versatility of XPS, and wealth of information gained from XPS experiments has led to its 

utilisation within the study of a broad range of ionic species in solution. Liquid jet apparatus allowed 
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for the high accessibility of measurement for two classes of species: pure molecular solvent, and 

solvated species (ions or neutral molecules). This work was highly driven by the Winter research 

group, who are highly cited within the field. X-ray spectroscopy of aqueous solutions is still a 

relatively young field (< ~15 years) and therefore, experimental difficulties remain.104  

 

The initial studies using liquid jet apparatus focussed on the electronic structure of pure H2O. Since 

these initial investigations, the core orbital and valence state contributions and associated energies 

have been extensively documented. The valence state of pure H2O was found to contain five 

characteristic orbital contributions: 1b1 (liq), 1b1 (gas), 3a1, 1b2, and 2a1, from lowest to highest 

binding energy, EB, respectively (Appendix Figure 8.1).99-101 Special attention is drawn to the 

electronic position of the 1b1 (liq) AO, which is the HOVS of the H2O molecule. The EB of the 1b1 (liq) 

for pure H2O is found to 11.33 ± 0.03 eV.101 The O 1s core level for pure H2O is known to be 

composed of two components: Oliq 1s and Ogas 1s, at low (538.1 eV) and high EB, respectively.100  

 

The characterisation of pure solvents by X-ray spectroscopy, other than H2O, within the literature 

is currently lacking, likely due to the unsuitably high volatility of organic solvents, which causes 

difficulties for liquid jet experiments. For example, with relevance to the current work, and to 

demonstrate the difficulty of measuring pure solvents, the characterisation of propylene carbonate 

(PC) by XPS was carried out at 153 K on an aluminium substrate, rather than as a pure solvent.105 

Moreover, despite the importance of ethanol as an organic solvent, there appears to be no 

published comprehensive characterisation of its electronic structure through X-ray spectroscopy; 

instead, ultraviolet photoelectron spectroscopy (UPS) has been used to measure the valence 

states.98 As an alternative to pure solvent measurement, the combination of solvent/H2O solutions, 

binary solvent mixtures were formed to enable the study of highly volatile solvents. The first study 

of such highly volatile solvent combinations was through the addition of acetonitrile (MeCN) to 

H2O.106 MeCN was shown to have a stronger affinity for the surface than H2O; hence, observed EB 

shifts were said to be due to the effects of surface dipole orientations. Therefore, the 

characterisation of the electronic structure of bulk MeCN was unachievable through this 

methodology. Solvent mixtures containing H2O2/H2O combinations in various ratios were studied 

to investigate the effect of hydration on the electronic structure of H2O2.107 In contrast to the 

surface effects observed for MeCN, the observed EB shift for the H2O2 valence states were found 

due to both, a combination of non-specific electrostatic interactions, and specific interactions 

between H2O2 and H2O. Within this study, the solute species was H2O2, with H2O acting as the 
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solvent. Therefore, this study may also be applicable to the behaviour of ions in solution, suggesting 

any EB shifts may be due to both, non-specific, and specific solvation effects.  

 

The electronic structure of a broad range of ions in (mostly) aqueous solution have been measured 

through XPS. Through the dissolution of simple salts, such as NaCl in H2O, the effect of the cationic 

Na+ and anionic Cl- ions on the hydrogen bonding structure of H2O were probed.108, 109 Cations were 

found not to significantly alter the structure of H2O beyond the first solvation shell, whereas the 

anion was found to affect the hydrogen bonding network of H2O to a far greater degree. Similarly, 

the dissolution of NaI in H2O, from low (almost pure H2O) to high (8 M) concentration, was studied 

by XPS. During an initial investigation of the effect of concentration on valence state energies, Pohl 

and co-workers observed a large (-0.37 ± 0.06 eV) negative shift in EB for the 1b2 valence state of 

H2O, with increasing electrolyte concentration (Figure 1.9, top).110 In relation to the electronic 

structure of the solute ions, a very small (-0.15 ± 0.06 eV) negative EB shift was also observed for 

the I- 5p valence state. Hence, the energies of each valence state for the solute and solvent were 

shown to shift in the same direction, where the 1b2 of H2O shifted twice as much as the I- 5p. The 

variable EB shifts were determined due to an ion-induced disruption of intermolecular electronic 

interactions. The 1b1 (liq) was used as a reference peak, justified by the lack of variation in the EB 

with varying concentration through computational calculations. Within a secondary investigation 

of NaI in H2O, Credidio and co-workers observed a large change in both, bulk H2O valence state 

energies, and solute species electronic structure (Figure 1.9, bottom).111 The solvent 1b1 (liq) and 

solute I- 5p electronic state energies were both shown to shift positively by 0.3 eV, indicating a non-

specific solvation effect upon increasing electrolyte concentration, where valence states of both 

species shifted in the same direction by the same magnitude. The study by Credidio provides doubt 

of the validation of the computational methods used by Pohl, which stated that the 1b1 (liq) valence 

energies were not influenced by concentration effects, in contrast to the observed experimental 

shift. The direction of the reported EB shifts are an irrelevant comparison between each study, as 

the use of charge referencing methodologies varied significantly (1b1 (liq) for Pohl versus cut-off 

energy for Credidio).  
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Figure 1.9. A simplified schematic of the reported photoelectron peak energy shifts observed with 

increasing NaI (aq.) concentration, discussed within references 110 and 111. 

 
 

Measurement of larger ions in aqueous solution than relatively small, binary salts have also been 

carried out by XPS. For example, XPS of aqueous solutions of imidazole and its protonated ionic 

form imidazolium have been achieved, the electronic structure of which is highly applicable to the 

current work.112-114 The femto-second timescale of the XPS process allows for the distinction 

between the protonated and deprotonated nitrogen atoms within the imidazolium cation. The EB 

values for the core level and valence states of the imidazolium cation were shown to be greater 

than that of the neutral imidazole species, which was consistent with the assumed delocalisation 

of positive charge within the heterocyclic ring of imidazolium. Remarkably, the comparison of the 

electronic structure of neutral imidazole and cationic imidazolium allowed for the determination of 

the induced chemical shift due to a single hydrogen bond to be EB = + 1.7 eV. Moreover, the induced 

chemical shift due to the delocalisation of charge across the heterocyclic imidazolium ring was 

found to be lower at EB = + 1.0 eV. An additional example of the measurement of a relatively large 

ionic species in aqueous solution by XPS is the study of acetic acid and its conjugate base, the 

acetate anion.115 Solvation effects were shown to shift the EB of the carboxyl carbon atom -0.7 eV 

from pure salt to 5 M solution. The observed shift in anionic valence state energy upon solvation in 

aqueous solution matched that observed in the study by Credidio discussed previously in terms of 

directional shift but was greater in terms of magnitude. The differing observed EB magnitudes 

suggest varying anionic species in solution experience similar solvation effects but to differing 

degrees.  
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The electronic structure of Li+ within multiple battery solvents was carried out by El-Kazzi and co-

workers.116 A difference in core level EB was observed for both, the Li+ cation, and corresponding 

ClO4
- anion, with varying solvent identity. The change in the ionic electronic structure, 

demonstrated by a shift in EB, was explained to be due to the modification of the ionic solvation 

shell. This study demonstrated the ability of the solvent identity to influence the electronic 

structure of multiple components in solution, both the solute, and solvent.  

 

The ability to vary the incident photon energy, h𝜈, during synchrotron XPS experiments allows for 

variable depth-profiling of the studied solution, from surface (lower h𝜈) to bulk (higher h𝜈). The 

surfactant-like behaviour of Li+ and K+ ions have been investigated in aqueous solution.117 Through 

probing of different solution depths, Li+ was found to possess surfactant-like behaviour with a 

greater affinity for the surface, whereas K+ did not, residing primarily within the bulk of the solution. 

The difference in behaviour was cited as due to the resilience of each hydration shell, where Li+ 

retained, whereas K+ lost part of its solvation shell. Further investigations as to the molecular 

distribution of solute species in solution was carried out for an aqueous solution of 

trichloroethanol.118 Using the measured intensity ratios of the liquid phase and gas phase 

photoelectron peaks, the photoelectron EK of maximum surface sensitivity was found to be ~100 

eV. This study allowed for a benchmark within aqueous liquid jet XPS experiments, with which 

experimentalists can determine the surface sensitivities of their measurements. Rather than focus 

on the distribution of molecular species in solution, Mudryk and co-workers monitored changes to 

the relative electronic structure of solute species with varying h𝜈 for aqueous solutions of KMnO4 

and NaMNO4.119 This enabled the determination of the extent of bulk versus surface effects within 

the measured electronic structure of a species. Variable probe depth measurements were carried 

out at h𝜈 = 150 eV (surface sensitive) and 800 eV (bulk sensitive), where no change in EB was 

observed. The only measured difference in bulk versus surface spectra was an expected variation 

in relative intensity due to the relative ionisation cross-sections for each AO.  

 

The electronic structure of transition metal (TM) ions have been extensively probed through the 

dissolution of species in aqueous solution. The first example of XPS measurements of aqueous TMs 

was published for ruthenium complexes with differing oxidation states,120 followed by aqueous 

manganese121 and aqueous iron122 at differing oxidation states. 

 



Chapter 1. Introduction 

 46 

Recently, cutting-edge liquid jet XPS experiments have been used to measure the EB of solvated 

electrons. The proof of principle for these experiments was shown through the measurement of 

liquid ammonia, cooled to 213 K, using liquid jet apparatus.123 Various alkali metals (Li, Na, and K) 

were then steadily dissolved in the cooled liquid ammonia, generating excess electrons for 

measurement in a solvated state.124 Hydrated electrons were shown to be less reactive, allowing 

comparisons to be drawn between the relative stability solvated electrons and the relative stability 

of solvated ions.125  

 

XAS 

 

The first XA spectra was observed by de Broglie in 1913, who scattered X-rays through the utilisation 

of a rotating crystal.126, 127 X-rays of varying intensities were recorded on a photographic plate, 

revealing an XA spectra. Over subsequent years, technological advances (Siegbahn and Stenstrom, 

1916) and theoretical advances (Kronig, 1931) were made, leading XAS to the method it is today.126 

The experimental XA technique was further advanced through the advent of synchrotron facilities 

(Chapter 2), such as Diamond Light Source (UK), BESSY II (Germany), Soleil (France), and Elettra 

(Italy).  

 

The sensitivity of XAS to local solvation environment make it an ideal spectroscopic tool for studying 

the electronic structure of solutes in solution.128 However, little work up until now has been 

published on the effect of solvent identity on ions in solution. The bonding environment within pure 

H2O has been extensively studied through XAS, where characteristic XA transitions indicate 

variations in the local hydrogen bonding network.103, 128, 129 The XA spectra of pure H2O can be 

described by three regions: pre-edge, main-edge, and post-edge. The pre-edge is associated with 

broken or weakened hydrogen bonds. The main-edge is associated with interstitial H2O molecules. 

Finally, the post-edge is associated with strong hydrogen bonds within the H2O bonding network. 

Through dissolution of solute in aqueous solution, any variation in edge peak energies can indicate 

solute effects on the H2O hydrogen bonding network. Likewise, for XPS of pure solvents, there is 

unfortunately a lack of literature on assigned peaks within XAS for pure solvents.  

 

To demonstrate the effectiveness of XAS in determining the electronic structure of ionic species in 

solution a few examples are given. The study of neutral ammonia and cationic ammonium in 

aqueous solution by XAS was undertaken to determine the mode of bonding between the solute 

and the solvent species.130, 131 Through N 1s XAS, NH4
+ was shown to be weakly hydrogen bond 
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donating with four hydrogen bonds to each solute molecule. In contrast, NH3 was shown to be 

strongly hydrogen bond accepting due to the lone pair of electrons on the nitrogen atom. However, 

despite the presence of hydrogen bonding, charge-transfer was limited due to weak orbital mixing 

between the solute and solvent, suggesting the ammonium cation to have limited influence over 

the electronic structure of H2O. XAS has also been carried out on samples of pure IL to investigate 

the relationship between the cation and anion in the liquid phase.132, 133 The N 1s XA spectra of 

[C4C1Im][SCN] was shown to be independent of neighbouring ion solvation environment, suggesting 

the solvation environment affected the ground state, and excited state, equally. The nitrogen 

atomic charge for dialkylimidazolium species, e.g., [C4C1Im]+, were confirmed to be slightly 

positively charged and shown not to depend upon the anionic identity, demonstrating 

intramolecular covalent interactions to be the dominant factor in determining the atomic charge 

of each nitrogen atom within imidazolium-based species.  

 

RXPS 

 

Resonant X-ray photoelectron spectroscopy (RXPS) is otherwise known as resonant photoelectron 

spectroscopy (RPES) or resonant Auger electron spectroscopy (RAES) in the literature. RXPS exploits 

the intensity enhancements measured under resonant conditions to aid in the identification of 

valence electronic states associated with a specific element, which would otherwise be difficult due 

to the close overlap of electronic transitions near the Fermi edge.23, 134-136 Therefore, RXPS is 

particularly useful for the study of complex systems with large numbers of contributing valence 

states, such as liquid jet XPS experiments where contributing valence states include all components 

within a solution.102 

 

RXPS has been used for the identification of the AO contributions to the valence state for ILs.23, 135 

Anionic species have been shown to give rise to the HOMO far more often than cationic species. 

Considering the incredibly high probability of increased Lewis basicity of anions versus cations, this 

was the expected result. However, it was surprising that the cation ever yielded the HOMO ahead 

of the anion, as this suggested a greater ease in removing an electron from the cationic species 

than the anionic species. A subtraction method was demonstrated for removing the non-resonant 

contributions from the resonant photoelectron peaks of the probed element, allowing for the 

effective measurement of atom specific XP spectra. Using this method, observed counterion effects 

were shown to not be due to individual valence states; instead, electrostatic, non-specific 

interactions affected all valence states. The factors which contribute to the measured strength of 
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the RXPS signal were discussed.134 Electronegativity of the probed atom was shown to be the 

primary factor, where a large atomic electronegativity (fluorine) resulted in a small participator 

Auger to spectator Auger (PA:SA) ratio (discussed in Chapter 2). The secondary factor for 

determining strength of RXPS signal was bonding type, where atomic 𝜋* valence states showed 

larger PA:SA intensity than 𝜎* valence states. The effect of molecular solvation on RXP spectral 

shapes was also determined, where a strong dependency on covalent bonding was observed, 

compared to a weak dependency on solvation environment.  
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1.6. Reasoning for ions and solvents studied in this work 

 

Throughout this work, a large selection of cations, anions, and neutral molecular solvents will be 

studied by X-ray spectroscopic techniques (Figure 1.10). 

 

Most ions measured within the current work are constituent components within an IL. The ease of 

handling and purification, air insensitivity, relatively low viscosity, high solubility in a wide range of 

MSs, and negligible vapour pressure meant ILs were ideal for the experiments herein. Furthermore, 

the use of ILs allowed for the study of ions across the entire concentration range within the liquid 

phase – ions in MS to ions in ions. Ions from non-IL species were chosen due to their stability and 

comparative elements (to the measured ILs), in addition to their high literature significance.  

 

A specific emphasis was placed upon the measurement of one IL in particular – [C4C1Im][SCN]. The 

reasoning for this choice was multifaceted. The [C4C1Im]+ cation is highly studied within the 

literature, which the Lovelock research group have published on extensively, including 

[C4C1Im][SCN].23, 132-135, 137, 138 Concerns during experimental preparation are addressed as 

[C4C1Im][SCN] has a high solubility in a wide range of MSs, is relatively inexpensive, and has low 

toxicity. [C4C1Im][SCN] is ideal for the study of the relationship between the cationic and anionic 

electronic structure, as [C4C1Im][SCN] contains both nitrogen and carbon in both ions, which 

permits a direct comparison within the same experimental region. Lastly, the [SCN]- anion has a 

high biological significance and is an important ligand within the renewable energy sector, both of 

which benefit from further knowledge of [SCN]- in solution.139-142 

 

The inclusion of both, traditional polar solvents, and non-HBD solvents allowed for the 

measurement of solvents with a range of differing chemical and physical properties. MSs were 

chosen to cover a range of HBA/HBD abilities in order to explore whether solvent Lewis 

acidity/basicity affects the electronic structure of solvated species. Furthermore, MSs were chosen 

which feature in a range of different academic and industrial applications (Table 1.1).  

 

Lastly, solvent choice was somewhat limited based upon experimental liquid jet method, which 

requires solvents of low viscosity and low toxicity (due to cleaning requirements and cost).  
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Figure 1.10. Names and structures of key ions and solvents studied within this work: (a) Cations. (b) 
Anions. (c) Solvents.  
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1.7. Aims of current work 

 

Within the current work, four results chapters are presented with differing, but complementary 

questions to be answered in aid of building a picture of the electronic structure of each component 

within solution (Figure 1.11). Within all chapters, X-ray spectroscopic techniques were utilised in 

tandem to provide greater insight of the contributing solvation effects which govern component 

electronic structure variation.  

 

 
Figure 1.11. A graphic depiction of the roadmap for the current thesis. All chapters are concerned 

with the use of X-ray spectroscopy within the determination of core and/or valence level EB values 

of species in solution. Correlations are then examined alongside solvent polarity scale descriptors 

(e.g., Kamlet-Taft, Gutmann, and Catalán) to form hypotheses about the molecular level origins of 

measured EB variations of solute and solvent.  

 

Chapter 3 addresses the influence of solvent identity on anionic electronic structure. The aim of 

this chapter is to determine to what extent, and the reasonings for how, solvent identity influences 

the anionic electronic structure in solution. Within this chapter, an assortment of anionic species 

and molecular solvents with a diverse selection of physicochemical properties were studied. Such 

a comprehensive and comparative dataset collected through X-ray spectroscopic techniques has 

never been carried out to the best of our knowledge. Within Chapter 3, the questions to be 

answered are: does varying the solvent identity influence the electronic structure of solvated ions? 

What does the extent of ionic electronic structure changes upon solvation tell us about the nature 

of the solvent-solute interactions?  

 

Chapter 3:
core and valence level EB as 
a function of solvent

Chapter 4:
core level EB as a function of 
both anionic identity and 
concentration

Chapter 5: 
core and valence level EB as 
a function of concentration

Chapter 6: 
core level EB as a function of 
both cationic and solvent 
identity

Thesis Roadmap

X-ray spectroscopic determination of…

Correlations compared to 
trends in solvent polarity scale 
descriptors e.g., Kamlet-Taft

Hypotheses about the 
molecular level origins of EB
variations of solute and 
solvent
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Chapter 4 deals with the influence of anion identity and concentration on electronic structure. The 

aim of this chapter is to determine the effect of varying the anion identity in solution for a large 

range of anionic species on the electronic structure. Within Chapter 4, the questions to be 

answered are: is the electronic structure of all anions affected through aqueous solvation? Is the 

electronic structure of all anions affected equally through aqueous solvation? How is the MS 

electronic structure affected by the anion identity? 

 

Chapter 5 examines the influence of aqueous electrolyte concentration on electronic structure. The 

aim of this chapter is to determine the effect of varying the concentration of ions in solution on the 

electronic structure of each component within solution (cation, anion, solvent). This study focussed 

on the IL, [C4C1Im][SCN], in H2O at differing mole fractions, from ions in MS (xIL = 0.01, dilute 

electrolyte) to ions in ions (xIL = 1.00, concentrated electrolyte), with additional measurement of 

mole fractions marking key IL:MS molecular ratios in between (xIL = 0.10, and 0.25). Within Chapter 

5, the questions to be answered are: does varying the concentration of ions in solution affect the 

electronic structure of each component? Does varying the concentration of ions in solution affect 

each component equally?  

 

Chapter 6 is entitled: Influence of solvent identity on cationic electronic structure. The aim of this 

chapter is to determine to what extent, and the reasonings for how, solvent identity influences the 

cationic electronic structure in solution. Within this chapter, three cationic species, Li+, K+, and 

[C4C1Im]+, were studied in both, aqueous solution and propylene carbonate. The electronic 

structure of Li[NTf2] solvated by propylene carbonate is of particular relevance to the battery 

community. Within Chapter 6, the questions to be answered are complementary to those of 

Chapter 3: does varying the solvent identity influence the electronic structure of solvated ions? 

What does the extent of ionic electronic structure changes upon solvation tell us about the nature 

of the solvent-solute interactions?  

 

The overall aim of this work is to obtain molecular level parameters for ionic liquid solvent-solute 

systems that can be used to validate theoretical predictions of solvent parameters from electronic 

structure calculations. This will then provide methods for accurate solvent parameter prediction ab 

initio, entirely from (density functional) theory, which will enable users to target and design solvent 

systems for a specific purpose.  
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Chapter 2 
 

Spectroscopic methods  

 
Throughout this work, three complementary X-ray spectroscopic methods were used: non-

resonant X-ray photoelectron spectroscopy (NRXPS), X-ray absorption spectroscopy (XAS), and 

resonant X-ray photoelectron spectroscopy (RXPS). These X-ray spectroscopic techniques were 

used in tandem to probe the energies of the occupied core orbitals (OCOs), the occupied valence 

states (OVSs), and the unoccupied molecular orbitals (UMOs), and thus provided a complete 

measure of the energetic levels within a chemical system.  

 

Two key physical principles underpin the process of X-ray spectroscopy, which are the quantisation 

of energy, as described by Max Planck,1 and the photoelectric effect, as postulated by Albert 

Einstein.2 In the former, Planck showed that the energy of electromagnetic waves is quantised, 

where the excitation energy, E, is equal to the product of the Planck’s constant, h, and the 

frequency of the wave, 𝜈 (Equation 2.1).  

 

 E = hn (2.1) 

E = excitation energy 

h = Planck’s constant 

𝜈 = frequency 

 

Einstein applied the principle of quantisation to explain the UV catastrophe using the photoelectric 

effect, suggesting criteria must be met before photoemission can take place:3  

1. The frequency of excitation must be greater than or equal to the threshold level characteristic 

for each element, regardless of illumination intensity.  

2. Upon reaching the required threshold, the number of electrons emitted will be proportional to 

the intensity of the illumination.  

3. The kinetic energy of the emitted electrons is linearly proportional to the frequency of the 

exciting photons.  
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From these key principles, the photoemission process can be described. The relationship between 

the excitation energy, h𝜈, and the electron kinetic energy, EK, can be used to calculate the electron 

binding energy, EB (Equation 2.2). EB is a vital parameter within X-ray spectroscopic techniques and 

allows for the characterisation of individual elements within a chemical species, yielding 

information on the type of atom and environment from which the electrons are emitted. The 

photoemission process from excitation to emission is in the order of 10-16 seconds, allowing for 

spectroscopic measurements which are independent of nuclear rearrangement.4 

 

 EB = h𝜈 - EK (2.2) 

EB = electron binding energy 

h𝜈 = excitation energy 

EK = electron kinetic energy 

 

Reasoning for measured EB shifts can be categorised into either initial state effects or final state 

effects.5, 6 Initial state effects arise due to any alteration to the ground state of an atom prior to 

photoemission. For example, the initial state is changed through the formation of additional 

bonding interactions, which increase the oxidation state of an atom, leading to an increased 

measured EB of photoelectrons ejected from the target atom. Within NRXPS experiments, it is 

generally assumed that initial state effects dominate the reasoning for all chemical shifts of 

photoelectron peaks present.3 However, final state effects, which arise due to any alteration to the 

excited state of an atom after photoemission, may also contribute significantly to the measured EB. 

For example, relaxation effects (filling of the core hole post-photoemission) can act to decrease 

measured EB. Other types of final state effects include multiplet splitting, where the core hole 

interacts with unpaired electrons in the outer shell orbitals, and energy loss features such as shake-

up peaks, which occur when the outgoing photoelectron loses kinetic energy to excite a valence 

electron into an unoccupied orbital (𝜋	→	𝜋* transition).  

 

The measured area and full width at half maximum (FWHM) of photoemission peaks can provide a 

semi-quantitative measure of atomic properties within a chemical species. Peak FWHMs are 

indicative of the core hole lifetime of the element probed, where the core hole lifetime is described 

by the Heisenberg uncertainty relationship (Equation 2.3). Hence, it is observed that the lesser the 

core hole lifetime, the greater the peak FWHM within the XP spectra. The core hole lifetime is 

generally lesser for core level orbitals and greater for valence state orbitals, as the core hole of 

inner shell orbitals can be filled from outer shell electrons at an increased probability than the 
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reverse scenario.3 The core hole lifetime also decreases with increasing elemental atomic number, 

due to an increased probability of core hole filling due to greater valence electron density. 

Additional contributing factors to photoemission peak FWHM include instrumental resolution 

(energy spread of the incident X-rays and analyser resolution) and satellite features (vibrational 

broadening, multiplet splitting, and shake-up satellites). The measured area of photoemission 

peaks can provide information on the atomic concentration and stoichiometry of each element 

present. If peak area comparisons are to be made across samples and elements, care must be taken 

to include the photoionisation cross-section of each element, which greatly influences peak 

intensity at differing photon energies.7 

 

 

 Γ = h / 𝜏 (2.3) 

Γ = intrinsic peak width (eV) 

h = Planck’s constant (eV∙s) 

𝜏 = core hole lifetime (s) 

 

During X-ray spectroscopy techniques the measured sample is irradiated with X-rays, which 

penetrate deep into the sample; however, excited electrons can only travel so far before they are 

scattered and lose EK. Therefore, only those electrons that experience minimal energy loss will 

contribute to the measured photoemission spectra. The process of determining the depth within 

the sample from which detected photoelectrons originate is calculated quantitatively through 

inelastic mean free path (IMFP) and sampling depths. As sample type (and thickness) influences the 

behaviour of photoelectrons, the IMFP is calculated depending on the nature of the material 

studied. General equations are available for elemental, inorganic, and organic compounds 

(Equations 2.4 to 2.6, respectively).8 Over the range of EK most commonly studied, IMFP is shown 

to increase with increasing EK (Figure 2.1). Sampling depth is defined as the depth from which 95 % 

of the photoemission has taken place and is usually approximated to three times the IMFP.3, 9 
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Elemental (in nm): 𝜆 = 538EK
-2 + 0.41(𝛼EK)0.5 (2.4) 

 

Inorganic (in nm): 𝜆 = 2170EK
-2 + 0.72(𝛼EK)0.5 (2.5) 

 

Organic (in mg m-2): 𝜆d = 49EK
-2 + 0.11(EK)0.5 (2.6) 

	

𝜆 = IMFP 

EK = electron kinetic energy 

𝛼 = monolayer thickness 

 
 

 
Figure 2.1. The calculated IMFP curve for elemental samples (orange circle), inorganic compounds 
(green triangle), and organic compounds (black square), overlaid upon the universal curve (blue). 
 
 
Quantitative values of peak area, FWHM, and crucially EB can be gained through peak fitting 

parameters (Appendix Table 8.4).  
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2.1. Non-resonant X-ray photoelectron spectroscopy 

 

During non-resonant X-ray photoelectron spectroscopy (NRXPS), the sample with ground state (GS) 

electron configuration is loaded into the apparatus (Figure 2.2a). The GS sample is irradiated with 

X-rays of known photon energy, resulting in the excitation of core level (Figure 2.2b), or valence 

state electrons (Figure 2.2c) to vacuum, leaving an unstable core hole in its place. The EK of the 

ejected photoelectron is measured over the region of interest at low (core level) or high (valence 

state) energies. Thus, a NRXP spectra is produced for the analysed sample.  

 

The characteristic elemental EB is calculated from the known h𝜈 and the measured EK (Equation 

2.2). Due to the influence of nuclear attraction, an electron at proximity to the atomic nucleus (core 

level electron) will possess a greater EB than an electron located further away from the nucleus 

(valence state electron). Therefore, EB varies with both, the type of atom measured (change in 

nuclear charge), and the neighbouring atoms bound to the measured atom (alteration of the 

electron distribution of the measured atom). Changes in EB, e.g., upon atomic oxidation state 

variation, are termed binding energy shifts. The measurement of EB and comparative EB shifts from 

NRXP spectra can yield vast information about the chemical system, such as: the elemental 

identification, information about the molecular environment (oxidation state, interacting species), 

and aromaticity (shake-up 𝜋	→	𝜋* transitions).  
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Figure 2.2. Electronic energy diagram for X-ray photoelectron spectroscopy. (a) ground state. (b) 
core level photoemission. (c) valence level photoemission. Red circles represent electrons involved 
within the process. Pink circles represent spectating electrons within the process. Dashed circles 
represent core hole states. Green arrows represent incident photon energy. Teal arrows represent 
electron ejection to vacuum.  
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2.2. X-ray absorption spectroscopy 

 

During X-ray absorption spectroscopy (XAS), a sample with GS electron configuration is irradiated 

by photons of known energy (Figure 2.3a). The incident photon energy is varied throughout the 

scan. At specific photon energies in the vicinity of a core level binding energy threshold, a 

photoexcited electron is absorbed into the unoccupied states, resulting in an increased absorption 

probability, otherwise known as an absorption edge (Figure 2.3b).10 The increased probability is 

indicative of the promotion of a ground state electron to an excited state, where typically an 

occupied core orbital (OCO) to unoccupied molecular orbital (UMO) transition has occurred. The 

OCO → UMO transition is measured indirectly through either fluorescence yield, or electron yield, 

both of which arise due to filling of the energetically unstable core hole through electron decay. 

The method of collecting photoelectrons through use of an electron analyser is termed partial 

electron yield (PEY), which provides sensitivity to the surface due to the scattering of deeper 

photoelectrons.11, 12 

 

The ability to selectively study each characteristic absorption edge through variation of the incident 

photon energy range allows XAS to be an element-selective technique. Each absorption edge is 

known to have a characteristic energy, which is mainly dependent upon the atomic number.10 XA 

spectra provide information on the symmetry, geometry, and electronic structure of a species, as 

XAS probes the complete density of state around the absorbing atom. Therefore, XAS is sensitive 

to multi-electronic phenomena induced by the excited state; thus, XAS can provide an indication of 

the influence of final state effects on the system.  

 
 

 
Figure 2.3. Electronic energy diagram for X-ray absorption spectroscopy. (a) ground state. (b) X-ray 
absorption. Red circles represent electrons involved within the process. Pink circles represent 
spectating electrons within the process. Dashed circles represent core hole states. Green arrows 
represent incident photon energy. Teal arrows represent intra-atomic electron transitions.  
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2.3. Valence resonant X-ray photoelectron spectroscopy 

 

During valence resonant X-ray photoelectron spectroscopy (RXPS), a sample with ground state 

electron configuration is irradiated by photons of known energy (Figure 2.4a). Valence XP spectra, 

i.e., EB = 0 eV to 45 eV, are recorded at stepwise increments of incident photon energy, starting at 

energies below the absorption edge and continuing through, and above, the absorption edge, e.g., 

h𝜈 = 397.0 eV to h𝜈 = 407.0 eV for the N 1s edge. At specific incident photon energies, known as 

resonant photon energies, an OCO → UMO transition occurs analogous to the process described in 

Section 2.2 (Figure 2.4b). The electron decay process necessary to fill the unstable core hole under 

resonant conditions follows two differing Auger emission processes: participator Auger emission 

(Figure 2.4c)13, 14 and spectator Auger emission (Figure 2.4d). At resonant photon energies the 

valence XP spectra is dominated by electronic contributions from the target element, as a new 

photon is emitted with the same energy as the incident photon.10 The electronic process of 

participator Auger emission and spectator Auger emission differ slightly but offer vastly different 

physicochemical information.15  

 

Participator Auger emission 

 

The decay process leading to participator Auger emission involves the filling of a core hole by an 

electron located within the conduction band (Figure 2.4c).16, 17 Hence the electron participating is 

that which was initially excited to the conduction band from ground state during XA. The energy 

released from the relaxation of the participating electron leads to non-radiative emission of an 

Auger electron. Participator Auger emission takes place when a strong overlap between the OCO 

and the core hole exists. Therefore, participator Auger emission peaks appear at EB positions similar 

to those of corresponding NRXPS photoemission peaks. Consequently, participator Auger emission 

provides a very useful tool for identification of unknown peaks within the valence NRXP spectra, 

particularly those peaks which are otherwise hidden by solvent or surface photoemission peaks.14, 

15  

 

Spectator Auger emission 

 

The decay process leading to spectator Auger emission involves the filling of a core hole by an 

electron located within the valence band (Figure 2.4d). Hence the electron spectating is that 

which was initially excited to the conduction band from ground state during XA. Once again, the 
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energy released from the filling of the core hole through electron relaxation leads to non-

radiative emission of an Auger electron. However, as the de-excited electron is originally held in 

the valence band, and the spectating electron still occupies the conduction band, additional 

screening is provided to the outgoing Auger emission. Therefore, spectator Auger emission peaks 

appear at EB positions greater than those of participator Auger emission peaks. Due to the 

observed screening effect, spectator Auger emission provides a useful tool for probing UMOs 

localisation and femtosecond electron dynamics.4 Spectator Auger emission does not feature 

within the current work, but an explanation is included for completeness.  

 
 

 
Figure 2.4. Electronic energy diagram for resonant X-ray photoelectron spectroscopy. (a) ground 
state. (b) X-ray absorption. (c) participator Auger emission. (d) Spectator Auger emission. Red circles 
represent electrons involved within the process. Pink circles represent spectating electrons within 
the process. Dashed circles represent core hole states. Green arrows represent incident photon 
energy. Teal arrows represent intra-atomic electron transitions. Purple arrows represent Auger 
emission.  
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2.4. Laboratory source X-ray photoelectron spectroscopy setup 

 

The usefulness of XPS for material characterisation and surface science means lab source XPS 

systems are readily available within both industrial and educational settings (Figure 2.5). There are 

three main stages necessary for carrying out lab source XPS: X-ray generation and 

monochromotisation, sample irradiation, and photoelectron detection.  

 

X-ray generation and monochromotisation 

 

The standard method of X-ray generation is through the process of thermionic emission. Electrons 

are produced by heating a filament of low work-function material, such as LaB6. Electrons are then 

accelerated towards an anodic metal target, such as aluminium or silver, which produces core holes 

in the metal.18 The unstable core holes are subsequently filled by electrons in higher lying orbitals, 

which emit X-ray fluorescence as they decay. The energy of the emitted X-rays is dependent upon 

the metal target used, e.g., Al K𝛼 = 1486.6 eV. The X-rays produced through fluorescence are un-

monochromated, and therefore contain a wide range of energies. The line width of an un-

monchromated X-ray source is much larger than that of its monochromated counterpart (Al K𝛼: 

0.85 eV to 0.16 eV, respectively), which would act to reduce overall spectral resolution. Therefore, 

most lab source XPS systems contain a quartz crystal on a Rowland circle, which allow for 

constructive interference of the X-rays at the sample spot.19  

 

Sample irradiation 

 

The process of sample irradiation takes place within the analysis chamber. Sample X-ray irradiation 

results in the excitement of electrons within an OCO, which is the first step of all core level X-ray 

spectroscopic techniques, as described in Sections 2.1 to 2.3. Typical irradiation spot sizes can range 

between approximately 10 µm to 100 µm, whereas the available sampling area is on the order of 

centimeters.19 Excited photoelectrons are ejected to vacuum with EK equal to the photon energy 

minus the EB (Equation 2.2).  

 

Photoelectron detection 

 

A low pressure within the analysis chamber is imperative to photoelectron detection for two 

reasons:  
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1. To allow emitted photoelectrons free, unhindered travel to the lens system. 

2. To ensure a consistent sample surface, free from additional contaminants.  

Hence, ultra-high vacuum (UHV) at a pressure of 10-9 mbar is maintained within the analyser 

chamber using a combination of roughing pumps and turbo pumps. Electrons travel from the 

analysis chamber through a lens system, which contains both, apertures, and electrostatic lenses. 

The lens system is employed to focus the photoemitted electrons on to the analyser entrance slit 

of the hemispherical electron analyser. The hemispherical electron analyser contains an inner 

hemisphere of net positive charge, which attracts incoming electrons, and an outer hemisphere of 

net negative charge, which repels incoming electrons. The voltage of the hemispherical analyser 

can be set to allow more or fewer electrons to travel the length of the analyser through to the 

detector. This voltage is termed the pass energy, Epass, whereby a larger pass energy allows a greater 

number of electrons to pass through to the detector; hence, allowing for a greater spectral 

intensity, while resulting in a lower energy resolution. Finally, the emitted photoelectrons reach the 

analyser exit plane and are detected. The resultant signal is interpreted by computer software and 

output as an XP spectrum.  

 
 

 
Figure 2.5. Experimental apparatus of the lab source XPS setup. The nature of the experiment 
proceeds from left to right, starting with the generation of X-rays through fluorescence which are 
subsequently used to irradiate the sample. Electrons ejected through photoemission enter the lens 
system where they are focussed into a coherent beam. Electron energy spread is reduced within 
the hemispherical electron analyser, before finally reaching the detector.  
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2.5. Synchrotron source photoelectron spectroscopy setup 

 

The use of synchrotron light for X-ray spectroscopy experiments offer benefits far greater than the 

use of conventional laboratory source XPS systems. For example, synchrotron radiation allows for 

a tuneable X-ray source, from soft X-rays (h𝜈 = 0 keV to 2.0 keV), to tender X-rays (h𝜈 = 2.0 keV to 

7.0 keV) to hard X-rays (h𝜈 = 7.0 eV and above),20 and high brilliance.21 Synchrotrons are large 

(circumference of Diamond Light Source is 562 m), toroidal-shaped machines with a wide range of 

experimental capabilities (Figure 2.6).22 Synchrotrons work on the principle that an electron at high 

speed on a curved trajectory will emit light containing a broad range of wavelengths, one of which 

is X-ray radiation.3  

 

X-ray generation 

 

Similarly to laboratory source XPS systems, electrons are generated through thermionic emission. 

An electron gun, located within the centre of the synchrotron, uses a heated cathode to generate 

electrons. Electrons are then accelerated away from the cathodic surface using an anode towards 

the linear accelerator (linac). The linac increases the energy of the electrons to 100 MeV using radio 

frequency cavities. Once travelling at high speed, the electrons are transferred to a booster ring 

where their energy is increased further to 3 GeV through additional use of radio frequency cavities, 

while maintaining a curved trajectory using bending magnets. From the booster ring, the electrons 

enter the storage ring, where they are deflected by bending magnets to maintain a closed loop, 

while simultaneously serving to cause the emission of synchrotron radiation. The storage ring is 

maintained under UHV conditions to prevent electron scattering. Devices along the storage ring, 

called undulators and wigglers, contain a series of magnets which cause the electrons to oscillate 

and consequently radiate energy. The gap between the rows of magnets within undulator devices 

can be changed to modify the wavelength of X-rays within the beam.  

 

Beamlines 

 

Beamlines appear tangential to the storage ring and are specially equipped to support specific 

synchrotron techniques, e.g., imaging and microscopy or spectroscopy. Beamlines contain four 

major sections: the front end, the optics hutch, the experimental hutch, and the control cabin. The 

front end is where light enters the beamline from the storage ring. The optics hutch contains 

mirrors and grating necessary for selecting and focussing required wavelengths of light. The 
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experimental hutch contains experimental equipment e.g., the analyser chamber and electron 

analysis equipment, and where sample mounting takes place during experimentation. Finally, the 

control cabin is where the scientific team control the experiment from using computer software to 

manipulate parameters of equipment within the optics and experimental hutches. Many 

synchrotrons, for example BESSY II (Berlin), do not contain an enclosed optics hutch, experimental 

hutch, or a control cabin, as soft X-ray is primarily utilised. Instead, the equipment is visible and 

accessible to all users, and a dosimeter is worn for radiation safety. However, a lead-lined 

experimental hutch is mandatory when carrying out experiments which utilise hard X-ray radiation.  

 
 

 
Figure 2.6. General diagram of synchrotron Soleil, where 1 = LINAC, 2 = booster ring, 3 = storage 
ring, 4 = front end, 5 = optics hutch, 6 = experimental hutch, 7 = control cabin. (Copyright © EPSIM 
3D/JF Santarelli, Synchrotron Soleil, reproduced with permission).  
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2.6. Liquid jet apparatus 

 

The relative ease of carrying out UHV XPS experiments on solid surfaces is apparent due to the large 

availability and accessibility of both laboratory systems and synchrotron beamlines. However, 

samples containing molecular liquids, which possess high vapour pressures, cannot be studied 

under the same UHV conditions due to their relatively high volatilities. Techniques for studying non-

aqueous liquids were pioneered by Hans and Kai Siegbahn, where the use of a liquid beam of 0.2 

mm diameter allowed for the collection of XP spectra of liquid state samples.23, 24 Bernd Winter and 

Manfred Faubel later improved upon the Siegbahn’s concept by using a liquid microjet (6 μm).25, 26 

The introduction of near-ambient pressure within the analysis chamber, and differential pumping 

stages leading to the electron analyser, allowed for the measurement of aqueous samples of 

relatively high vapour pressure. As the liquid jet apparatus (Figure 2.7) described hereafter was 

carried out at a synchrotron source (BESSY II, Berlin),27 X-ray generation and tuning of photon 

energy will be alike that described in Section 2.5.  

 

Sample loading and irradiation 

 

Samples to be studied are loaded into coiled tubing connected to a high-performance liquid 

chromatography (HPLC) pump, where the sample flow rate may be manipulated and monitored (in 

mL / min). Samples are cooled to further reduce evaporation within the analysis chamber and the 

flow rate varied to enable a stable liquid jet to be attained. The sample is pumped using the HPLC 

system to the nozzle, which is located within the analysis chamber. The nozzle contains a capillary, 

which acts to create a laminar flow of liquid, providing a stable surface to irradiate with soft X-rays. 

Ports accommodating cooling traps (filled with liquid nitrogen) are placed within the analyser 

chamber to maintain cooling of the sprayed sample.  

 

Photoelectron detection 

 

The skimmer, located above the liquid jet, contains a hole of 100 μm diameter to allow 

photoemitted electrons entry to the differential pumping unit. Within the differential pumping unit, 

the photoelectrons pass through apertures to stages of varying pressure, where the pressure 

decreases from 10-4 mbar to 10-8 mbar with increasing proximity to the hemispherical analyser. The 

hemispherical electron analyser and detector are as described in Section 2.4. The advent of the 
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differential pumping unit has allowed for the development of near-ambient pressure XPS systems 

in synchrotrons around the world, e.g., B07-C at Diamond Light Source, UK.28  

 
 

 
Figure 2.7. Experimental apparatus of the liquid microjet photoemission experiment. Figure 
adapted from reference 25.  
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2.7. Data analysis: charge referencing procedures 

 

Variability of the measured EK for the same sample can be observed due to the large range of 

experimental parameters discussed (setup, sample ionisation due to photoemission). Hence, 

charge referencing procedures are employed in order to ensure valid energetic comparisons across 

all samples. The charge referencing procedures utilised within the current work are detailed in 

Sections 2.7.1 to 2.7.3, below.  

 

2.7.1. Charge referencing to the EB(cation) value obtained for dilute ions in H2O 

 

The literature value of EB(Oliq 1s) for pure H2O was reported to be 538.1 eV.26 As solutions at either, 

a concentration of 0.5 M, or xIL = 0.01, were assumed to contain an infinite dilution of ions in 

solution, EB(Oliq 1s) was also charge referenced to 538.1 eV. The resultant EB(cation) value obtained 

for each solute species was assumed to be representative of that of an ion with zero ion-ion 

interactions. Therefore, all photoemission peaks for 0.5 M or xIL = 0.01 solutions were charge 

referenced to the same value of EB(cation). The identity and value of EB(cation) used for the charge 

referencing of each solution are shown (Table 2.1).  

 
 
Table 2.1. The photoemission peak identity and EB value used for charge referencing each sample 
to the EB(cation) value obtained for dilute ions in H2O.  

Cation species Photoemission peak Electron Binding Energy / eV 

[C4C1Im]+ EB(Ncation 1s) 406.75 

K+ EB(K 2p3/2) 298.08 

Li+ EB(Li 1s) 60.54 

 
 
Spectroscopic regions containing EB(cation) photoemission peaks were also measured before and 

after every other region (e.g., N 1s, C 1s, N 1s) to greater aid in the elimination of shifts due to 

sample charging over time.  

 

2.7.2. Charge referencing to the EB(solvent) value obtained for pure solvent 

 

Pure solvents (H2O and PC) were recorded using methodology which allowed for the referencing of 

each photoelectron peak to the vacuum level, i.e., allowing for the determination of their absolute 

binding energies.29, 30 A bias voltage (-50 V) was applied to the liquid microjet, allowing for the 
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removal of any shifts caused due to the process of photoionisation. The XP spectra of the biased 

sample was measured, yielding the kinetic energy (EK) of a particular spectral feature, EK(SF). 

Additionally, the low EK curve (lowest EK required to ionise an electron to vacuum) was measured, 

EK(cut). Using both EK(SF) and EK(cut), the absolute binding energy of the spectral feature was 

calculated (Equation 2.7).  

 

 EB = h𝜈 – [EK(SF) – EK(cut)] (2.7) 

 

 
Figure 2.8. The methodology enabling charge referencing of photoelectron peaks to the vacuum 
level, as described, requires information gained from two additionally measured XP spectra: (a) The 
low EK curve, yielding EK(cut). (b) The core level XP spectra of the biased sample, yielding EK(SF). 
 
 

Photoemission peaks were charge referenced to the absolute core level energies of their 

corresponding pure solvents at the vacuum level (Table 2.2). Solutions at either, a concentration of 

0.5 M, or xIL = 0.01, were assumed to contain an infinite dilution of ions in solution. Samples 

containing H2O were charge referenced to the vacuum level for EB(Oliq 1s) for pure H2O.26 Samples 

containing PC were charge referenced to the vacuum level for EB(Calkyl 1s) for pure PC.  

 
 
Table 2.2. The photoemission peak identity and EB value used for charge referencing each sample 
to the EB(solvent) value obtained for pure solvent.  

 Photoemission peak Electron Binding Energy / eV 

H2O EB(Oliq 1s) 538.10 

PC EB(Calkyl 1s) 289.81 

632628624620616612
Electron Kinetic Energy, EK / eV

54525048
Electron Kinetic Energy, EK / eV

(a) (b)

EK(cut)

EK(SF)
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The O 1s region or C 1s region, depending on the solvent used (H2O and PC respectively), was also 

measured before and after every core level (e.g., O 1s, K 2p, O 1s) to greater eliminate contributions 

from charging over time. 

 

2.7.3. Charge referencing for RXP spectra 

 

After charge referencing the valence NRXP spectra using the methods detailed within Sections 2.7.1 

and 2.7.2, valence RXPS spectra were subsequently charge referenced to the EB(HOVS) of their 

corresponding NRXPS valence state by fitting the valence NRXPS29 measured just below the relevant 

absorption edge (Table 2.3).  

 
 

Table 2.3. The photoemission peak identity and h𝜈 value used for charge referencing each sample 
to the EB(solvent) value obtained for pure solvent.  

Absorption edge Valence NRXP energy / h𝜈	

N 1s 398.0 

O 1s 532.5 

C 1s 284.0 

F 1s 686.0 
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Chapter 3 
 

Influence of solvent identity on anionic 

electronic structure 

 
Abstract 

 

Solvent-solute interactions are ubiquitous in science due to the wide-ranging implementation of 

solutions within both, industrial, and academic, processes. Whilst H2O is the solvent of choice for 

biological life, many additional solvents are employed every day for a myriad of applications, e.g., 

batteries and catalysis. Assessing the applicability of each solvent-solute interaction for the desired 

task individually would be incredibly time consuming. Therefore, solvent polarity scales have been 

formulated to allow for the categorisation of solvents based upon their solvent-solute interactions, 

such as Lewis reactivity, to allow for a targeted approach to research. However, experimental 

knowledge of how a range of solvents with varying polarity scale descriptor values quantitively 

affect both bonding, and non-bonding, electronic structure energies of ionic solutes remain sparse. 

In this chapter, the influence of changing solvent identity within 0.5 M (solute)(solvent) solutions 

on core and valence state electron binding energies is explored. A range of complementary X-ray 

spectroscopic techniques were utilised, which crucially allowed for the comparison of the highest 

occupied valence states and lowest unoccupied molecular orbitals of the system. A large range of 

volatile solvents were measured for the same ionic species by X-ray spectroscopic techniques, 

which has previously never been achieved. Moreover, solvent species were chosen to represent 

the entire series of Lewis acidity/basicity abilities. All anionic core and valence state energies were 

found to be equally influenced by changing solvation environment, which was concluded to be the 

result of non-specific solvation effects, due to a strong correlation between the energy of the 

highest occupied valence state and various solvent polarity descriptors relating to solvent Lewis 

acidity (Kamlet-Taft, Gutmann, and Catalán). Solvents were demonstrated to possess a strong 

influence over anionic energy levels and hence showed feasibility in the enabling of selective 

control over solute Lewis acidity/basicity through solvent choice.  
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3.1. Introduction 

 

Solvent species feature within many important industrial applications, due to their ability to act as 

both, reaction media for the interaction of two solute species, and chemically inert carriers for the 

spectroscopic study of solute species. However, during each application it is also crucial to consider 

the ability of solvent molecules to act as reactants themselves, where solvents can react with 

solutes (the minor component of a solution)1 in solution. There are many diverse solvents which 

react with solutes in different ways through so called solvent-solute interactions. For example, the 

vital SN1 reaction within organic chemistry utilises polar solvents to stabilise the transition state.2 

Additionally, solvent-solute interactions can affect the growth rate and crystal shape of metal 

oxide-based composites3, and enable control over crystallisation and morphology of perovskites.4 

Specific solvent-solute interactions have also been shown to enhance Lewis reactivity for ionic 

liquids (ILs).5 Due to the large solvent diversity, it can be difficult to determine which solvent is best 

suited within each circumstance. Therefore, research has been conducted to categorise and 

quantify solvent-solute interactions based upon common solvent properties. One such example of 

solvent categorisation is that relating to the acid/base behaviour of a species, which has prompted 

the creation of solvent polarity scales, such as ET(30)6-8, Kamlet-Taft (KT)7, 9-12, and Catalán7, 13. The 

aforementioned solvent polarity scales are formulated through the monitoring of the 

solvatochromic changes observed for dye molecules, such as Reichardt’s dye14, upon the 

introduction of solvent species, by UV/Vis spectroscopy. Additional non-solvatochromic solvent 

polarity scales, such as the Gutmann15, 16 scale, instead utilise nuclear magnetic resonance (NMR) 

spectroscopy and enthalpy of reaction data. Solvent polarity scales permit the determination of the 

strength, and the way in which, solvent species interact through electron donation and acceptance 

of probe molecules; hence, solvent polarity scales describe the Lewis acidity/basicity of the solvent 

species. KT and Gutmann polarity scale values have been shown to strongly correlate, indicating 

the strength of using each scale in tandem to describe the solvent-solute interactions within a 

solution.17 However, current methods of measuring solvent polarity descriptor values contain an 

inherent probe dependency, where obtained values primarily provide a measure of the influence 

of the solvent on the specific dye species used. Therefore, extrapolation of solvent polarity 

descriptor values to additional solvent-solute interactions may be invalid.14  

 

The electronic structure of a species is composed of both, occupied core level orbitals (OCOs), and 

occupied valence states (OVSs), the latter of which govern the Lewis reactivity of a species.18 Even 

though solvent-solute interactions are an important consideration when designing a new chemical 



Chapter 3. Influence of solvent identity on anionic electronic structure 

 83 

system, little experimental research has been carried out to determine how different solvents, 

across the entire polarity scale range, affect the electronic structure of each species in solution. 

Through the measurement of the electronic structure of each solute within molecular solvent (MS) 

by X-ray spectroscopy, the influence of the solvent on the solute species can be thoroughly 

evaluated, as X-ray spectroscopic methods yield far greater information about the probed system 

than using solvent polarity scales alone. Furthermore, X-ray spectroscopy provides a means of 

directly measuring the objective solvent-solute system, rather than applying values obtained for 

the strength of interaction between solvent and dye species to an unrelated system. Therefore, an 

important question to be addressed is whether varying the solvent identity can be used to tune 

OCO and OVS energies in a scale-like manner. If so, through greater understanding of how solvent 

identity affects OCO and OVS energies, it would be possible to manipulate this factor to aid in the 

better choice and design of systems which rely upon solvent-solute interactions.  

 

In this chapter, core level non-resonant X-ray photoelectron spectroscopy (NRXPS), valence state 

NRXPS, X-ray absorption spectroscopy (XAS), and valence resonant XPS (RXPS) were used to 

measure samples of 0.5 M ([C4C1Im][SCN])(solvent), where solvent = H2O, H2O/EtOH, EtOH, MeCN 

and PC, and for the pure ionic liquid (IL) [C4C1Im][SCN] (structures of each species used in this 

chapter are shown in Figure 3.1). Solvents were chosen with a range of KT descriptors, in particular 

a large range of solvent hydrogen bond donor abilities. The measurement of such a diverse range 

of solvent identities highlights the novelty of this study, as very few non-aqueous solvents have 

been studied by X-ray spectroscopy. At a low concentration of ions in molecular solvent (0.5 M), it 

was assumed that ion-ion interactions were not present and consequently only solvent-solute 

interactions were probed. Conversely, pure [C4C1Im][SCN] provided a measure of pure ion-ion 

interactions. The listed X-ray spectroscopic techniques were used to compare the size and direction 

of binding energy, EB, shifts for each solvent relative to pure [C4C1Im][SCN]. Each EB measurement 

allowed for the exploration of relationships between EB(anion) and solvent polarity descriptors. The 

information gained allowed conclusions to be drawn relating to OCO and OVS energetic shifts, the 

influence of non-specific versus specific solvation effects, and Initial state versus final state effects. 

Furthermore, differing solutions containing K[SCN] and Li[NTf2] within both, aqueous solution, and 

propylene carbonate (PC) were studied by the same spectroscopic methods to allow for a 

comparison of the influence of solvent identity on the anionic structure of multiple species.  

 



Chapter 3. Influence of solvent identity on anionic electronic structure 

 84 

 
Figure 3.1. Names and structures of key ions and solvents studied within Chapter 3: (a) Cations, 
where atoms within [C4C1Im]+ are numbered according to convention for reference within the 
current work. (b) Anions. (c) Solvents.  
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3.2. Spectroscopic methods 

 

3.2.1. Sample preparation 

 

Ethanol (EtOH), acetonitrile (MeCN), and propylene carbonate (PC) were purchased from Sigma-

Aldrich, with no further purification or drying prior to use. Highly demineralised H2O (conductivity 

~0.2 µS cm-1) was used for all aqueous solutions. [C4C1Im][SCN] was purchased from Iolitec, with no 

further purification or drying prior to use. K[SCN] and Li[NTf2] were purchased from Sigma-Aldrich, 

with no further purification or drying prior to use. [C4C1Im][SCN], K[SCN], and Li[NTf2] were weighed 

and mixed with a corresponding mass of solvent to achieve a concentration of 0.5 M (Appendix 

Table 8.1). The corresponding mole fraction, concentration and solute:solvent ratio for each sample 

are shown (Table 3.1).  

 
 
Table 3.1. The ten solutions studied within Chapter 3. Concentrations were calculated using 
parameters listed in Appendix Tables 8.1 to 8.3.  

 xIL xsolv conc. IL/ M conc. solv / M solute:solv 

[C4C1Im][SCN] 100 0 5.4 0 1:0 

([C4C1Im][SCN])(H2O) 1 99 0.5 50.3 1:99 

([C4C1Im][SCN])(H2O/EtOH) 1 99 0.5   

([C4C1Im][SCN])(EtOH) 3 97 0.5 15.6 1:32 

([C4C1Im][SCN])(MeCN) 3 97 0.5 17.3 1:32 

([C4C1Im][SCN])(PC) 4 96 0.5 10.8 1:24 

(K[SCN])(H2O) 1 99 0.5 54.1 1:109 

(K[SCN])(PC) 4 96 0.5 11.5 1:23 

(Li[NTf2])(H2O) 1 99 0.5 49.6 1:99 

(Li[NTf2])(PC) 4 96 0.5 10.5 1:21 

 
 
3.2.2. Synchrotron XPS apparatus 

 

The measurement of pure solvent, 0.5 M ([C4C1Im][SCN])(solvent), 0.5 M (K[SCN])(solvent), and 0.5 

M (Li[NTf2])(solvent), where solvent = H2O, H2O/EtOH, EtOH, MeCN, or PC, was performed on the 

U49/2-PGM 1 beamline with SOL3PES end-station at BESSY II (Germany) using liquid-jet apparatus.19 
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XP and RXP spectra were acquired using a Scienta Omicron R4000 HIPP-2 hemispherical electron 

analyser. The analyser angle was 90.0° horizontal to the plane of polarised light.  

 

RXPS measurements for [C4C1Im][SCN] (xIL = 1.00) were performed on the I311 beamline at MAX-

lab (Sweden). The apparatus used at MAX-lab is explained in reference 20.  

 

3.2.3. Laboratory XPS apparatus 

 

Laboratory–based XPS for the [C4C1Im][SCN] was carried out using a Thermo K–alpha spectrometer 

utilising Al Ka radiation (h𝜈 = 1486.6 eV), as detailed in reference 20.  
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3.3. Results and discussion 

 

3.3.1. Changes in anionic atomic charge with varying solvent identity 

 

The core level EB of the anionic components for ([C4C1Im][SCN])(solvent), where solvent = H2O, 

H2O/EtOH, EtOH, MeCN, PC, and for pure [C4C1Im][SCN], were measured by NRXPS (Figure 3.2). 

Nanion 1s NRXPS showed a single Gaussian peak due to a single Nanion environment (Figure 3.2a). A 

doublet of peaks indicative of spin orbit coupling interactions was observed in the S 2p NRXP 

spectrum due to a single Sanion environment (Figure 3.2b). The N 1s and S 2p NRXP spectra allowed 

for unobstructed analysis of the anionic electronic structure as there were no overlapping or 

additional photoelectron peak contributions from other components present within solution. 

However, an exception arose for 0.5 M ([C4C1Im][SCN])(MeCN) where the N 1s NRXP spectra was 

completely dominated by the solvent photoelectron peaks21 (Appendix Figure 8.8), preventing 

accurate and meaningful anionic peak identification; hence N 1s NRXPS was not shown for 0.5 M 

([C4C1Im][SCN])(MeCN) (Figure 3.2a). All spectra were arranged in order of decreasing EB (top to 

bottom): H2O > H2O/EtOH > EtOH > [C4C1Im][SCN] > MeCN > PC; a trend followed by each core level 

energy within Figure 3.2.  

 
Through comparison of anionic NRXPS EB values (Table 3.2, Figure 3.3) it was shown that ΔEB trends 

matched for both Nanion 1s NRXPS and S 2p NRXPS in differing solvents relative to pure 

[C4C1Im][SCN]. For example, both ΔEB(Nanion 1s) and ΔEB(S 2p3/2) were approximately equal to ~0.1 

eV from 0.5 M ([C4C1Im][SCN])(H2O) to 0.5 M ([C4C1Im][SCN])(H2O/EtOH). Due to the nature of the 

identical energetic shift measured for both anionic components, non-specific solvation effects were 

concluded as the reasoning for the decreased ΔEB shift with varying solvation environment, as all 

anionic OCO energies were shown to shift equally rather than a single OCO energy, which would 

have instead been indicative of a specific solvation effect. A similar trend was observed through 

varying the concentration of [C4C1Im][SCN] in H2O, whereby an increase in xIL resulted in a 

monotonic decrease in both EB(Nanion 1s) and EB(S 2p3/2) (Chapter 5). 
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Figure 3.2. Anionic core level NRXP and valence state NRXP spectra for 0.5 M 
([C4C1Im][SCN])(solvent), where solvent = H2O (red), H2O/EtOH (purple), EtOH (blue), MeCN (green), 
PC (grey), and for pure [C4C1Im][SCN] (orange): (a) Nanion 1s. (b) S 2p. All XP spectra for 0.5 M 
solutions ([C4C1Im][SCN])(solvent) were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra 
were measured at h𝜈 = 1486.6 eV. Dashed lines are intended as a visual aid of the changes in EB 
that occur with varying xIL, where lines of the same type have the same gradient. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
 
 
Table 3.2. Experimental binding energies, EB, recorded by NRXPS for 0.5 M ([C4C1Im][SCN])(solvent), 
where solvent = H2O, H2O/EtOH, EtOH, MeCN, PC, and for pure [C4C1Im][SCN]. All XP spectra for 0.5 
M ([C4C1Im][SCN])(solvent) were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were 
measured at h𝜈 = 1486.6 eV. All values were charge referenced using the methods detailed in 
Section 2.7.1. All EB values are reported to 2 decimal places.  

 Electron binding energy / eV 

 
Nanion 1s  

(± 0.03 ) 

S 2p3/2  

(± 0.06 ) 

0.5 M ([C4C1Im][SCN])(H2O) 403.00 167.53 

0.5 M ([C4C1Im][SCN])(H2O/EtOH) 402.91 167.43 

0.5 M ([C4C1Im][SCN])(EtOH) 402.76 167.27 

[C4C1Im][SCN] 402.66 167.20 

0.5 M ([C4C1Im][SCN])(MeCN)  167.09 

0.5 M ([C4C1Im][SCN])(PC) 402.47 166.96 
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Although data for pure [C4C1Im][SCN] was measured using laboratory XPS apparatus, rather than 

liquid-jet apparatus used for all samples of 0.5 M ([C4C1Im][SCN])(solvent), a linear EB trend was still 

observed. A difference in experimental setup should not present a challenge when comparing 

relatively small EB shifts as, although intrinsic full width at half maximum (FWHM) values differ 

between X-ray sources and choice of spectrometer, EB values should remain independent of peak 

broadening.22 Therefore, measuring EB in this manner while employing the current charge 

referencing methodology (Section 2.7.1) was demonstrated to provide a valid comparison between 

data collected on differing X-ray spectroscopic apparatus.  

 
 

 
Figure 3.3. EB against solvent category plots for ([C4C1Im][SCN])(solvent), where solvent = H2O (red), 
H2O/EtOH (purple), EtOH (blue), MeCN (green), PC (grey), and for pure [C4C1Im][SCN] (orange): (a) 
EB(Nanion 1s) against solvent. (b) EB(S 2p3/2) against solvent. All XP spectra for 0.5 M solutions 
([C4C1Im][SCN])(solvent) were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were 
measured at h𝜈 = 1486.6 eV. All values were charge referenced using the methods detailed in 
Section 2.7.1.  
 
 
An investigation into preferential solvation effects was carried out through the measurement of 0.5 

M ([C4C1Im][SCN])(H2O/EtOH). Both EB(Nanion 1s) and EB(S 2p3/2) values for 0.5 M 

([C4C1Im][SCN])(H2O/EtOH) were shown to be between measurements of each separate solvent, 

0.5 M ([C4C1Im][SCN])(H2O) and 0.5 M ([C4C1Im][SCN])(EtOH), with a slight bias towards EB values 

for 0.5 M ([C4C1Im][SCN])(H2O). This result may suggest a minor preferential solvation of 

[C4C1Im][SCN] by H2O rather than EtOH. However, the strength of preferential solvation of the anion 

within the mixture was not strong, suggesting each solvent had an almost equal interaction with 

the anionic components.7 This conclusion agrees with literature findings, which showed addition of 

H2O to a non-aqueous solution to slightly affect the solute electronic structure, however not as 

greatly as changing the solvent completely.23 Variation in photoelectron peak FWHM are commonly 

used to give an indication as to the number of electronic environments for a specific atom 

contribute to the observed photoelectron peak, which may differ depending on the number of 

differently bonded solvent molecules. However, anionic peak FWHM for 0.5 M 
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([C4C1Im][SCN])(H2O/EtOH) was lower than constituent mono-solvent solutions, yielding no 

indication of preferential solvation by either H2O or EtOH solvent molecules (Table 3.3).  

 

The photoelectron peak area and FWHM ratios for measured peaks within the N 1s NRXP spectra, 

(Ncation 1s/Nanion 1s), and the S 2p NRXP spectra, (S 2p3/2/S 2p1/2), were compared for all possible 

samples (Table 3.3.). The values used to calculate area ratio reflected the total intensity of electrons 

within the measurement, due to reported peaks being the sole photoelectron peaks within each 

region. Therefore, area ratios presented in Table 3.3. were to be considered percentage atomic 

concentration measurements. Hence, small changes in experimental conditions did not influence 

relative comparisons between samples.  

 
 
Table 3.3. Experimental area and FWHM ratios of (Ncation 1s/Nanion 1s) and (S 2p3/2/S 2p1/2) recorded 
by NRXPS for 0.5 M ([C4C1Im][SCN])(solvent), where solvent = H2O, H2O/EtOH, EtOH, MeCN, PC, and 
for pure [C4C1Im][SCN]. All spectra for 0.5 M ([C4C1Im][SCN])(solvent) were measured at h𝜈 = 700.0 
eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV.  

 (Ncation 1s / Nanion 1s) (S 2p3/2 / S 2p1/2) 

 Area FWHM Area FWHM 

0.5 M ([C4C1Im][SCN])(H2O) 2.27 1.06 1.69 0.90 

0.5 M ([C4C1Im][SCN])(H2O/EtOH) 2.24 1.01 1.62 0.89 

0.5 M ([C4C1Im][SCN])(EtOH) 2.15 1.07 1.67 0.88 

[C4C1Im][SCN] 2.21 1.08 1.88 1.00 

0.5 M ([C4C1Im][SCN])(MeCN)   1.90 1.00 

0.5 M([C4C1Im][SCN])(PC) 2.04 1.14 1.82 0.94 

 
 
The relationship between (Ncation 1s/Nanion 1s) area ratio and FWHM ratio was explored, with a very 

weak negative correlation (R2 = 0.68) observed (Figure 3.4a), i.e., a greater FWHM ratio resulted in 

a lesser area ratio. However, it was noted that the (Ncation 1s/Nanion 1s) FWHM ratio for all samples 

were very similar, with the possible exception of 0.5 M ([C4C1Im][SCN])(PC). The similarity of each 

FWHM ratio coupled with the weak correlation between area ratio and FWHM ratio meant there 

was not much to be gained from this comparison. The relationship between (S 2p3/2/S 2p1/2) area 

ratio and FWHM ratio was also considered, with a very strong positive correlation (R2 = 0.92) 

observed (Figure 3.4d), i.e., a greater FWHM ratio resulted in a greater area ratio. This was 

indicative of the intrinsic relationship between photoelectron peaks which arise due to spin orbit 

coupling effects.  
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Photoelectron peak area and FWHM ratios for measured peaks within the N 1s NRXP spectra and S 

2p NRXP spectra were compared to EB(Nanion 1s) and EB(S 2p3/2), respectively (Figures 3.4b, 3.4c, 

3.4d, and 3.4f). The relationship between EB(Nanion 1s) and (Ncation 1s/Nanion 1s) area ratio yielded a 

relatively strong positive correlation (R2 = 0.81, Figure 3.4b), i.e., a greater area ratio resulted in a 

greater EB(Nanion 1s). However, the relationship between EB(Nanion 1s) and (Ncation 1s/Nanion 1s) FWHM 

ratio yielded a relatively weak negative correlation (R2 = 0.69, Figure 3.4c), i.e., a greater FWHM 

ratio resulted in a lesser EB(Nanion 1s). As all measurements were carried out at the same h𝜈 and 

therefore at the same probing depth, the measured percentage atomic concentration may be 

indicative of solute proximity to the surface within solution. For example, the Ncation area 

(representing the position of the cation) was greater than the Nanion area (representing the position 

of the anion) for ([C4C1Im][SCN])(H2O) than ([C4C1Im][SCN])(PC), indicating that the cation was 

located closer to the surface while solvated by water (relative to the anion) than the cation solvated 

by PC. If this were to be true, the trend of solute proximity to the solution surface would follow: 

H2O > H2O/EtOH > [C4C1Im][SCN] > EtOH > PC. With the omission of pure [C4C1Im][SCN], which was 

measured using a different spectrometer and at a different photon energy, and therefore area and 

FWHM measurements may not be comparable due to a variation in photoionisation cross section, 

the trend in solute proximity to the solution surface followed that of EB(anion). This seemed to 

suggest a surface effect contribution to measured EB values; however, depth probe measurements 

disprove this theory (Figure 5.4). Hence, the reduction in Nanion area between 0.5 M 

([C4C1Im][SCN])(H2O) and 0.5 M ([C4C1Im][SCN])(PC) was considered a result of solvent-solute 

interaction.  

 

In contrast to discussed trends between EB(Nanion 1s) and (Ncation 1s/Nanion 1s) area ratio and FWHM 

ratio, the relationship between EB(S 2p3/2) and both (S 2p3/2/S 2p1/2) area ratio and FWHM ratio 

yielded very weak correlations, where R2 = 0.50 and R2 = 0.32, respectively (Figures 3.4d and 3.4f).  
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Figure 3.4. Comparisons between EB(anion), area ratio, and FWHM ratio for (Ncation 1s/Nanion 1s) and 
(S 2p3/2/S 2p1/2): (a) FWHM ratio against area ratio for (Ncation 1s/Nanion 1s), linear trend line with R2 
= 0.68. (b) Area ratio against EB(Nanion 1s) for (Ncation 1s/Nanion 1s), linear trend line with R2 = 0.81. (c) 
FWHM ratio against EB(Nanion 1s) for (Ncation 1s/Nanion 1s), linear trend line with R2 = 0.69. (d) FWHM 
ratio against area ratio for (S 2p3/2/S 2p1/2), linear trend line with R2 = 0.92. (e) Area ratio against 
EB(Nanion 1s) for (S 2p3/2/S 2p1/2), linear trend line with R2 = 0.50. (f) FWHM ratio against EB(Nanion 1s) 
for (S 2p3/2/S 2p1/2), linear trend line with R2 = 0.32.  
 
 
The OCO and OVS energies for 0.5 M (K[SCN])(H2O) and 0.5 M (K[SCN])(PC) were measured by 

NRXPS (Figure 3.5). N 1s NRXP spectra showed one photoelectron peak due to a single Nanion 

electronic environment on [SCN]- anion, and no nitrogen atoms present in neither the cation nor 

the solvent (Figure 3.5a). EB(Nanion 1s) was shown to be greater for 0.5 M (K[SCN])(H2O) than 0.5 M 

(K[SCN])(PC) (Table 3.4). Valence NRXP spectra was used to probe the EB(HOVSanion), which 

contained contributions from the N 2p and S 2p OVSs (Figure 3.5b).20 EB(HOVSanion) was also shown 

to be greater for 0.5 M (K[SCN])(H2O) than 0.5 M (K[SCN])(PC). S 2p NRXP spectra were shown to 
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contain two photoelectron peaks with an area ratio of 2:1, due to spin orbit coupling of a single S 

2p electronic environment on [SCN]- anion. EB(S 2p3/2) was also shown to be greater for 0.5 M 

(K[SCN])(H2O) than 0.5 M (K[SCN])(PC).  

 
 

 
Figure 3.5. Core level and valence state NRXP spectra for 0.5 M (K[SCN])(H2O) and 0.5 M 
(K[SCN])(PC): (a) N 1s. (b) S 2p. (c) Valence. (d) K 2p. All XP spectra for 0.5 M (K[SCN])(solvent) were 
measured at h𝜈 = 700.0 eV. All XP spectra were charge referenced using the methods detailed in 
Section 2.7.2.  
 
 
For all anionic component energies, ΔEB(anion) was shown to be equal from 0.5 M (K[SCN])(H2O) to 

0.5 M (K[SCN])(PC) (Table 3.4). As the same phenomena was observed for ΔEB(anion) from 0.5 M 

([C4C1Im][SCN])(H2O) to 0.5 M ([C4C1Im][SCN])(PC) (Table 3.2), this strengthened the suggestion that 

non-specific solvation effects resulted in the identical energetic shift of EB(anion) components. 

More specifically, nitrogen and sulphur OCOs behave energetically alike with varying solvation 

environment.  
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Table 3.4. Experimental binding energies, EB, recorded by NRXPS for 0.5 M (solute)(H2O) and 0.5 M 
(solute)(PC), where solute = K[SCN] and Li[NTf2]. All XP spectra for 0.5 M (K[SCN])(solvent) and 0.5 
M (Li[NTf2])(solvent) were measured at h𝜈 = 700.0 eV. All values charge referenced using the 
methods detailed in Section 2.7.2. Values are reported to 2 decimal places.  

 Electron binding energy / eV 

 
Nanion 1s  

(± 0.03 ) 

HOVSanion  

(± 0.03 ) 

S 2p3/2  

(± 0.06 ) 

Fanion 1s  

(± 0.03 ) 

0.5 M (K[SCN])(H2O) 403.00 7.98 167.52  

0.5 M (K[SCN])(PC) 402.30 7.32 166.81  

0.5 M (Li[NTf2])(H2O) 404.33  173.89 693.66 

0.5 M (Li[NTf2])(PC) 403.78  173.29 693.29 

 
 
The core and valence level energies for 0.5 M (Li[NTf2])(H2O) and 0.5 M (Li[NTf2])(PC) were 

measured by NRXPS (Figure 3.6). N 1s NRXP spectra showed one photoelectron peak due to a single 

Nanion electronic environment on [NTf2]- anion (Figure 3.6a). EB(Nanion 1s) was shown to be greater 

for 0.5 M (Li[NTf2])(H2O) than 0.5 M (Li[NTf2])(PC) (Table 3.4). F 1s NRXP spectra also showed one 

photoelectron peak due to a single Fanion electronic environment on [NTf2]- anion (Figure 3.6b). 

EB(Fanion 1s) appeared at greater energy for 0.5 M (Li[NTf2])(H2O) than 0.5 M (Li[NTf2])(PC). S 2p NRXP 

spectra showed two photoelectron peaks with an area ratio of 2:1, due to spin orbit coupling of a 

single S 2p electronic environment on [NTf2]- anion (Figure 3.6c). EB(S 2p3/2) was also shown to be 

greater for 0.5 M (Li[NTf2])(H2O) than 0.5 M (Li[NTf2])(PC).  

 

The NRXP spectra of all anionic components of 0.5 M (Li[NTf2])(H2O) and 0.5 M (Li[NTf2])(PC), 

EB(Nanion 1s), EB(S 2p3/2), and EB(Fanion 1s), decreased from 0.5 M (Li[NTf2])(H2O) to 0.5 M 

(Li[NTf2])(PC), which was to be expected from previous ([C4C1Im][SCN])(solvent) and 

(K[SCN])(solvent) measurements. However, while the trends in anionic component energies from 

H2O to PC were in the same direction for [C4C1Im][SCN], K[SCN], and Li[NTf2], they differed in both 

size of ΔEB and absolute EB position. EB(Nanion 1s) and EB(S 2p3/2) were shown to be greater for 0.5 M 

(Li[NTf2])(H2O) than for 0.5 M ([C4C1Im][SCN])(H2O) and 0.5 M (K[SCN])(H2O), matching reported EB 

for corresponding anions within pure ILs.24, 25 The difference in relative EB positions indicated that 

both the nitrogen and sulphur atoms were less electron dense in the [NTf2]- anion, due to the 

greater electron withdrawing ability of the neighbouring O2CF3 groups; whereas the nitrogen and 

sulphur atoms were more electron dense in the [SCN]- anion due to lesser electron withdrawing 

from far fewer neighbouring atoms (with lower electronegativities). ΔEB(Nanion 1s) and ΔEB(S 2p3/2) 

were also shown to be greater for K[SCN] than for Li[NTf2], from solvation in H2O to solvation in PC. 
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The difference in observed ΔEB(anion) may be related to the hydrophilicity and hydrophobicity of 

each anion, where the [NTf2]- anion was more hydrophobic than the [SCN]- anion due to its poorer 

ability as a hydrogen bond acceptor.26 However, the cationic counterion has been shown to alter 

the hydrophobicity of the anion significantly, perhaps diminishing the rationale behind the 

conclusion of hydrophilicity and hydrophobicity of each anion.27 Size and accessibility of the anionic 

atoms may impact upon anion-solvent interactions as the [NTf2]- anion is far larger and bulkier than 

the [SCN]- anion. Therefore, each atom of [SCN]- is arguably more greatly exposed to interaction to 

the solvent molecules simultaneously.  

 
 

 
Figure 3.6. Core level and valence state NRXP spectra for 0.5 M (Li[NTf2])(H2O) and 0.5 M 
(Li[NTf2])(PC): (a) N 1s, (b) F 1s, (c) S 2p, (d) Li 1s. All XP spectra for 0.5 M (Li[NTf2])(solvent) were 
measured at h𝜈 = 700.0 eV. All XP spectra were charge referenced using the methods detailed in 
Section 2.7.2. 
 
 
All data in Tables 3.2 and 3.4 were charge referenced to an internal cationic reference, i.e., EB(Ncation 

1s), EB(K 2p3/2), or EB(Li 1s). The reasoning for the choice of reference peak was due to the 

assumption that for samples studied at 0.5 M, cation ([C4C1Im]+ or K+) and anion ([SCN]- or [NTf2]-) 

species had no long- or short-range intermolecular interactions with one another. Therefore, when 

specifically relating to [C4C1Im][SCN] and K[SCN], solvent-solute interactions probed were expected 
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to affect EB(anion) identically in either circumstance, as [SCN]- was assumed to be within an infinite 

dilution of molecular solvent. However, using the cation as a charge reference relied heavily upon 

the cation remaining chemically unreactive towards solvent molecules, with the sole interaction in 

solution taking place between anion and solvent molecules. As discussed above, ΔEB(anion) from 

0.5 M (K[SCN])(H2O) to 0.5 M (K[SCN])(PC) was shown to be slightly greater than ΔEB(anion) 

observed from 0.5 M ([C4C1Im][SCN])(H2O) to 0.5 M ([C4C1Im][SCN])(PC). As [C4C1Im]+ and K+ differed 

significantly in both size and structure, the two cationic references did not provide comparable 

EB(anion) values. Interestingly, EB(anion) values matched identically for 0.5 M ([C4C1Im][SCN])(H2O) 

and 0.5 M (K[SCN])(H2O) where EB values were charge referenced to the absolute binding energies 

of pure H2O. They also matched identically for 0.5 M ([C4C1Im][SCN])(PC) and 0.5 M (K[SCN])(PC) 

where EB values were charge referenced to the absolute binding energies of pure PC (Table 3.5). 

Therefore, when comparing EB for different solutes in solvents, charge referencing to the pure 

solvent afforded the most reliable comparison. Nevertheless, it was deemed acceptable to charge 

reference using cationic peaks when comparing EB values of solutes with the same cation, as EB 

values have mutual relative energies; this is common practice used throughout IL XPS literature, 

where charge referencing to the EB(Calkyl 1s) is abundant.24  

 

Through charge referencing photoemission energies to that of the pure solvent, ΔEB(Nanion 1s) and 

ΔEB(S 2p3/2) for 0.5 M (Li[NTf2])(H2O) and 0.5 M (Li[NTf2])(PC) were shown to be equal, matching the 

observed relationship between ΔEB(Nanion 1s) and ΔEB(S 2p3/2) measured for [C4C1Im][SCN] and 

K[SCN] from H2O to PC (Table 3.5). Therefore, when varying solvation environment of a solute from 

H2O to PC, EB(Ncation 1s) and EB(S 2p3/2) were shown to shift by the same value, although the 

magnitude of this value varied with solute identity. However, ΔEB(Fanion 1s) was shown to be lower 

from 0.5 M (Li[NTf2])(H2O) and 0.5 M (Li[NTf2])(PC) than either ΔEB(Nanion 1s) or ΔEB(S 2p3/2). The 

lesser ΔEB(Fanion 1s) value may be a consequence of the non-reactivity of fluoride atoms within a C-

F bond due to its strength, as in polytetrafluoroethylene.28 Hence, ΔEB(Fanion 1s) was smaller from 

0.5 M (Li[NTf2])(H2O) to 0.5 M (Li[NTf2])(PC) as there are little to no new interactions between 

fluorine atoms and the differing solvent molecules in solution.  
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Table 3.5. Experimental binding energies, EB, recorded by NRXPS for 0.5 M (solute)(H2O) and 0.5 M 
(solute)(PC), where solute = [C4C1Im][SCN] and K[SCN]. All XP spectra were measured at h𝜈 = 700.0 
eV. All values were charge referenced using the methods detailed in Section 2.7.2. All values are 
reported to 2 decimal places.  

 Electron binding energy / eV 

 
Nanion 1s  

(± 0.03) 

HOVSanion  

(± 0.03) 

S 2p3/2  

(± 0.06) 

Fanion 1s  

(± 0.03) 

0.5 M ([C4C1Im][SCN])(H2O) 403.01 8.04 167.54  

0.5 M ([C4C1Im][SCN])(PC) 402.00 6.99 166.49  

0.5 M (K[SCN])(H2O) 402.99 7.97 167.52  

0.5 M (K[SCN])(PC) 401.97 6.99 166.49  

0.5 M (Li[NTf2])(H2O) 404.35  173.91 693.68 

0.5 M (Li[NTf2])(PC) 403.78  173.29 693.29 

 
 
As energetic comparisons made throughout the remainder of this chapter solely feature solutes 

with the same cation ([C4C1Im]+) and anion ([SCN]-], it was deemed acceptable to discuss and 

compare measured EB values relative to a fixed internal reference (EB(Ncation 1s) = 406.75 eV).  
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3.3.2. HOVS and LUMO level shifts with varying solvent 

 

The energies of the highest occupied valence states (HOVSs) and the lowest unoccupied molecular 

orbitals (LUMOs) of a system can be measured using a combination of valence NRXPS and XAS 

(Figure 3.7). The energy of the HOVS serves to yield information on the reactivity of key bonding 

OVSs within a system through donation of electron density (Lewis basicity), whereas the energy of 

the LUMO gives information as to how readily each component within solution accepts electron 

density (Lewis acidity).18   

 

The HOVS was probed using valence NRXPS (Figure 3.7a). The identity of the HOVSanion for 

[C4C1Im][SCN] was found to comprise contributions from the Nanion 2p and Sanion 2p OVSs.20 The 

identity of the HOVSanion was shown to match in all solvents, demonstrated through the comparison 

of N 1s RXPS measurements (Figure 3.12b, Appendix Figure 8.15) and density functional theory 

calculations of the pure solvent.29 Spectra were arranged in order of decreasing EB(HOVSanion) (top 

to bottom): H2O > H2O/EtOH > EtOH > MeCN > PC.  

 

The LUMO was indirectly probed using XAS, which gave information on the energy of an electron 

transition from an occupied core orbital (OCO) to an UMO, h𝜈(OCO → UMO). By varying h𝜈 it is 

possible to select for specific OCO → UMO transitions and therefore, XAS is considered an atom 

specific/selective technique.20, 29 The N 1s edge (also known as the N K-edge) was probed and 

yielded two sharp peaks in the XA spectra for each sample of 0.5 M ([C4C1Im][SCN])(solvent) 

measured (Appendix Figure 8.16). From the overall similar shape and close match in h𝜈 of the 0.5 

M ([C4C1Im][SCN])(solvent) XA spectra to that of 0.5 M ([C4C1Im][SCN])(H2O), it was concluded 

equally that for both transitions the excited electron originated from either the Nanion OCO (h𝜈 = 

~399.7 eV) or the Ncation OCO (h𝜈 = ~402.1 eV), assigned to the Nanion 1s → 𝜋* and Ncation 1s → 𝜋* 

transitions respectively.30 The final state of each transition resulted in the occupancy of the 𝜋* 

UMO, as both the [C4C1Im]+ cation and the [SCN]- anion contain 𝜋-systems (involving the nitrogen 

atoms), which have high absorption intensities due to a large absorption cross-section.29 For 

samples of 0.5 M ([C4C1Im][SCN])(solvent), where solvent = H2O, EtOH, and PC, the ionic rather than 

solvent 𝜋* UMOs were probed. However, for the solution of 0.5 M ([C4C1Im][SCN])(MeCN), the 

solvent not only contained a nitrogen atom, but also contained a 𝜋-system about the nitrile group, 

causing the N 1s XA spectrum to be dominated by the solvent, as it did for the N 1s NRXPS region, 

(Appendix Figure 8.13). Therefore, the N 1s XA spectrum for 0.5 M ([C4C1Im][SCN])(MeCN) was not 

shown. As the HOVS contains purely anionic components, the Nanion 1s → 𝜋* transition was shown 
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for clarity of comparison (Figure 3.7b). The identity of the LUMOanion, Nanion 𝜋*, was measured to be 

constant, h𝜈 = 399.7 ± 0.06 eV, for all solvents.  

 
 

 
Figure 3.7. Valence NRXP and N 1s XA spectra for ([C4C1Im][SCN])(solvent), where solvent = H2O 
(red), H2O/EtOH (purple), EtOH (blue), MeCN (green), PC (grey), and for pure [C4C1Im][SCN] 
(orange): (a) Valence NRXP spectra. (b) N 1s XA spectra. Dashed lines are intended as a visual aid of 
the changes in EB that occur with varying xIL, where lines of the same type have the same gradient. 
All NRXP spectra for 0.5 M solutions ([C4C1Im][SCN])(solvent) were measured at h𝜈 = 700.0 eV; pure 
[C4C1Im][SCN] NRXP spectra were measured at h𝜈 = 1486.6 eV. Valence NRXP spectra were charge 
referenced using the methods detailed in Section 2.7.1. 
 
 
Through comparison of anionic valence NRXPS EB values it was shown that EB(HOVSanion) decreased 

monotonically from H2O > H2O/EtOH > EtOH > [C4C1Im][SCN] > MeCN > PC (Figure 3.8a). 

ΔEB(HOVSanion) was shown to match observed ΔEB(Nanion 1s) and ΔEB(S 2p3/2) for 

([C4C1Im][SCN])(solvent) compared to the same change in solvation environment (Figure 3.2). In 

contrast, h𝜈(Nanion 1s → π*) was shown not to change outside the margin of experimental error with 

varying solvent (Figure 3.8b). Any observed deviation for h𝜈(Nanion 1s → π*) could demonstrate 

variation in the ionic conductivity of the solution.31 As h𝜈(Nanion 1s → 𝜋*) represents an energetic 

transition, no observed change in transition energy, Δh𝜈(Nanion 1s → 𝜋*) = 0, indicated that the 

energy gap between the OCO and the UMO was consistent across all solvents. As EB(Nanion 1s) was 

shown to decrease in the order H2O > H2O/EtOH > EtOH > [C4C1Im][SCN] > MeCN > PC (Figures 3.2a 

and 3.3a, Table 3.2), it was deduced that the corresponding anionic nitrogen 𝜋* UMO, Nanion 𝜋*, 
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trended in the same direction by the same magnitude, due to the consistency of h𝜈(Nanion 1s → 𝜋*) 

observed with varying solvent. Furthermore, as ΔEB(Nanion 1s) and ΔEB(HOVSanion) were shown to 

trend very similarly (Figure 3.3a and Figure 3.8a, respectively), ΔEB(HOVSanion) and ΔEB(LUMOanion) 

were also shown to be equal (within experimental error) with varying solvent. Consequently, the 

ease of removal of an electron from the [SCN]- HOVSanion, but difficulty of addition of an electron to 

the [SCN]- LUMOanion, increased following solvation of [C4C1Im][SCN] in H2O < H2O/EtOH < EtOH < 

[C4C1Im][SCN] < MeCN < PC. Additionally, the very similar energetic shift for EB(HOVSanion) and 

EB(LUMOanion) with varying solvation environment indicated that the energy gap between the 

LUMOanion and LUMOcation increased from H2O < H2O/EtOH < EtOH < [C4C1Im][SCN] < MeCN < PC. 

Similarly, the energy gap between the HOVSanion and HOVScation increased from H2O < H2O/EtOH < 

EtOH < [C4C1Im][SCN] < MeCN < PC. Consequently, through varying the electrolyte solvent, 

HOVS/LUMO energies can be tailored to favour specific requirements (e.g., a greater or lesser 

ability to undergo redox reactions), much like varying xIL (Chapter 5). Therefore, absolute control of 

the HOVS/LUMO energies may be obtained through choice of both the solvent and the 

concentration of electrolyte in solution, in tandem.  

 
 

 
Figure 3.8. EB against solvent category plots for ([C4C1Im][SCN])(solvent), where solvent = H2O 
(red), H2O/EtOH (purple), EtOH (blue), MeCN (green), PC (grey), and for pure [C4C1Im][SCN] 
(orange): (a) EB(HOVSanion) against solvent where samples of 0.5 M ([C4C1Im][SCN])(solvent) were 
measured at h𝜈 = 700.0 eV; [C4C1Im][SCN] was measured at h𝜈 = 1486.6 eV. (b) h𝜈(Nanion 1s → π*) 
against solvent. EB(HOVSanion) values were charge referenced using the methods detailed in 
Section 2.7.1. h𝜈(Nanion 1s → π*) values were not subject to charge referencing methods.  
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3.3.3. Relationship between EB(HOVS) and solvent polarity descriptors 

 

Empirical polarity scales, such as the Kamlet-Taft (KT) scale, are widely applied to give insight into 

the strength and ability of interaction a solvent may display in solution.32 Common solvent polarity 

scale descriptors for each solvent used to produce a 0.5 M solution with [C4C1Im][SCN], and pure 

[C4C1Im][SCN], were collated (Table 3.6). KT descriptors for pure solvents include hydrogen bond 

donor ability, 𝛼solv, hydrogen bond acceptor ability, 𝛽solv, and dipolarity-polarisability, 𝜋*solv.7, 9-12 

Gutmann descriptors for pure solvents include electron acceptor number, ANsolv, and electron 

donor number, DNsolv.15, 16 Catalán descriptors for pure solvents include solvent acidity, SAsolv, 

solvent basicity, SBsolv, and solvent dipolarity-polarisability, SPPsolv.13, 33 All solvent polarity scales 

provide a measure of both solvent Lewis acidity and solvent Lewis basicity.17  

 
 
Table 3.6. KT, Gutmann, and Catalán solvent polarity scale descriptor values for H2O, H2O/EtOH, 
EtOH, MeCN, PC, and for pure [C4C1Im][SCN]. Valence NRXP spectra used to obtain EB(HOVSanion) for 
samples of 0.5 M ([C4C1Im][SCN])(solvent) were measured at h𝜈 = 700.0 eV, whereas valence NRXP 
spectra for pure [C4C1Im][SCN] was measured at h𝜈 = 1486.6 eV. All spectra were charge referenced 
using the methods detailed in Section 2.7.1. KT, and Catalán polarity scale descriptor values were 
obtained from reference 7 unless otherwise indicated. All values are reported to 2 decimal places.  

 H2O H2O/EtOH EtOH [C4C1Im][SCN] MeCN PC 

EB(HOVSanion) / eV 8.04 7.89 7.75 7.70 7.55 7.46 

𝛼solv 1.17 0.96a 0.86 0.43b 0.19 0 

𝛽solv 0.47 0.65a 0.75 0.71b 0.40 0.40 

𝜋*solv 1.09 0.79a 0.54 1.06b 0.66 0.83 

ANc
solv

 54.80  37.90  18.90 18.30 

DNc
solv 18.0  19.20  14.10 15.10 

SAsolv 1.062  0.400  0.044 0.106 

SBsolv 0.025  0.658  0.286 0.895 

SPPsolv 0.962  0.853  0.895 0.930 
a Obtained from reference 34. 
b Obtained from reference 35, 36. 
c Obtained from reference 37. 
 
 
A linear correlation between EB(HOVSanion) and 𝛼solv, ANsolv, and SAsolv, which are primary 

descriptors of solvent Lewis acidity, were observed (Figures 3.9a, 3.9d, 3.9f). Out of the three 

primary descriptors of solvent Lewis acidity, ANsolv was shown to reflect the trends in EB(HOVSanion) 
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closest, where a single linear line of best fit (R2 = 0.95) could be drawn through all data points. 

Moreover, linear trends between EB(HOVSanion) and 𝛼solv and SAsolv were also strong, where a single 

linear line of best fit passed within experimental error of each datapoint (both R2 = 0.92). As both 

𝛼solv and ANsolv trended linearly with EB(HOVSanion), suggesting that the solvent-solute interactions 

were purely hydrogen bonding in nature would be invalid. Instead, it can be proposed that the 

solvent acted as a Lewis acid and the anion acted as a Lewis base.  

 

A poor correlation between EB(HOVSanion) and 𝛽solv, DNsolv, and SBsolv, which are primary descriptors 

of solvent Lewis basicity, was observed for all three solvent polarity scales (Figures 3.9b, 3.9e, 

3.9g). EB(HOVSanion) position was therefore not shown to be significantly influenced by the ability 

of the solvent to act as an electron donor. Hence, solvent Lewis acidity, and not Lewis basicity, 

was shown to be the dominant factor in determining relative EB(HOVSanion) position. 

 

Protogenic solvents (H2O and EtOH) were shown to have high values of 𝛼solv, ANsolv, and SAsolv, 

where H2O was the most Lewis acidic solvent measured in this work. The structure of H2O permit 

a high level of Lewis acidity, through an electronegative oxygen atom, which is covalently bonded 

to two electron poor hydrogen atoms. Both hydrogen atoms are capable of being ‘donated’ and 

accepting electron density from the anionic nitrogen and sulphur atoms of [SCN]-, thus reducing 

anionic atomic charge and resulting in a greater EB(HOVSanion) relative to pure [C4C1Im][SCN]. The 

second strongest Lewis acidic solvent utilised within this work was EtOH. Analogous to H2O, EtOH 

also contains an electronegative oxygen atom, which is covalently bonded to a single electron 

poor hydrogen atom. Therefore, in contrast to H2O, only a single hydrogen atom is available for 

‘donation’ and acceptance of electron density from the anionic nitrogen and sulphur atoms of 

[SCN]-. Consequently, EtOH is less Lewis acidic than H2O, resulting in a lesser EB(HOVSanion) value 

than [C4C1Im][SCN] solvated by H2O, but greater than pure [C4C1Im][SCN]. The 1:1 molar solution 

of H2O/EtOH yielded EB(HOVSanion) and 𝛼solv values between the values of each of its constituent 

solvents, indicating that the influence of H2O and EtOH on the anion was approximately equal. It 

was no great surprise that H2O, EtOH, and a mixture of the two showed a similar relationship 

between EB(HOVSanion) and Lewis acidity as liquid alcohols resemble water analogues (replacing 

one hydrogen atom with an alkyl group) and can therefore similarly accommodate excess 

electrons within cavities of their hydrogen-bonding network.38 Subsequently, values of ANsolv and 

SAsolv for a 1:1 molar solution of H2O/EtOH can be predicted from the relationship between 

EB(HOVSanion) and 𝛼solv to be ~46 and ~0.72, respectively. 
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Non-protogenic solvents ([C4C1Im][SCN], MeCN, and PC) were shown to have lower values of 𝛼solv, 

ANsolv, and SAsolv, and can therefore be described as poorer Lewis acids than the protogenic 

solvents measured in this work. [C4C1Im][SCN] has previously been shown to participate in 

hydrogen bonding at the C2 position (Figure 3.1a) with the anionic nitrogen and sulphur atoms of 

[SCN]-.39 The hydrogen atom at the C2 position is more electron rich than the hydrogen atoms 

located on H2O as carbon is more electropositive than oxygen. Therefore, the hydrogen atom at 

the C2 position is less able to accept excess electron density from the anionic nitrogen and sulphur 

atoms of [SCN]-, thus resulting in a lesser measured EB(HOVSanion) than for the protogenic solvents, 

H2O and EtOH. In contrast to solvents already discussed, the remaining non-protogenic solvents 

(MeCN and PC) were shown to act to make [C4C1Im][SCN] more reactive, i.e., reducing 

EB(HOVSanion) for ([C4C1Im][SCN])(MeCN) and ([C4C1Im][SCN])(PC) below that of pure 

[C4C1Im][SCN]. This was due to MeCN and PC being poorer Lewis acids than pure [C4C1Im][SCN], as 

evidenced by their very low values of 𝛼solv, ANsolv, and SAsolv. Furthermore, a far greater number of 

solvent molecules than ions (Table 3.1) resulted in solvent-ion interactions which far 

outnumbered ion-ion interactions in solution. Coupled with the poor Lewis acidity of MeCN and 

PC, the overwhelming prevalence of MeCN and PC molecules in solution resulted in a lesser 

EB(HOVSanion) than pure [C4C1Im][SCN], i.e., the solvent molecules prevented the cation from 

stabilising the anion. 

 

Solvent polarity scales require an internal probe, such as Reichardt’s dye,14 to assess the strength 

of solvent-solute interactions, as discussed in Chapter 1. The need for an internal probe creates 

several issues:  

1. The measured solvent may react with the internal probe to create a new chemical species, 

preventing the measurement of solvatochromic effect of the solvent on the probe.  

2. Values of acidity/basicity may be probe-dependent, resulting in the need for normalisation 

across polarity scales.40 

Core level spectroscopy has the advantage of lacking the requirement of an internal probe species. 

Therefore, an XPS basicity scale based upon EB(HOVSanion) position would be universal, without the 

need to normalise across polarity scales. In addition, data gained through the nature of core level 

spectroscopy measurements can reveal key information for individual electronic environments 

such as oxidation state and number of contributing components. 
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Figure 3.9. EB(HOVSanion) against Kamlet-Taft, Gutmann, and Catalán polarity scale descriptors for 
([C4C1Im][SCN])(solvent), where solvent = H2O (red), H2O/EtOH (purple), EtOH (blue), MeCN (green), 
PC (grey), and for pure [C4C1Im][SCN] (orange): (a) EB(HOVSanion) against pure solvent hydrogen bond 
donor, 𝛼solv; R2 of the dashed line = 0.92. (b) EB(HOVSanion) against pure solvent hydrogen bond 
acceptor, 𝛽solv. (c) EB(HOVSanion) against pure solvent dipolarity-polarisability, 𝜋*solv. (d) EB(HOVSanion) 
against pure solvent electron acceptor number, ANsolv; R2 of the dashed line = 0.95. (e) EB(HOVSanion) 
against pure solvent electron donor number, DNsolv. (f) EB(HOVSanion) against pure solvent acidity, 
SAsolv; R2 of the dashed line = 0.92. (g) EB(HOVSanion) against pure solvent basicity, SBsolv. (h) 
EB(HOVSanion) against pure solvent dipolarity-polarisability, SPPsolv. EB(HOVSanion) values were charge 
referenced using the methods detailed in Section 2.7.1.  
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3.3.4. Experimental energy level diagram 

 

Using data collected from a combination of complementary X-ray spectroscopic methods allowed 

for the construction of an energy level diagram showing core, valence, and unoccupied energies 

(Figure 3.10). This enabled easier visual comparison and a clearer overview of the energetic trends 

within the system. NRXPS gave a direct value for both, EB(Nanion 1s) and EB(HOVSanion), whereas XAS 

yielded a transition energy. As EB(Nanion 1s) was known from NRXPS measurements, EB(Nanion 1s) 

minus h𝜈 (Nanion 1s → 𝜋*) resulted in EB(Nanion 𝜋*).  

 

ΔEB(Nanion 1s), ΔEB(HOVSanion), and ΔEB(Nanion 𝜋*) were shown to be equal as a function of solvent. A 

similar relationship exists with respect to the concentration, which will be discussed in Chapter 5. 

The anionic charge density distribution on the solvent molecules is expected to be the determining 

factor for the measured equal energy shift as a function of solvent. Whether the resultant charge 

density distribution occurred due to hydrogen bonding, ion-dipole interactions, or any other 

specific interaction is currently unknown. All atoms in the [SCN]- anion were affected by interaction 

with the most prominent hotspots on the functional group interaction profiles for each solvent 

molecule.41 The observation that EB(HOVSanion), HOVSanion, and EB(Nanion 𝜋*), LUMOanion, shifted 

equally by the same size and direction is of particular importance to the design of electrolyte 

solutions for functional applications. The apparent importance of both the electrolyte 

concentration, and the solvent identity in determining the HOVS and LUMO energy levels were 

therefore both shown to relate to non-specific solvation effects, but to varying degrees: 

1. The variation in HOVS and LUMO energy levels through varying the solvent identity was 

strongly, but not purely, influenced by non-specific solvation effects. This was evidenced 

through the same observed monotonic energetic shift of all component OCO and OVSs; 

however, a strong correlation between solvent Lewis acidic polarity scale descriptors, which 

relate to specific solvation effects, and EB(anion), and a lack of correlation between EB(anion) 

and the relative permittivity of solution suggests that multiple factors must be considered 

(Chapter 3).  

2. The deviation in HOVS and LUMO energy levels through varying electrolyte concentration was 

dominated by non-specific solvation effects. This was evidenced through a monotonic shift of 

all component OCO and OVS, and a strong correlation between EB(anion) and the relative 

permittivity of solution (Chapter 5).  
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Anionic photoelectron peak energies for 0.5 M ([C4C1Im][SCN])(H2O/EtOH) were measured at values 

between those of 0.5 M ([C4C1Im][SCN])(H2O) and 0.5 M ([C4C1Im][SCN])(EtOH), which suggested a 

lack of preferential solvation effects.7 This effect was shown to extend to HOVSanion and LUMOanion 

energies as EB(Nanion 1s), EB(HOVSanion), and EB(Nanion 𝜋*) for 0.5 M ([C4C1Im][SCN])(H2O/EtOH) were 

also measured between those of 0.5 M ([C4C1Im][SCN])(H2O) and 0.5 M ([C4C1Im][SCN])(EtOH). 

Therefore, preferential solvation affected neither OCOs nor UMOs in a H2O/EtOH solvent mixture. 

However, preferential solvation effects may come into play in a situation where two different 

solvents interact with ions through differing functional groups, e.g., hydroxyl and nitrile.7, 42 

Through knowledge that OCOs, OVSs, and UMOs trend energetically in the same direction by the 

same magnitude, energy level predictions of an ionic system are possible given a single OCO or OVS 

measurement. For example, if ([C4C1Im][SCN])(MeCN) were added to Figure 3.10 EB(anion) values 

would be expected between those of pure [C4C1Im][SCN] and ([C4C1Im][SCN])(PC), with EB(Nanion 1s) 

= 402.6 eV and EB(Nanion 𝜋*) = 2.9 eV, judging from the measurable value of EB(HOVSanion) (Figure 

3.8a, Table 3.6).   

 
 

 
Figure 3.10. Energy level diagram for ([C4C1Im][SCN])(solvent), where solvent = H2O, H2O/EtOH, 
EtOH, PC, and for pure [C4C1Im][SCN]. EB(Nanion 1s) and EB(HOVSanion) values were charge referenced 
using the methods detailed in Section 2.7.1 (NRXPS) and Section 2.7.3 (RXPS). EB(Nanion π*) values 
were calculated from EB(Nanion 1s) minus h𝜈(Nanion 1s → π*). All EB values are reported to 1 decimal 
place.   
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3.3.5. Solvation effect of H2O versus PC on [C4C1Im][SCN] 

 

Relative to pure [C4C1Im][SCN], ΔEB(anion) was shown to shift both positively and negatively for 

samples of ([C4C1Im][SCN])(solvent) depending upon the molecular solvation environment. The 

most significant examples of this phenomena occur for [C4C1Im][SCN] solvated by H2O, yielding a 

positive 0.3 eV EB shift, and solvated by PC, yielding a negative 0.2 eV EB shift (Figure 3.11). The 

reasoning behind the ability of H2O to increase EB(HOVSanion), and the contrasting ability of PC to 

decrease EB(HOVSanion), has been shown to correlate strongly with solvent acidity descriptors 

demonstrated through comparison to various solvent polarity scales. Although solvation of 

[C4C1Im][SCN] by H2O and PC acted to shift ΔEB(anion) in opposite directions relative to pure 

[C4C1Im][SCN], EB(Nanion 1s), EB(S 2p3/2), and EB(HOVSanion) in either molecular solvent were observed 

to shift in the same direction by the same magnitude (Figures 3.11a-3.11c, respectively). The 

energetic relationship for all components of EB(anion) demonstrated the similarity of interaction 

between the solute and each solvent, regardless of whether [C4C1Im][SCN] was solvated by H2O or 

solvated by PC. Therefore, non-specific solvation effects were shown to dictate anionic OCO and 

OVS energetic positions irrespective of the solvent present for all molecular solvents measured 

throughout this chapter, for both protogenic and non-protogenic classifications.  

 

The surprising ability of PC (and MeCN) to reduce anionic OCO and UMO energies below that of 

pure [C4C1Im][SCN] further demonstrates the powerful ability of solvent choice to allow for 

tunability of the energies of solvated species to meet functional requirements. Observing strong, 

linear relationships between solvent acidity and OVS energies can also provide a useful tool for 

understanding and predicting the energetic behaviour of future solvent-solute interaction. This 

advance can aid in more targeted experimentation, which would have otherwise been time-

consuming and costly.  
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Figure 3.11. EB shift of 0.5 M ([C4C1Im][SCN])(solvent), where solvent = H2O and PC, relative to 
pure [C4C1Im][SCN]: (a) EB(Nanion 1s). (b) EB(S 2p3/2). (c) EB(HOVSanion). All XP spectra for 0.5 M 
([C4C1Im][SCN])(H2O) and 0.5 M ([C4C1Im][SCN])(PC) were measured at h𝜈 = 700.0 eV. Charge 
referencing methods are detailed in Section 2.7.1. All EB values are reported to 1 decimal place.  
 
 
The measurement of an N 1s valence RXP heat map allowed for the comparison of nitrogen anionic 

and nitrogen cationic contributions to the valence states for both, 0.5 M [(C4C1Im][SCN])(H2O) and 

0.5 M [(C4C1Im][SCN])(PC) (Figure 3.12a). A horizontal trace at h𝜈 = 402.1 eV yielded Ncation 1s 

valence RXP contributions, indicated by peaks labelled 1 and 2, where peak 1 showed the Ncation 2p 

contribution to the valence states (HOVScation, Figure 3.12b). A horizontal trace at h𝜈 = 399.7 eV 

yielded Nanion 1s valence RXP contributions, indicated by peaks 3 to 7, where peak 3 shows the 

position of the Nanion 2p contribution to the valence states (HOVSanion, Figure 3.12c). A visual 

comparison of the peak EB separation and relative peak intensity of valence RXP spectra for 0.5 M 

([C4C1Im][SCN])(H2O) and 0.5 M ([C4C1Im][SCN])(PC) at the cationic edge, h𝜈 = 402.1 eV, showed a 

good overall match (Figure 3.12b). This match continued when comparing valence RXP spectra for 

the same samples at the anionic edge, h𝜈 = 399.7 eV, which was far more complex in shape than 

that of the cationic edge (Figure 3.12c). The similar relative peak intensity and peak EB separation 

in the valence RXP spectra, which was shown to be sensitive to changes in covalent intermolecular 

bonding,43 indicated no change in bonding type with changing solvent, i.e., both solvents acted as 

Lewis acids towards the anionic OVSs.29 This provided further evidence, additional to the identical 

shifts in all components of EB(anion), that although H2O and PC acted to shift EB(anion) for 
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([C4C1Im][SCN])(solvent) in opposite directions, solvent-solute interactions were similar enough to 

remain undetected by valence RXPS.  

 
 

 
Figure 3.12. N 1s valence RXP heat map and valence RXP spectra for ([C4C1Im][SCN])(solvent), where 
solvent = H2O (red), and PC (grey): (a) N 1s RXPS heat map. (b) h𝜈 = 402.1 eV subtracted Ncation 1s 
resonant. (c) h𝜈 = 399.7 eV subtracted Nanion 1s resonant. The NRXPS contributions were subtracted 
using the procedure detailed in Section 8.2. No charge referencing method was applied as spectra 
were visually shifted to enable a comparative overlay.  
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3.4. Conclusion and future work 

 

Throughout this chapter, the effect of varying the molecular solvent identity within samples of 0.5 

M ([C4C1Im][SCN])(solvent) on the energies of key non-bonding OCO and bonding OVSs was 

explored. These were further compared to measurements of pure [C4C1Im][SCN]. To determine the 

effect of varying solvation environment on different solute species, core and valence NRXP spectra 

for 0.5 M (K[SCN])(H2O), 0.5 M (K[SCN])(PC), 0.5 M (Li[NTf2])(H2O), and 0.5 M (Li[NTf2])(PC) were 

also studied. The comparison between EB values of many solvent and solute species allowed for a 

comprehensive investigation of the effect of varying solvent identity on solute electronic structure. 

 

For every 0.5 M ([C4C1Im][SCN])(solvent) sample studied, EB(anion), i.e., EB(Nanion 1s), EB(S 2p3/2), and 

EB(HOVSanion), was shown to shift energetically in the same direction by the same magnitude with 

varying solvent. Likewise, EB(anion) from 0.5 M (K[SCN])(H2O) to 0.5 M (K[SCN])(PC) was shown to 

shift energetically in the same direction as from 0.5 M ([C4C1Im][SCN])(H2O) to 0.5 M 

([C4C1Im][SCN])(PC). A comparison of measured EB(anion) values for [SCN]- containing solutes 

([C4C1Im][SCN] and K[SCN]) revealed identical energies, giving credence to the rationale that at 0.5 

M, cation and anion species have limited long- or short-range intermolecular interactions. ΔEB(Nanion 

1s), ΔEB(S 2p3/2), and ΔEB(Fanion 1s) from 0.5 M (Li[NTf2])(H2O) to 0.5 M (Li[NTf2])(PC) were also shown 

to shift in the same direction by the same magnitude, although significantly less than those of [SCN]- 

containing species. The observed trend in OCO and OVS energies, categorised under EB(anion), with 

varying solvent identity were concluded to occur due to non-specific solvation effects, as the EB of 

all OCO and OVSs for a single solute shifted in the same direction by the same magnitude (except 

for unreactive fluorine OCOs which shifted in the same direction but to a lesser degree). The area 

ratio and FWHM ratio of the (Ncation 1s / Nanion 1s) and (S 2p3/2 / S 2p1/2) photoemission peaks were 

compared for all 0.5 M ([C4C1Im][SCN])(solvent) combinations. Of most significance, the (Ncation 1s / 

Nanion 1s) area ratio was shown to follow the same trend as EB(anion), where 0.5 M 

([C4C1Im][SCN])(H2O) showed the largest area ratio, and 0.5 M ([C4C1Im][SCN])(PC) showed the 

smallest. This was concluded to be a result of solvent-solute interaction, rather than surface vs bulk 

effects. 

 

Two different charge referencing procedures were demonstrated, where it was shown that valid EB 

comparisons were permitted between two significantly different solutes in solvent, 

(solute)(solvent), when peak energies were charge referenced to pure solvent photoemission 
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peaks. Furthermore, relative solute peak references were permitted for EB comparisons between 

two solutes with at least one identical component, e.g., [C4C1Im][SCN] and [C4C1Im][NTf2]. 

 

Measured EB(anion) values for 0.5 M ([C4C1Im][SCN])(solvent) were shown to possess a clear 

relationship with the solvent polarity scale descriptors: 𝛼solv, ANsolv, and SAsolv, with the strongest 

correlation observed between EB(anion) and ANsolv. These descriptors are most indicative of solvent 

Lewis acidity, strongly suggesting the solvent acts as a Lewis acid towards solute species. The trend 

between EB(anion) and Lewis acidic solvent polarity descriptors was applicable to both protogenic 

and non-protogenic solvents, showing the measured solvent-solute interactions to be electron pair 

accepting (solvent) and electron pair donating (solute) in nature. Although acting to shift EB(anion) 

energetically in different directions relative to pure [C4C1Im][SCN], and therefore most likely to 

display different bonding interaction to the solute, H2O and PC (protogenic and non-protogenic, 

respectively) were shown to participate in intermolecular bonding with [C4C1Im][SCN] almost 

identically to one another through visual comparison of valence RXP spectra. Therefore, ANsolv is 

shown to be a useful predictor of EB(anion).  

 

In future, it is important to test the hypotheses made within this chapter, to instil confidence within 

the use of Lewis acidic solvent polarity descriptors as a metric for predicting EB(anion) within a 

solute-solvent system. For example, the solvent, triethylphosphate (TEP), has the same measured 

value of 𝛼solv as PC but a different value of 𝛽solv. Therefore, EB(anion) shifts for [C4C1Im][SCN] 

solvated by TEP are expected to be similar or equal to those measured for [C4C1Im][SCN] solvated 

by PC. If EB(anion) values were measured to be similar, this would support the conclusion that 

solvent polarity descriptors indicative of Lewis acidity were the greatest predictors of EB(anion). 

However, if EB(anion) shifts were to differ significantly from that of PC, other factors (𝛽solv, DNsolv, 

SBsolv, 𝜋*solv, and SPPsolv) may play a greater role than expected and should be further investigated. 

Additionally, solutes where the cation has been found to contain the lowest EB within a system may 

be measured to probe EB(HOVScation) trends with Lewis basic solvent polarity descriptors, i.e., 𝛽solv, 

DNsolv and SBsolv.  
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Chapter 4 
 

Influence of anion identity and 

concentration on electronic structure 

 
Abstract 

 

Ions in solution feature across numerous branches of chemistry. Therefore, it is highly important to 

understand, and be able to make confident predictions, of the general behaviour of each 

component within solution. Interactions between each component within an electrolyte solution 

are closely related to their electronic structure. However, the fundamental properties that give rise 

to electronic structure variation of ionic species within molecular solution have not been well 

explored. In this chapter, an in-depth investigation into the influence of varying anionic identity and 

concentration on the electronic structure of all components within a liquid phase electrolyte system 

is reported. A combination of X-ray spectroscopic techniques were used to determine the energetic 

position of the occupied core orbitals and occupied valence states that make up the electronic 

structure of both, ions in H2O and ions in ions, with the general formulae: 0.5 M 

([C4C1Im][anion])(H2O) and [CnC1Im][anion], respectively. Anionic occupied core orbital energy 

shifts, from aqueous solution to pure ionic liquid, were shown to be influenced by non-specific 

solvation effects, with the notable exception of fluorine core level energies. The magnitude of 

energy shifts due to solvation effects were shown to correlate with hydrogen bond donor/acceptor 

abilities of the anion, as well as the absolute electronegativity of the probed atomic species. In 

aqueous solution (0.5 M), anionic identity was shown not to have a significant effect on cationic 

electronic structure, enabling the direct influence of H2O as a pseudo-counterion to the cation to 

be probed. The ability of H2O to influence cationic electronic structure was shown to be greater 

than expected when compared to anionic species of a similar hydrogen bond acceptor ability. A 

lack of influence of anionic identity in aqueous solution on the solvent electronic structure was also 

shown, both covalently and electrostatically.  
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4.1. Introduction 

 

The use of ions in solution features within vast topics of scientific discussion. Specific cation-anion 

interactions of various combinations are utilised within a range of different scientific applications: 

For example, in biology Na+ and Cl- ions are synergistically involved in the regulation of osmotic 

pressure, fluid levels and pH balance within the human body.1, 2 In chemistry, redox catalysis3 and 

battery systems4 utilise cation-anion interactions to drive each relative process. Specific cation-

anion combinations result in the unique physico-chemical properties displayed within a system, 

related to the electronic structure of each component.5 Efforts to interpret relationships between 

cationic and anionic species in pure ionic liquids (ILs), which enable the observed physical and 

chemical properties have been vast.5-14 However, for ions in aqueous solution the effect of the 

solvation environment on the electronic structure of ions is poorly understood.15 The use of 

molecular solvent (MS), within which most of the above processes take place, can significantly alter 

the extent of cation-anion interactions in solution through enhanced solvent-solute interactions. 

Solvent polarity scales have been used to give insight into the strength and ability of interaction a 

solvent may display in solution.16, 17 Additionally, Pearson absolute scales can be used to describe 

the interactions of both, individual atoms and molecular species.18  

 

It is concurrent knowledge that ionic solutes are affected by solvent molecules, and interactions 

between ions and solvent molecules are closely related to their electronic structure.5, 10, 19 However, 

an extensive study into the effect of varying anionic identity within extreme solvation environments 

(concentrated ions in ions compared to dilute ions in molecular solvent) on the electronic structure 

of each component in solution has never been carried out; especially using an information rich 

technique such as X-ray spectroscopy. Both, the non-bonding occupied core orbitals (OCOs) and 

the bonding occupied valence state (OVS) energies of an ionic system have been measured to gain 

a greater understanding of the electronic structure changes for each component within solution, in 

an effort to bridge the gap in knowledge between ion-ion interactions and ion-solvent interactions.  

 

In this chapter, non-resonant X-ray photoelectron spectroscopy (NRXPS), X-ray absorption 

spectroscopy (XAS), and valence resonant XPS (RXPS) were used to measure samples of 0.5 M 

([C4C1Im][anion])(H2O) and pure [CnC1Im][anion], where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, 

and I- (structures of each species used in this chapter shown in Figure 4.1). Anions were chosen with 

a range of size and basicity, according to Kamlet-Taft solvent polarity scales. Complementary X-ray 

spectroscopic techniques were used to determine the influence of anionic identity on the electronic 
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structure of all liquid phase ions. Anionic and atomic physico-chemical properties were then related 

to the observed energetic trends. The role of H2O as a pseudo-counterion was compared to 

common anionic species. The effect of varying the electrolyte concentration at both extremes of 

the concentration range, for all six samples with differing anion identities was investigated. Finally, 

the influence of anionic identity on the valence RXP spectra was explored and used to demonstrate 

the extent to which the anion influences cation-solvent interactions in aqueous solution.  

 
 

 
Figure 4.1. Names and structures of key ions and solvents studied within Chapter 4: (a) [CnC1Im]+ 
cation studied within the current work, where n = 4 and 8. (b) Anions.  
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4.2. Spectroscopic methods 

 

4.2.1. Sample preparation 

 

Highly demineralised H2O (conductivity ~0.2 µS cm-1) was used within the formation of each 

aqueous solutions. All ILs were purchased from Iolitec, with no further purification or drying prior 

to use. ILs were weighed and mixed with a corresponding mass of H2O to achieve a concentration 

of 0.5 M (Appendix Table 8.1). The corresponding mole fraction, concentration, and IL:solvent ratio 

for each sample was shown in Table 4.1.  

 
 
Table 4.1. The six solutions and six pure ILs studied within Chapter 4. Concentrations were 
calculated using parameters listed in Appendix Tables 8.1 to 8.3. 

 xIL xsolv conc. IL/ M conc. H2O / M IL:H2O 

[C4C1Im][SCN] 1 0 5.4 0 1:0 

([C4C1Im][SCN])(H2O) 0.01 0.99 0.5 50.3 1:99 

[C4C1Im][N(CN)2] 1 0 5.2 0 1:0 

([C4C1Im][N(CN)2])(H2O) 0.01 0.99 0.5 50.1 1:99 

[C4C1Im][BF4] 1 0 5.75 0 1:0 

([C4C1Im][BF4])(H2O) 0.01 0.99 0.5 50.6 1:99 

[C8C1Im]Cl 1 0 4.4 0 1:0 

([C4C1Im]Cl)(H2O) 0.01 0.99 0.5 51.0 1:99 

[C6C1Im]I 1 0 5.1 0 1:0 

([C4C1Im]I)(H2O) 0.01 0.99 0.5 50.5 1:99 

[C4C1Im][TfO] 1 0 4.5 0 1:0 

([C4C1Im][TfO])(H2O) 0.01 0.99 0.5 49.4 1:99 

 
 
4.2.2. Synchrotron XPS apparatus 

 

The measurement of each 0.5 M ([CnC1Im][anion])(H2O) solution, where anion = [SCN]-, [N(CN)2]-, 

[BF4]-, [TfO]-, Cl-, and I-, was performed on the U49/2-PGM 1 beamline with SOL3PES end-station20 

at BESSY II (Germany) using liquid-jet apparatus.20 XP and RXP spectra were acquired using a Scienta 

Omicron R4000 HIPP-2 hemispherical electron analyser. The analyser angle was 90.0° horizontal to 

the plane of polarised light.  
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4.2.3. Laboratory XPS apparatus 

 

Laboratory–based XPS for each pure [CnC1Im][anion] IL, where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-

, Cl-, and I-, was carried out using a Thermo K–alpha spectrometer utilising Al Ka radiation (h𝜈 = 

1486.6 eV), as detailed in reference 21.  
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4.3. Results and discussion 

 

4.3.1. Changes in anionic atomic charge with varying xIL and anion identity 

 

The anionic core level NRXP spectra were measured for [CnC1Im]+ based ILs with differing anions: 

[TfO]-, Cl-, I-, [N(CN)2]-, [SCN]-, and [BF4]- (Figure 4.2).  

 

Nanion 1s NRXP spectra were measured for samples containing [SCN]- and [N(CN)2]-, which allowed 

for the comparison of the energetic behaviour between two different cyano anions, from dilute 

ions in molecular solvent to concentrated electrolyte (Figure 4.2a). For both 0.5 M 

([C4C1Im][SCN])(H2O) and pure [C4C1Im][SCN], [SCN]- showed a single photoemission peak in the 

Nanion NRXP spectra due to a single nitrogen electronic environment on the anion. EB(Nanion 1s) was 

shown to be lower for pure [C4C1Im][SCN] than that of 0.5 M ([C4C1Im][SCN])(H2O). For both 0.5 M 

([C4C1Im][N(CN)2])(H2O) and pure [C4C1Im][N(CN)2], [N(CN)2]- showed two photoemission peaks in 

the Nanion NRXP spectra due to the presence of two nitrogen electronic environments on the anion, 

[N*(CN)2]- and [N(CN*)2]-. Differing nitrogen environments within the anion, [N(CN*)2]- and 

[N*(CN)2]-, were expected in a 2:1 area ratio respectively, which led to their assignment at lesser 

and greater EB(Nanion 1s), respectively. Both EB(Nanion 1s, [N*(CN)2]-) and EB(Nanion 1s, [N(CN*)2]-) were 

shown to be lower for pure [C4C1Im][N(CN)2] than that of 0.5 M ([C4C1Im][N(CN)2])(H2O). Therefore, 

for either cyano anion, [SCN]- or [N(CN)2]-, EB(anion) decreased from aqueous solution to pure IL.  

 

B 1s NRXP spectra were measured for [C4C1Im][BF4], within an aqueous solution, and for the pure 

IL (Figure 4.2b). For both 0.5 M ([C4C1Im][BF4])(H2O) and pure [C4C1Im][BF4], [BF4]- showed a single 

photoemission peak in the B 1s NRXP spectra due to a single boron electronic environment on the 

anion. EB(B 1s) for pure [C4C1Im][BF4] was measured at lesser energy than that of 0.5 M 

([C4C1Im][BF4])(H2O).  

 

F 1s NRXP spectra were measured for two different samples containing fluorine atoms within their 

anion, [C4C1Im][BF4] and [C4C1Im][TfO], both in aqueous solution and for the pure IL (Figure 4.2c). 

For either sample at either IL concentration, the F 1s NRXP spectra showed a single photoemission 

peak due to a single fluorine electronic environment on the anion. EB(F 1s) for pure [C4C1Im][BF4] 

was measured at lesser energy than that of 0.5 M ([C4C1Im][BF4])(H2O). Likewise, EB(F 1s) for pure 

[C4C1Im][TfO] was measured at lesser energy than that of 0.5 M ([C4C1Im][TfO])(H2O). Therefore, 
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EB(F 1s) for fluorine atoms within two different anions, [BF4]- and [TfO]-, was shown to decrease in 

energy from aqueous solution to pure IL.  

 

S 2p NRXP spectra were measured for two different samples containing sulphur atoms within their 

anion, [C4C1Im][SCN] and [C4C1Im][TfO] (Figure 4.2d). The S 2p NRXP spectra for either sample, 

within both aqueous solution and pure IL, showed a doublet of photoemission peaks due to a single 

sulphur electronic environment on the anion, which yielded two peaks due to spin orbit coupling. 

EB(S 2p3/2) for pure [C4C1Im][SCN] was measured at lesser energy than that of 0.5 M 

([C4C1Im][SCN])(H2O). Similarly, EB(S 2p3/2) for pure [C4C1Im][TfO] was measured at lesser energy 

than that of 0.5 M ([C4C1Im][TfO])(H2O). Hence, EB(S 2p3/2) for sulphur atoms within two different 

anionic environments, [SCN]- and [TfO]-, was shown to decrease in energy from aqueous solution 

to pure IL.  

 

Cl 2p NRXP spectra were measured for [CnC1Im]Cl, both within an aqueous solution, and for the 

pure IL, where n = 4 and 8, respectively (Figure 4.2e). For both 0.5 M ([C4C1Im]Cl)(H2O) and pure 

[C8C1Im]Cl, Cl- showed a doublet of photoemission peaks in the Cl 2p NRXP spectra due to a single 

chlorine electronic environment on the anion, which yielded two peaks due to spin orbit coupling. 

EB(Cl 2p3/2) for pure [C8C1Im]Cl was measured at lesser energy than that of 0.5 M ([C4C1Im]Cl)(H2O).  

 

I 3d5/2 NRXP spectra were measured for [CnC1Im]I, both within an aqueous solution, and for the 

pure IL, where n = 4 and 6, respectively (Figure 4.2f). For both 0.5 M ([C4C1Im]I)(H2O) and pure 

[C6C1Im]I, I- showed a doublet of photoemission peaks in the I 3d NRXP spectra due to a single iodine 

electronic environment on the anion, which yielded two peaks due to spin orbit coupling. However, 

as ΔEB between EB(I 3d5/2) and EB(I 3d3/2) was so great (~11.5 eV), only the I 3d5/2 photoemission 

peak was shown. EB(I 3d5/2) for pure [C6C1Im]I was measured at lesser energy than that of 0.5 M 

([C4C1Im]I)(H2O).  
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Figure 4.2. Anionic core level NRXP spectra for 0.5 M ([CnC1Im][anion])(H2O) and pure 
[CnC1Im][anion], where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, and I-: (a) Nanion 1s. (b) B 1s. (c) F 
1s. (d) S 2p. (e) Cl 2p. (f) I 3d5/2. Spectra for samples in aqueous solution were measured at h𝜈 = 
700.0 eV; spectra for samples of pure IL were measured at h𝜈 = 1486.6 eV. Spectra for aqueous 
solution and pure IL containing the same solute were vertically offset for clarity. All values were 
charge referenced using the methods detailed in Section 2.7.1.  
 
 
For all examples of [CnC1Im][anion] shown, EB(anion) decreased from dilute electrolyte (0.5 M 

aqueous solution) to concentrated electrolyte (pure IL) (Figure 4.2, Table 4.3). In 0.5 M aqueous 

solution, anions were assumed to exist within an infinite dilution of H2O molecules, where many 

H2O molecules were available for solvation of the anion in solution. Therefore, the ease in which 

anionic atomic charge was delocalised between many H2O molecules was great (Chapter 5). 
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However, in pure IL, the lack of energetically stabilising H2O molecules prevented the moderation 

of anionic atomic charge by solvent molecules. Hence, EB(anion) decreased from 0.5 M aqueous 

solution to pure IL. The observed decrease in EB(anion) from aqueous solution to pure IL was likely 

to be an electronic structure feature possessed by all [C4C1Im]+-based ILs.  

 

The extent of anionic binding energy shift from aqueous solution to pure IL, ΔEB(anion), was shown 

to vary with differing anion identity. For example, ΔEB(Nanion 1s) for [SCN]- and [N(CN)2]-, ΔEB(S 2p3/2) 

for [SCN]- and [TfO]-, and ΔEB(Ianion 3d5/2) for I-, were all shown to equal -0.3 eV. However, ΔEB(Banion 

1s) for [BF4]-, and ΔEB(Clanion 2p3/2) for Cl-, were measured to be -0.2 eV and -0.8 eV, respectively 

(Table 4.3). The order of ΔEB(anion) from aqueous solution to pure IL followed: [BF4]- < [TfO]- < 

[N(CN)2]- < I- < [SCN]- < Cl- for the B 1s, S 2p, N 1s, I 3d, N 1s, and Cl 2p regions, respectively. Varying 

solvent-solute interactions for a single anion through changing of the solvent identity has previously 

been shown to influence EB according to Kamlet-Taft (KT) Lewis basic solvent polarity descriptors, 

where a greater degree of solvent hydrogen bond donor, 𝛼solv, resulted in an increased EB(anion) 

(Chapter 3). The comparisons presented herein were also akin to varying both the anion identity 

([SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, or I-), and the solvent identity (either H2O or pure IL). Therefore, 

KT solvent polarity descriptors for pure [C4C1Im]+-based ILs were compared to ΔEB(anion) to 

determine the degree of solvent identity dependency on the observed energy shift (Figure 4.3, 

Table 4.2).  
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Table 4.2. KT 𝛼solv, 𝛽solv, and 𝜋*solv polarity scale descriptor and Pearson 𝜒 and 𝜂 absolute scale 
descriptor values for pure [C4C1Im][anion] and H2O included.  

 𝛼solv
a 𝛽solv

a	 𝜋*solv
a 𝜒b 𝜂b 

[SCN]- 0.43 0.71 1.06   

[N(CN)2]- 0.44 0.64 0.98   

[BF4]- 0.52 0.55 0.96   

[TfO]- 0.50 0.57 0.90   

Cl- 0.32 0.95 1.13   

I- 0.41 0.75 1.13   

H2O 1.17c 0.47c 1.09c 3.10 9.50 

N    7.30 7.23 

B    4.29 4.01 

F    10.41 7.01 

S    6.22 4.14 

Cl    8.30 4.68 

I    6.76 3.69 
a Obtained from reference 22, 23.  
b Obtained from reference 18. 
c Obtained from reference 17.  
 
 
A linear correlation between ΔEB(anion) and both, 𝛼solv and 𝛽solv polarity descriptors was observed, 

where a single linear line of best fit was drawn with R2 = 0.81 and 0.86, respectively (Figure 4.3a 

and 4.3b, respectively). However, both polarity descriptors were shown to trend oppositely with 

ΔEB(anion), where the greater the value of 𝛼solv (𝛽solv) of the pure IL, the lesser (greater) ΔEB(anion) 

was observed. 𝛼solv and 𝛽solv solvent polarity descriptors are known to describe opposite electron 

transfer processes, i.e., Lewis acidity and Lewis basicity. As ILs are comprised of cationic and anionic 

species, they are capable of both, electron pair acceptance (Lewis acidity), and electron pair 

donation (Lewis basicity). For ions in aqueous solution, H2O is known to provide a charge screening 

effect between the cation and the anion due to its high relative permittivity.24 H2O is also capable 

of acting as a strong Lewis acid (𝛼solv = 1.17), providing electronic stabilisation of the anionic species. 

Therefore, the Lewis acid/base interactions between ions are negligible in aqueous solution, 

rendering overall ionic 𝛼solv and 𝛽solv irrelevant. However, within pure IL, ion-ion interactions 

dominate. As shown, species which are strongly Lewis basic but weakly Lewis acidic, e.g., [C4C1Im]Cl, 

contain a high value of ΔEB(anion), where the negative charge is heavily isolated on the anion with 

a lack of strong electron acceptor to aid in the stabilisation of the excess negative charge. 
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Contrastingly, species which are more strongly Lewis acidic but more weakly Lewis basic, e.g., 

[C4C1Im][BF4], contain a low value of ΔEB(anion), where the weaker electron donating ability of the 

anionic species is easily counterbalanced by the stronger electron acceptance ability. The stronger 

correlation between ΔEB(anion) and 𝛽solv, suggests that the extent of ΔEB(anion) slightly favours the 

electron donor ability of the anionic species. The final KT solvent polarity descriptor, dipolarity-

polarisability, 𝜋*solv, was compared to ΔEB(anion), where a very weak linear correlation was 

observed with R2 = 0.39 (Figure 4.3c). In general, the greater the dipolarity-polarisability, the lesser 

ΔEB(anion) was observed, which as 𝜋*solv is known to correlate with the product of 𝛼solv and 𝛽solv 

supports the conclusion that the electron donor ability of the anionic species is favoured.5  

 

While KT solvent polarity descriptors relate to the sum of all atomic contributions within a particular 

species, Pearson absolute scale descriptors can be used to describe the interactions of both, 

individual atoms and molecular species.18 Pearson absolute scale descriptors, absolute 

electronegativity, 𝜒, and absolute hardness, 𝜂, values were compared to measured ΔEB(anion). A 

weak linear correlation between 𝜒 and ΔEB(anion) was observed with R2 = 0.57, where the greater 

the absolute electronegativity of the pure IL, the greater ΔEB(anion) was observed (Figure 4.3d); 

this matched the trend shown between 𝛼solv and ΔEB(anion), which was unsurprising as a greater 

value of 𝜒 corresponds to a more Lewis acidic species, i.e., electrons flow from that of lower to that 

of higher 𝜒.18 Absolute electronegativity would be described as a non-specific solvation effect. 

Therefore, non-specific solvation effects were shown to play an important role in determining 

ΔEB(anion) through varying anion identity, similarly to that shown to impact upon EB(anion) while 

varying concentration of IL in H2O (Chapter 5) and varying solvent identity (Chapter 3). No 

correlation was observed between 𝜂 and ΔEB(anion) with R2 = 0 (Figure 4.3e).  

 

ΔEB(anion) across N 1s and S 2p containing species were shown to be equal for different anion 

identities, e.g., for [SCN]-, [N(CN)2]-, and [TfO]-. However, ΔEB(anion) across F 1s containing species 

were shown to differ for different anion identities, e.g., for [TfO]- and [BF4]-. One cause of this 

phenomena may be due to the strength of covalent bonding exhibited by fluorine atoms within 

different species. For example, the strong covalent bonding between carbon and fluorine in [TfO]- 

anions resulted in an uneasily oxidised fluorine atom compared to the weaker bonding between 

boron and fluorine in [BF4]- anions; this is exemplified through the relative values of EB(F 1s) for 

[TfO]- anions and [BF4]- anions, which are higher and lower respectively. The strength of 

intramolecular covalent bonding determined the extent to which the atomic fluorine experiences 

external solvation effects.  



Chapter 4. Influence of anion identity and concentration on electronic structure 

 126 

 
Figure 4.3. ΔEB(anion) from 0.5 M ([CnC1Im][anion])(H2O) to pure [CnC1Im][anion], against Kamlet-
Taft polarity scale descriptors, and Pearson absolute scale descriptors, where anion = [BF4]- (red), 
[N(CN)2]- (purple), [TfO]- (pink), Cl- (green), I- (grey), and [SCN]- (orange): (a) ΔEB(anion) against 
hydrogen bond donor, 𝛼solv, R2 = 0.81. (b) ΔEB(anion) against hydrogen bond acceptor, 𝛽solv, R2 = 
0.86. (c) ΔEB(anion) against dipolarity-polarisability, 𝜋*solv, R2 = 0.39. (d) ΔEB(anion) against absolute 
electronegativity, 𝜒, R2 = 0.57. (e) ΔEB(anion) against absolute hardness, 𝜂, R2 = 0. ΔEB(anion) values 
were calculated from EB(anion) measured in aqueous solution minus EB(anion) measured for the 
pure IL. KT solvent polarity descriptor values used were those of [C4C1Im][anion] species from 
references 22, 23. Pearson absolute scale descriptor values pertain to those of the neutral atom 
within brackets on the legend, and were found in reference 18. Dashed lines represented the linear 
line of best fit. ΔEB(anion) values were charge referenced using the methods detailed in Section 
2.7.1.  
 
 
As previously discussed in relation to EB(F 1s) values, relative EB(anion) positions were shown to 

differ for the same atom within differing anions. For example, EB(F 1s) for [BF4]- appeared at lesser 

energy than shown for [TfO]-, EB(S 2p3/2) for [SCN]- appeared at lesser energy than shown for [TfO]-

, and EB(Nanion 1s) for [SCN]- appeared at lesser energy than shown for [N(CN)2]-. EB differences for 

the same atom can occur due to many factors relating to the nature of the probed atom, such as: 

the electronegativity of neighbouring atoms, the strength of intramolecular covalent bonding 

towards the probed species, and the oxidation state of the probed species. Therefore, the absolute 
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differences in EB(anion) for the same atomic species in differing anions were not due to solvation 

effects and were instead an artefact of covalent bonding within the species.  
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Table 4.3. Anionic experimental binding energies, EB(anion), recorded by NRXPS for 0.5 M 
([C4C1Im][anion])(H2O) and pure [CnC1Im][anion], where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, 
and I-. Spectra for samples in aqueous solution were measured at h𝜈 = 700.0 eV; spectra for samples 
of pure IL were measured at h𝜈 = 1486.6 eV. All values were charge referenced using the methods 
detailed in Section 2.7.1. All EB values are reported to 2 decimal places.  

  Electron binding energy / eV 

 xIL 

Nanion 1s 

(± 0.03) 

B 1s 

(± 0.03) 

F 1s 

(± 0.03) 

S 2p3/2 

(± 0.06) 

Cl 2p3/2 

(± 0.06) 

I 3d5/2 

(± 0.06) 

[SCN]- 
0.01 403.00   167.53   

1.00 402.66   167.20   

ΔEB  -0.34   -0.33   

[N(CN)2]- 
0.01 403.44a      

1.00 403.11a      

ΔEB  -0.33      

[BF4]- 
0.01  199.32 691.17    

1.00  199.12 690.64    

ΔEB   -0.2 -0.53    

[TfO]- 
0.01   693.43 173.50   

1.00   693.30 173.21   

ΔEB    -0.13 -0.29   

Cl- 
0.01     202.96  

1.00     202.20  

ΔEB      -0.76  

I- 
0.01      623.74 

1.00      623.41 

ΔEB       -0.33 
a [N(CN*)2]-.  
b ΔEB is the difference between 0.5 M (solute)(H2O) and pure IL photoemission peak binding 
energies. 
 

 



Chapter 4. Influence of anion identity and concentration on electronic structure 

 129 

4.3.2. Changes in cationic atomic charge with varying xIL and anion identity 

 

N 1s NRXP spectra and C 1s NRXP spectra were measured for [CnC1Im]+ based ILs with differing 

anions: [TfO]-, Cl-, I-, [N(CN)2]-, [SCN]-, and [BF4]- (Figure 4.4). For ILs containing only cationic nitrogen 

atoms ([TfO]-, Cl-, I-, and [BF4]-) a single photoemission peak was fitted within the N 1s NRXP spectra 

(Figure 4.4a), which contained electronic contributions from both N1 and N3 atoms located on the 

[C4C1Im]+ cation (see Figure 4.1 for the structure of [C4C1Im]+ and the position of the N1 and N3 

atoms). N 1s NRXP spectra of ILs containing both cationic and one or more anionic nitrogen atoms 

([N(CN)2]- and [SCN]-) display the corresponding number of fitted electronic environments, e.g., 

[C4C1Im]][N(CN)2] spectra contain three N 1s photoemission peaks. EB(Ncation 1s) was shown at the 

greatest energy within the N 1s NRXP spectra at a fixed value of 406.75 eV. Hence, all photoemission 

peaks shown throughout this chapter were relative to a fixed EB(Ncation 1s). All C 1s NRXP spectra 

were fitted with three photoemission peaks, Calkyl 1s, Chetero 1s, and C2, listed in increasing EB 

respectively (Figure 4.4b). For ILs containing only cationic carbon atoms (Cl-, I-, and [BF4]-), the C 1s 

NRXP spectra was purely a representation of the cationic electronic contributions to the region. 

However, for samples also containing anionic carbon atoms, e.g., [N(CN)2]- and [SCN]-, additional 

contributions were included within the Chetero 1s photoemission peak, as anionic carbon atoms have 

been shown to appear at approximately the same EB as carbon atoms within the heterocyclic ring 

structure.25 The [TfO]- anion contains a single carbon atom bonded to three electronegative fluorine 

atoms, resulting in a positive shift of the CCF 1s photoemission peak to higher EB (297.6 eV). The CCF 

1s photoemission peak is therefore measured at energies above those shown within Figure 4.4b. 

Hence, the C 1s NRXP spectra shown for [C4C1Im][TfO], in both aqueous solution and pure IL, were 

described as a representation of pure cationic contributions to the carbon region, absent of anionic 

OCOs.  
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Figure 4.4. Cationic core level NRXP spectra for 0.5 M ([CnC1Im][anion])(H2O) and pure 
[CnC1Im][anion], where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, and I-: (a) Ncation 1s. (b) C 1s. 
Spectra for samples in aqueous solution were measured at h𝜈 = 700.0 eV; spectra for samples of 
pure IL were measured at h𝜈 = 1486.6 eV. Spectra for aqueous solution and pure IL containing the 
same solute were vertically offset for clarity. All values were charge referenced using the methods 
detailed in Section 2.7.1.  
 
 
When charge referenced to constant EB(Ncation 1s), EB(Calkyl 1s) peaks were shown to remain at 

constant energies within experimental and fitting error (± 0.1 eV) for all samples of 0.5 M 

([C4C1Im][anion])(H2O) (Figures 4.4 and 4.5a). The lack of electronic influence from the 

counteranion, due to complete solvation of the [C4C1Im]+ cation by H2O molecules, resulted in the 
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measurement of electronically identical [C4C1Im]+ cations. Hence, the electronic structure of all 

cationic components were measured at the same EB even whilst varying anionic identity within 

solution. Studying ILs in aqueous solution therefore provides a means of studying cationic species 

in the absence of the electronic influence of the counterion, affording the ability to study the 

electronic structure of pure ionic components (relative to the same solvation effect).  

 

A comparison of EB(Calkyl 1s) to EB(Chetero 1s) with varying anion identity in aqueous solution was 

shown (Figure 4.5a). As discussed, EB(Calkyl 1s) for 0.5 M ([C4C1Im][anion])(H2O) species were shown 

to remain constant (within experimental error, ± 0.1 eV). However, for the same samples measured, 

EB(Chetero 1s) was only shown to remain constant with varying anionic identity for species with no 

anionic carbon contribution towards the EB(Chetero 1s) photoemission peak, i.e., EB(Chetero 1s) 

remained constant for [BF4]-, [TfO]-, I-, and Cl- containing species. Both cyano anions measured, 

[N(CN)2]- and [SCN]-, contained carbon atoms that contributed towards the EB(Chetero 1s) 

photoemission peak, whereby the anionic carbon atom on the [SCN]- anion acted to decrease 

EB(Chetero 1s), whereas the anionic carbon atoms on the [N(CN)2]-
 anion increased EB(Chetero 1s), 

relative to their respective EB(Calkyl 1s) values. The observed contrasting effect was due to the 

differing carbon electronic environments within [SCN]-, where the carbon atom is bonded to two 

atoms with similar electronegativity values, and [N(CN)2]-, where each carbon atom within the 

anion is bonded to three highly electronegative fluorine atoms. Therefore, for samples where only 

cationic carbon atoms contributed to the C 1s NRXP spectra, ΔEB(Chetero 1s – Calkyl 1s) remained 

constant (~1.4 ± 0.1 eV). Likewise, comparisons of EB(Calkyl 1s) to EB(Chetero 1s) with varying anion 

identity in corresponding pure ILs were shown (Figure 4.4b). The large variation in EB(Chetero 1s) from 

aqueous solution to pure IL demonstrated the strong influence of the anion on the positive charge 

of the [CnC1Im]+ cation, due to both, the size and coordinating strength of the anionic species.5  

 

Within the literature, EB(Ncation 1s) and EB(Chetero 1s) values have been used to demonstrate the effect 

of the counteranion on the electronic structure of the [C8C1Im]+ cation, resulting in an established 

scale consisting of small, highly coordinating anions at low energies, and large, weakly coordinating 

anions at high energies.5 Within each sample of 0.5 M ([C4C1Im][anion])(H2O), where [C4C1Im]+ was 

completely solvated by H2O (rendering the effect of the anion to be negligible), the solvent could 

be considered to act as the counterion towards the cation. The effect of H2O upon both EB(Ncation 

1s) and EB(Chetero 1s) was found to be similar to that of the small, highly coordinating Cl- anion.5 

However, discrepancies were found between published EB(Ncation 1s) and EB(Chetero 1s) values, and 

the data used within this chapter.5 Differences may have arisen due to the use of a non-
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monochromated X-ray source within the literature source, or due to the variation in alkyl chain 

length within pure IL data used within this chapter. The EB difference between the Calkyl 1s and the 

Chetero 1s photoemission peaks, ΔEB(Chetero 1s – Calkyl 1s), was shown to trend with the KT solvent 

polarity descriptor, 𝛽solv, where an inverse relationship existed between EB(Chetero 1s – Calkyl 1s) and 

𝛽solv (Figure 4.5c).5 Aqueous solutions, denoted as H2O within Figure 4.5c, was shown to exist as an 

outlier (additional to the cyano anions due to the Canion contribution to EB(Chetero 1s)) within the 

observed ΔEB(Chetero 1s – Calkyl 1s) against 𝛽solv trend, where a lower ΔEB(Chetero 1s – Calkyl 1s) than 

expected was measured relative to the low 𝛽solv value reported for H2O (Table 4.2). From the 

displayed linear line of best fit, two pieces of information would have been predicted: 

1. From reported 𝛽solv values, the predicted value of ΔEB(Chetero 1s – Calkyl 1s) for 0.5 M 

([C4C1Im][anion])(H2O) should equal 1.51 eV. 

2. From the measured value of ΔEB(Chetero 1s – Calkyl 1s), the predicted value of 𝛽solv for 0.5 M 

([C4C1Im][anion])(H2O) should equal 0.74 (like the I- anion).  

The most likely of the two suggestions would be for 0.5 M ([C4C1Im][anion])(H2O) species to possess 

𝛽solv values unlike that of the pure solvent, but equally unlike those of either ion within solution. 

Alternatively, the unexpected ΔEB(Chetero 1s – Calkyl 1s) value obtained for H2O could instead be a 

reflection upon the hydrogen bond donor ability of the [C4C1Im]+ cation towards the H2O solvent 

molecules, as all 0.5 M ([C4C1Im][anion])(H2O) species showed similar (± 0.06 eV) values of 

ΔEB(Chetero 1s – Calkyl 1s), removing any likelihood of anionic dependency. On the other hand, one 

reasoning for the observed decrease in ΔEB(Chetero 1s – Calkyl 1s) for H2O may have been due to its 

small size and high coordinating ability through a very high hydrogen bond donor ability of H2O, 

which is significantly greater than the similarly low 𝛼solv values of measured pure ILs (Table 4.2). In 

each case, computational calculations of IL-H2O combinations should be used to further investigate 

the interactions between [C4C1Im]+ and H2O.  
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Figure 4.5. EB(Calkyl 1s) against EB(Chetero 1s) for 0.5 M ([CnC1Im][anion])(H2O) and pure 
[CnC1Im][anion], and the comparison of ΔEB(Chetero 1s – Calkyl 1s) against 𝛽solv for pure [CnC1Im][anion] 
and [C4C1Im]+ in H2O, where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, and I-: (a) Aqueous solution; 
the linear line of best fit displayed excluded data points for [SCN]- and [N(CN)2]- and had an R2 = 
0.64. (b) Pure IL. (c) Pure IL excluding the data point for H2O, where the data point for H2O is 
obtained from ([C4C1Im]Cl)(H2O); the linear line of best fit displayed excluded data points for [SCN]- 
and [N(CN)2]- and had an R2 = 0.98. Spectra for samples in aqueous solution were measured at h𝜈 = 
700.0 eV; spectra for samples of pure IL were measured at h𝜈 = 1486.6 eV. All values were charge 
referenced using the methods detailed in Section 2.7.1.  
 
 
A comparison of ΔEB for EB(Calkyl 1s), EB(Chetero 1s), and EB(C2 1s) were shown to vary by approximately 

± 0.1 eV from aqueous solution to pure IL, except for the [N(CN)2]- anion due to anionic 

contributions to the Chetero 1s photoemission peak, which shift due to the charge referencing 

method employed. (Table 4.4). Furthermore, all C 1s photoemission peaks were shown to shift in 

the same direction (within experimental error). The monotonic trend of non-zero ΔEB(carbon 1s) 

shifts demonstrated a non-specific solvation effect where all OCOs were affected equally with 

increasing concentration. Thus overall, cationic peaks were shown to remain constant within 

experimental error, while anionic peak energies varied significantly from aqueous solution to pure 

IL.  
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Additional to the EB, measured photoelectron peaks contain two key parameters obtained through 

the fitting procedure, the peak area, and the peak full width at half maximum, FWHM. The area and 

FWHM ratio of the measured photoelectron peaks within the C 1s NRXP spectra, Calkyl 1s: Chetero 1s: 

C2 1s, were compared for [CnC1Im][anion] in both, aqueous solution, and pure IL. The area ratio 

between Calkyl 1s: Chetero 1s: C2 1s was shown to be consistent for the same [CnC1Im][anion] within 

aqueous solution and pure IL, due to the same photoelectron peak fitting parameters employed to 

provide a good overall fit (Appendix Table 8.4). However, the FWHM ratio between Calkyl 1s: Chetero 

1s: C2 1s was shown to vary for each [CnC1Im][anion] within aqueous solution and pure IL (Figure 

4.6). Relative to the measured Calkyl 1s FWHM, the ratio of Chetero 1s and C2 1s were shown to be 

lesser in aqueous solution than those of pure IL, i.e., the FWHM of the Chetero 1s and C2 1s peaks 

increased in relation to the Calkyl 1s peak. As broadening of the peak can be indicative of a change 

in the number of chemical bonds contributing to the probed electronic environment, the 

subsequent FWHM variation may indicate that Chetero and C2 atoms participate in a greater number 

of interactions with ionic components in pure IL, than molecular solvent molecules in aqueous 

solution.  

 
 

 
Figure 4.6. The ratio between measured photoelectron peak FWHM values within the C 1s region, 
Calkyl 1s : Chetero 1s : C2 1s, for [C4C1Im][anion] in aqueous solution (0.5 M) and pure IL, where anion 
= [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, and I-.  
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Table 4.4. Experimental binding energies, EB, recorded by C 1s NRXPS for 0.5 M 
([CnC1Im][anion])(H2O) and pure [CnC1Im][anion], where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, 
and I-. Spectra for samples in aqueous solution were measured at h𝜈 = 700.0 eV; spectra for samples 
of pure IL were measured at h𝜈 = 1486.6 eV. All values were charge referenced using the methods 
detailed in Section 2.7.1. All EB values are reported to 2 decimal places.  

 Electron binding energy / eV 

 xIL 

Calkyl 1s 

(± 0.06) 

Chetero 1s 

(± 0.06) 

C2 1s 

(± 0.06) 

[SCN]- 
0.01 290.07 291.31 292.29 

1.00 289.95 291.21 292.21 

ΔEB  -0.12 -0.10 -0.08 

[N(CN)2]- 
0.01 290.04 291.69 292.42 

1.00 289.90 291.44 292.14 

ΔEB  -0.14 -0.25 -0.28 

[BF4]- 
0.01 290.06 291.48 292.42 

1.00 289.98 291.45 292.40 

ΔEB  -0.08 -0.03 -0.02 

[TfO]- 
0.01 290.07 291.47 292.42 

1.00 289.93 291.38 292.32 

ΔEB  -0.14 -0.09 -0.10 

Cl- 
0.01 290.07 291.41 292.33 

1.00 290.13 291.39 292.32 

ΔEB  0.06 -0.02 -0.01 

I- 
0.01 290.09 291.45 292.40 

1.00 289.96 291.35 292.29 

ΔEB  -0.13 -0.10 -0.11 
a ΔEB is the difference between 0.5 M (solute)(H2O) and pure IL photoemission peak binding 
energies.  
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4.3.3. Changes in solvent atomic charge with varying anion identity 

 

O 1s NRXP spectra were measured for [C4C1Im]+ based ILs with differing anions in H2O, 0.5 M 

([C4C1Im][anion])(H2O) (Figure 4.7a). For all ILs in aqueous solution, two photoemission peaks were 

fitted corresponding to the Ogas 1s peak at higher EB, Oliq 1s peak at lower EB. Most anions measured 

did not contain oxygen atomic environments ([SCN]-, [N(CN)2]-, [BF4]-, Cl-, I-); Hence, O 1s NRXP 

spectra provided an electronic description of the H2O oxygen core level electronic structure. 

However, the measured [TfO]- anion contained oxygen atoms which did contribute to the O 1s NRXP 

spectra. Domination of the spectra by the Oliq electronic environment meant oxygen contributions 

from the [TfO]- anion could not be reliably included within the fitted spectra. The presence of an 

additional anionic contribution to the O 1s NRXP spectra for [TfO]- was visually evident through 

comparison of the increased Oliq 1s FWHM.  

 

Anion identity was shown to have a minimal effect on EB(Oliq 1s) at 0.5 M concentration (Figure 

4.7b), due to the small IL:H2O molecular ratio (Table 4.1). The large number of H2O molecules, 

relative to the number of anions in solution, allowed for a greater ease of delocalisation of anionic 

atomic charge across all solvent molecules. Hence, EB(Oliq 1s) was shown to be unaffected within 

experimental error (± 0.1 eV). One notable exception to this trend was the [TfO]- anion, which 

contained anionic oxygen contributions to the O 1s NRXPS region that were unable to be fitted 

reliably due to the domination of the spectra by the solvent photoemission peak. Anionic oxygen 

contributions resulted in a visually broader, and decreased EB(Oliq 1s) fitted peak due to shifting to 

lower energies by the anionic oxygen contribution.  
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Figure 4.7. O 1s NRXP spectra and corresponding EB(Oliq 1s) against anion category plot for 0.5 M 
([C4C1Im][anion])(H2O), where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, and I-: (a) O 1s NRXP spectra; 
vertically offset for clarity. (b) EB(Oliq 1s) against anion; error bars = ± 0.06 eV. All spectra were 
measured at h𝜈 = 700.0 eV. All values were charge referenced using the methods detailed in Section 
2.7.1.  
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4.3.4. Probing OVSs through valence RXPS 

 

The OVS and unoccupied molecular orbital (UMO) energies for a specific atom within a system were 

probed through the measurement of the valence RXPS heat map over the resonant edge energy.26 

For 0.5 M ([C4C1Im][anion])(H2O), the N 1s valence RXPS heat map was shown (Figure 4.8a). The 

valence RXPS heat map was composed of valence spectra at differing values of h𝜈, which allowed 

resonant features to be identified, with intensities shown on the colour scale. Varying the h𝜈 

allowed for specific OCO → UMO transitions to be probed, hence contributions to the valence 

region shown can be atom specific. In the case of Figure 4.8a, each resonant feature in the displayed 

heat map is a measure of the contribution of the nitrogen atom, located on the [C4C1Im]+ cation, to 

the valence region. Subtracting a region below resonance allows for NRXPS features to be removed 

from the map, leaving only RXPS features. The Ncation 2p is highlighted as the lowest EB feature on 

the heat map.  

 

The vertical summation of the RXPS map gives partial electron yield XA spectra (Figure 4.8b). The N 

1s XA spectra showed a single sharp peak (peak 1) due to the Ncation 1s → π* transition, which was 

shown to appear at equal energies for all samples of 0.5 M ([C4C1Im][anion])(H2O), where h𝜈(Ncation 

1s → π*) = 402.1 eV. EB(Ncation π*) for 0.5 M ([C4C1Im][anion])(H2O) can be calculated from EB(Ncation 

1s) minus h𝜈(Ncation 1s → π*) to give a value of 4.7 eV.  

 

A horizontal summation of the RXPS map at selected resonant h𝜈 was used to identify contributions 

to the valence region by each component, providing valence RXP spectra. For example, the trace at 

h𝜈 = 402.1 eV yielded all contributions of the nitrogen atom of the [C4C1Im]+ cation to the valence 

region, as h𝜈(Ncation 1s → π*) = 402.1 eV for all samples compared (Figure 4.8c). The Ncation 2p was 

highlighted again as the lowest EB feature to demonstrate the origin of each peak within the N 1s 

valence RXP spectra from the N 1s valence RXPS heat map. The high atomic selectivity of RXPS 

allows for the separation of differing OVS contributions to the valence region; therefore, enabling 

contributions which were otherwise obscured by other contributions from all OVSs to the valence 

region to be identified.  

 

A visual comparison of the peak EB separation and relative peak intensity of valence RXP spectra for 

all [C4C1Im]+-based ILs at the cationic edge, h𝜈 = 402.1 eV, showed a very good overall match, i.e., 

all Auger emission peaks were measured at the same energy within all spectra. As the valence 

region contained OVSs associated with intermolecular bonding, one would expect to observe 
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differences between RXP spectra if solvent-solute interactions varied within samples of 0.5 M 

([C4C1Im][anion])(H2O). However, the spectral shape and relative energies matched even while 

anionic atoms were present ([SCN]-, [N(CN)2]-). This further demonstrated the consistency of 

interaction between the [C4C1Im]+ cation and H2O when varying anionic identity, and additionally 

showed how the variation in the electronic structure of different cationic OVSs remained negligible 

at 0.5 M; hence, no anion dependency on solvent-cation interactions was observed.  

 
 

 
Figure 4.8. N 1s valence RXP heat map, XA spectra and valence RXP spectra for 0.5 M 
([C4C1Im][anion])(H2O), where anion = [SCN]-, [N(CN)2]-, [BF4]-, [TfO]-, Cl-, and I-: (a) N 1s RXPS heat 
map. (b) N 1s partial electron yield XA spectra. (c) N 1s valence RXP spectra at h𝜈 = 402.1 eV; 
vertically offset for clarity. N 1s valence RXPS heat map was subtracted using the procedure detailed 
in Section 8.2. N 1s valence RXPS heat map and N 1s valence RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3. Remaining RXP spectra were shifted to match EB(Ncation 

2p) to allow for a clearer visual comparison.  
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4.4. Conclusion and future work 

 

Throughout this chapter, the influence of varying the anionic identity within samples of 0.5 M 

([C4C1Im][anion])(H2O) and pure [CnC1Im][anion] on the energies of key non-bonding (core level) 

OCOs was explored. Additionally, the effect of varying the concentration of an electrolyte solution 

on the electronic structure of each component (cation, anion, solvent) within the solution was 

probed.  

 

Anionic OCO energies were shown to decrease from aqueous solution to pure IL for all anion 

identities measured. Anionic OCO energies were influenced by non-specific solvation effects as all 

EB(anion) components for the same anion shifted equally with increasing electrolyte concentration, 

except for fluorine OCOs. The extent to which the binding energy shifted with increasing 

concentration was found to relate to the hydrogen bond donor and acceptor abilities of the anion 

present, as well as the absolute electronegativity, of the probed atomic species.  

 

Anion identity was shown not to have a significant effect on the [C4C1Im]+ cationic OCO energies 

within aqueous solution (dilute electrolytes). Through comparison to literature, the role of H2O as 

a counterion to the [C4C1Im]+ cation was found to act similarly to I- despite a far lower hydrogen 

bond acceptor ability, which did not agree with the established ΔEB(Chetero 1s – Calkyl 1s) against 𝛽solv 

linear relationship. For this reason, it was determined that the position of H2O was not 

straightforward in its interpretation with three possible conclusions proposed: 

1. 𝛽solv values resembled those of the 0.5 M ([C4C1Im][anion])(H2O) solution, rather than pure H2O. 

2. ΔEB(Chetero 1s – Calkyl 1s) values for H2O were indicative of 𝛼solv values for [C4C1Im]+ in H2O. 

3. H2O does not fit the observed relationship for ΔEB(Chetero 1s – Calkyl 1s) against 𝛽solv due to its 

small size and strong coordinating ability. 

 

Anion identity was not shown to affect solvent component energies EB(Oliq 1s) in aqueous solution. 

The lack of influence of anion identity on solvent components at low electrolyte concentration was 

confirmed through N 1s RXP spectra, which were found to be identical in both, shape and relative 

peak energies.  

 

In future, the influence of varying anion identity on the electronic structure of all components in 

solution should be carried out for different cation-based ILs, e.g., [P66614]+, to confirm whether the 

general rules suggested within this chapter extend beyond [CnC1Im] -based ILs. Additionally, varying 
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the solvent identity for each [cation][anion] combination will allow for a comparative dataset to 

that of [C4C1Im][SCN], K[SCN], and Li[NTf2], as previously discussed (Chapter 3). Finally, building 

upon the measurement of the same atomic OCOs within different anionic environments will aid in 

determining the anion dependency on ΔEB(anion) trends, particularly for F 1s OCO species.  
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Chapter 5 
 

Influence of aqueous electrolyte 

concentration on electronic structure  

 
Abstract 

 

Understanding the electronic structure of all components within an electrolyte solution is an 

important step towards predicting their suitability of implementation in a plethora of applications, 

e.g., battery systems and heterogeneous catalysis reactions. This is especially necessary in a world 

that requires us to shift from non-renewable to renewable energy sources, where efficient, 

powerful, and environmentally safe battery systems are needed for a host of situations. The 

complete electronic structure of a species contains contributions from both, the non-bonding 

occupied core orbitals (OCOs), and the bonding valence states, where the energy of the highest 

occupied valence states (HOVSs) and lowest unoccupied molecular orbitals (LUMOs) reveal key 

information on the electronic and physico-chemical properties of each component within the 

system. The identity of the HOVS and LUMO of a solution can be tuned according to the electrolyte 

concentration, enabling different functionality depending upon the ratio of ions to molecular 

solvent molecules in solution. Moreover, OCO energies provide an indication of the effects of 

varying solvation environment on the energetic properties of each species in solution. Therefore, 

improved insight into the electronic structure of all components within solution will aid in better 

component choice within the design of new electrolyte systems. With this in mind, ions in aqueous 

solution across the entire concentration range were studied, utilising complementary X-ray 

spectroscopic techniques to probe the effect of changing solvation environment on the electronic 

structure of all components in solution. The directionality of all anionic and solvent energy level 

shifts were shown to be similarly influenced by the changing solvation environment, with solvent 

energy shifts found to be twice as large as anionic electronic states. Linear energetic relationships 

were found to exist between core and valence states for both, ionic, and solvent species. The 

recorded energy trends allowed for three key conclusions to be drawn.  
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5.1. Introduction 

 

Ions in solution feature heavily within vast aspects of chemistry. Such solutions are termed 

electrolytes, and their constituent components can be summarised as cations, anions, and solvent 

molecules. Current applications of electrolytes include: advanced battery technologies,1 dye-

sensitised solar cells,2, 3 thermo-electrochemical cells,3 supercapacitors,4 and sensors.5 

Rechargeable batteries, such as Li-ion batteries (LIBs), are at the forefront of the modern world’s 

rapid transition away from non-renewables toward renewable energy sources, as we shift from 

vehicles running on petroleum to those powered by electricity. However, the basic formula for 

rechargeable LIBs (1 M LiPF6 in ethylene carbonate) has not changed significantly since the early 

1990s.6 Consequently, current LIB systems are unable to keep up with the increasing ambitions of 

the developing world, which now go far beyond handheld devices. The need for batteries capable 

of supporting higher energy densities (voltage and capacity), while remaining safe, cost effective, 

and with a low environmental impact mean that new electrolyte systems must be developed.7-10  

 

Research into new electrolytes include ionic liquids, which are considered concentrated 

electrolytes as they are liquids comprised only of mobile cations and anions.11 Concentrated 

electrolytes are thought to allow new functionality, relative to currently employed dilute 

electrolyte systems, due to their unique coordination states.6 For example, concentrated 

electrolytes enable higher voltage, capacity, and faster charge/discharge of battery systems.6 On 

the contrasting position of the concentration scale, a current exciting area of interest is the 

incorporation of aqueous electrolyte systems, which offer far greater safety over their volatile, 

flammable, organic solvent counterparts.6, 7, 10, 12-16 To better understand the fundamentals 

behind the possible new functions of electrolytes in aqueous solution, and to further optimise the 

processes in which they are employed, the entire concentration range must be probed, i.e., from 

dilute electrolytes to concentrated electrolytes. One such way of furthering our understanding 

lies in electronic structure measurements for each component. Probing of the valence electronic 

structure can provide insight into the energetic states which control both electronic and physico-

chemical interactions. Physico-chemical interactions include: chemical reactivity (e.g. thermal 

decomposition, homogeneous catalysis17, 18), electrochemistry (e.g. electrochemical window,19 

solute redox potentials20), and surface-ionic liquid interactions (e.g. heterogeneous catalysis21, 22). 

Electronic interactions (with light) include: radiolysis (e.g. excess electrons23-27), electronic 

absorption spectroscopy,28 and photochemistry (e.g. nanoparticles dissolved in ionic liquids29-31). 

The most important valence states which govern these interactions are the highest occupied 
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valence state (HOVS) and the lowest unoccupied molecular orbital (LUMO). The HOVS and LUMO 

of a system are most significant in relation to battery electrolyte oxidation and reduction.32  

 

HOVS and LUMO energies have previously been linked to electronic stability of electrolytes.33 

Typically, the identity of the HOVS is associated with the anionic species, while the identity of the 

LUMO is synonymous with the cationic species.34-36 However, in select circumstances the HOVS 

has instead been shown to originate from the cationic component.26, 37, 38 Therefore, 

consideration of the HOVS and LUMO energies of both ionic species should be carefully 

considered when selecting an electrolyte solution. The identity of the HOVS and LUMO in solution 

has also been shown to vary between solute and solvent species according to the electrolyte 

concentration, demonstrating the important role of electrolyte concentration within electronic 

structure determination.10, 39, 40 The valence electronic structure of both, dilute electrolyte 

solutions,41-43 and concentrated electrolyte solutions,34-36, 44, 45 for differing electrolyte systems 

have been measured extensively. However, the electronic structure of each component within 

dilute, intermediate, and concentrated, aqueous solutions for the same system have sparsely 

been compared.46, 47 Therefore, knowledge of the energetic variations of the HOVSs and LUMOs 

of each component within an aqueous solution across the entire concentration range is currently 

lacking.46, 47  

 

In this chapter, comprehensive electronic structure data for an electrolyte across the entire 

concentration range is reported, from an infinite dilution of ions in molecular solvent (dilute 

electrolyte), to ions in ions (concentrated electrolyte, Figure 5.1b). Four different concentrations 

of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, 0.25 and 1.00 (see Figure 5.1a for the structure 

of [C4C1Im][SCN]), were measured. A range of complementary photoelectron spectroscopic 

techniques were utilised during this investigation: non-resonant X-ray photoelectron 

spectroscopy (NRXPS), X-ray absorption spectroscopy (XAS) and resonant X-ray photoelectron 

spectroscopy (RXPS, also known as resonant Auger electron spectroscopy, RAES). The 

identification of trends and relationships between system HOVS and LUMO energies were 

permitted, enabling discussion as to whether the observed energy shifts were due to ground state 

(initial state) or excited state (final state) effects. Lastly, a mechanism of interaction between ions 

and solvent molecules which rationalise these findings is examined.  
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Figure 5.1. Samples measured within Chapter 5, where ([C4C1Im][SCN])x(H2O)1-x was studied at 
various concentrations, from dilute electrolyte, to concentrated electrolyte. (a) The structure of 
[C4C1Im][SCN], where atoms are numbered according to convention for reference within the 
current work. (b) A graphic depiction of a dilute electrolyte (left) and a concentrated electrolyte, 
which is not intended to represent the orientation or arrangement of ions or solvent molecules 
within solution; red = cation, blue = anion, and solvent (H2O) = ball and stick structure.  
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5.2. Spectroscopic methods 

 

5.2.1. Sample preparation 

 

[C4C1Im][SCN] was purchased from Iolitec, with no further purification prior to measurement. 

Highly demineralised water (conductivity ~0.2 µS cm-1) was used for all aqueous solutions (Table 

5.1). [C4C1Im][SCN] was weighed and mixed with a corresponding mass of water to achieve the 

desired concentration (Appendix Table 8.1).  

 
 
Table 5.1. The four solutions studied within Chapter 5. Concentrations were calculated using 
parameters listed in Appendix Tables 8.1 to 8.3.  

 xIL xH2O conc. IL/ M conc. H2O/ M IL:H2O ratio 

[C4C1Im][SCN] 100 0 5.4 0 1:0 

([C4C1Im][SCN])0.25(H2O)0.75 25 75 4.2 12.6 1:3 

([C4C1Im][SCN])0.10(H2O)0.90 10 90 2.9 26.0 1:9 

([C4C1Im][SCN])0.01(H2O)0.99 1 99 0.5 50.3 1:99 

 
 
5.2.2. Synchrotron XPS apparatus 

 

The measurement of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10 and 0.25 was performed on the 

U49/2-PGM 1 beamline with SOL3PES end-station48 at BESSY II (Germany). Liquid-jet apparatus was 

used.48 XP and RXP spectra were acquired using a Scienta Omicron R4000 HIPP-2 hemispherical 

electron analyser. The analyser angle was 90.0° horizontal to the plane of polarised light.  

 

RXPS measurements for [C4C1Im][SCN] (xIL = 1.00) was performed on the I311 beamline at MAX-lab 

(Sweden). The apparatus used at MAX-lab is explained in reference 36.  

 

5.2.3. Laboratory XPS apparatus 

 

Laboratory–based XPS for the IL [C4C1Im][SCN] (xIL = 1.00) was carried out using a Thermo K–alpha 

spectrometer utilising Al Ka radiation (h𝜈 = 1486.6 eV), as detailed in reference 36.  

 



Chapter 5. Influence of aqueous electrolyte concentration on electronic structure 

 149 

5.3. Results and discussion 

 

5.3.1. Changes in anionic and water atomic charge with varying xIL 

 

The occupied core orbital (OCO) EB of the anionic components within ([C4C1Im][SCN])x(H2O)1-x at 

varying xIL, and the OCO EB of the solvent, H2O, were measured by NRXPS (Figure 5.2). The anionic 

components included the nitrogen 1s, EB(Nanion 1s), and sulfur 2p, EB(S 2p3/2), states, which were 

readily identified using NRXPS (Figures 5.2a and 5.2b respectively). A single Nanion electronic 

environment from the [SCN]- anion resulted in a single Gaussian-like peak within the N 1s region 

(the Ncation peak was also present at higher EB within the same region, Figure 5.2a). A single Sanion 

electronic environment, also from the [SCN]- anion, resulted in two peaks within the S 2p region at 

both high and low EB due to spin-orbit-coupling, which were labelled the 2p1/2 and 2p3/2 peaks 

respectively. The O 1s OCO of the solvent, EB(Oliq 1s), was also measured (Figure 5.2c). For 0.01 ≤ 

xIL < 1.00, a single Oliq electronic environment arising from the liquid-phase solvent, H2O, resulted 

in a single gaussian-like peak in the Oliq 1s region (a sharp peak for Ogas 1s was also present at higher 

EB, Appendix Figures 8.22 to 8.24).  

 

A comparison between the OCO EB values for the anionic and solvent components  and electrolyte 

concentration showed that the EB of each component decreased with increasing xIL (Figure 5.3, 

Table 5.2). Therefore, anionic atomic charge was shown to be most positive at low values of xIL 

(dilute electrolyte), while decreasing towards higher values of xIL (concentrated electrolyte). At xIL 

= 0.01, anions (and cations) were assumed to exist in an infinite dilution of H2O molecules, where 

many H2O molecules were available for solvation of the anion (and cation) in solution. Therefore, 

the ease with which anionic atomic charge was delocalised between many H2O molecules was 

great. Anionic atomic charge was more positive at xIL = 0.01 than xIL = 1.00 due to the increased 

ability of charge delocalisation from the anion over a larger number of H2O molecules. However, as 

xIL increased, the ratio of IL:H2O increased (Table 5.1) and the ability of the excess H2O molecules 

to moderate the anionic atomic charge lessened. With increasing xIL, the decreasing value of EB(Oliq 

1s) reflected the dwindling ability of the solvent molecules to delocalise atomic charge amongst the 

decreasing number of neighbouring H2O molecules in solution. Hence, both anionic and H2O atomic 

charge decreased with increasing xIL; anionic atomic charge decreased due to a lack of stabilising 

H2O molecules and H2O atomic charge decreased due to a lack of sufficient H2O molecules in 

solution with which to share anionic atomic charge.  
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Figure 5.2. NRXPS spectra for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01 (red), 0.10 (blue), 0.25 
(green) and 1.00 (grey). (a) Nanion 1s NRXP spectra. (b) S 2p NRXP spectra. (c) O 1s NRXP spectra. All 
XP spectra for solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25, were measured 
at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV. Dashed lines are 
intended as a visual aid of the changes in EB that occur with varying xIL, where lines of the same type 
have the same gradient. All values were charge referenced using the methods detailed in Section 
2.7.1.  
 
 
Table 5.2. Experimental binding energies, EB, recorded by NRXPS for ([C4C1Im][SCN])x(H2O)1-x, where 
x = 0.01, 0.10, 0.25 and 1.00. All values were charge referenced using the methods detailed in 
Section 2.7.1.  

  Electron Binding Energy / eV 

 xIL 
EB(Nanion 1s) 

(± 0.03 eV) 

EB(S 2p3/2) 

(± 0.06 eV) 

EB(Oliq 1s) 

(± 0.06 eV) 

([C4C1Im][SCN])0.01(H2O)0.99 0.01 403.00 167.53 538.10 

([C4C1Im][SCN])0.10(H2O)0.90 0.10 402.92 167.37 537.94 

([C4C1Im][SCN])0.25(H2O)0.75 0.25 402.82 167.30 537.73 

([C4C1Im][SCN])1.00(H2O)0.00 1.00 402.66 167.20  
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The measured anionic OCO energies, EB(Nanion 1s) and EB(S 2p3/2), were shown to trend in the same 

direction by the same magnitude with increasing xIL, whereas EB(Oliq 1s) was shown to trend in the 

same direction as each OCO energy but by a greater magnitude with increasing xIL. The differing 

magnitude of OCO EB shifts were reflected in the type of each visual aid shown in Figures 5.2a, 5.2b 

compared to Figure 5.2c. As shown, EB(Nanion 1s) and EB(S 2p3/2) followed a monotonic (always 

decreasing) exponential curve shape when plotted against xIL (Figure 5.3a and 3.3b). When viewed 

in conjunction with Table 5.2 the anionic components were shown to decrease by approximately 

0.1 eV between each measured xIL increase. EB(Oliq 1s) was also found to decrease with increasing 

xIL but the trend looked far more linear than the trend in anionic components (although this may 

be due to lack of measured datapoints, Figure 5.3c); one can assume that this trend would also 

become exponential with a greater number of datapoints due to the need to balance atomic charge 

within in the system. For the solvent component, EB decreased by approximately 0.2 eV with each 

measured xIL increment. Consequently, EB(Oliq 1s) was found to decrease at twice the rate of 

EB(Nanion 1s) and EB(S 2p3/2) at the same values of xIL. The more greatly decreasing EB(solvent) relative 

to EB(anion) had previously been observed (although not explicitly mentioned) for NaI in water.47 

The cause of this phenomena is explained in a two-fold and cumulative manner:  

 

1. Bulk effects 

As previously discussed, anionic atomic charge was delocalised across solvent molecules, driving 

EB(Oliq 1s) to lower energies with increasing electrolyte concentration. Additionally, as the ratio of 

IL:H2O increased, the number of H2O molecules within the solvent bonding network was fewer. A 

reduced number of solvent molecules forced H2O from its preferred tetrahedral structure, as it is 

known to exist in the bulk, to a crystalline-like phase.46, 47 However, this would have eventually 

resulted in a stabilisation (shift to positive EB) of the solvent OCOs with increasing xIL, whereas 

destabilisation (shift to negative EB) of the solvent OCOs with increasing xIL was observed. 

Therefore, perhaps the solution containing the highest H2O content (xIL = 0.25) was not great 

enough to permit such an observation.  

 

2. Surface effects  

The surface electrical potential of an electrolyte solution (ions in water in this case) relies upon 

both, the surface dipole formation and the distribution of ions in solution.49, 50 The surface potential 

of pure water is low due to one O-H (non-hydrogen bonding) pointing towards the continuum, and 

another O-H (hydrogen bonding) pointing toward the bulk liquid, resulting in a permanent dipole 

along the solution surface.51 However, upon addition of IL to water, a negative change in surface 
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potential (the change from surface to bulk) with increasing xIL is expected, as [C4C1Im]+ is shown to 

lay flat on the liquid-gas interface with alkyl chains pointing towards the gas phase, and [SCN]- is 

shown to be either, not present, or poorly orientated at the interface.52, 53 Therefore, an ionic 

double layer is created near the surface with its negative side pointed towards the bulk liquid.54 

This may lead to destabilisation of solvent OCOs as they interact with the positively charged cations 

at the surface, which are capable of accepting electron density, resulting in a more negative EB(Oliq 

1s).  

 
 

 
Figure 5.3. Photoemission peak binding energies, EB, against ([C4C1Im][SCN])x(H2O)1-x, where xIL = 
0.01 (red), 0.10 (blue), 0.25 (green) and 1.00 (grey). (a) EB(Nanion 1s) against xIL. (b) EB(S 2p3/2) against 
xIL. (c) EB(Oliq 1s) against xIL. All XP spectra for solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 
0.10, and 0.25, were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at 
h𝜈 = 1486.6 eV. All values were charge referenced using the methods detailed in Section 2.7.1.  
 
 
Depth profile experiments were carried out for the solution of ([C4C1Im][SCN])0.01(H2O)0.99 by 

monitoring EB(Nanion 1s) within the N 1s NRXPS spectra at various h𝜈 (Figure 5.4a). According to the 

universal inelastic mean free path (IMFP) curve (Figure 2.1), the chosen h𝜈 range enabled the 

probing of the solution at multiple depths (at 95 % signal intensity) between 1.29 nm (h𝜈 = 450 eV) 

to 4.56 nm (h𝜈 = 1200 eV). The measured EB(Nanion 1s) shift with varying h𝜈 was found to be 

negligible and within the error of the experiment for the measured range of h𝜈 = 450 eV to 1200 

eV (Figure 5.4b). As the EB shifts caused by surface versus bulk measurements were relatively small 

in comparison to EB shifts measured as a function of concentration, energetic variations for OCOs 

with varying electrolyte concentration observed within this work were evidently not an artefact of 

surface versus bulk effects and were instead a reflection of solvent-solute interactions in solution. 

The measured EB values have previously been shown not to be influenced by interfacial and bulk-

solution structure differences.46  
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Figure 5.4. Depth profile experiments for EB(Nanion 1s) at varying h𝜈 (450.0 eV, 500.0 eV, 600.0 eV, 
700.0 eV, 850.0 eV, 1000.0 eV, and 1200.0 eV) for a solution of ([C4C1Im][SCN])0.01(H2O)0.99: (a) Nanion 
1s NRXP spectra at varying h𝜈. (b) EB(Nanion 1s) against h𝜈. All values were charge referenced using 
the methods detailed in Section 2.7.1.  
 
 
Table 5.3. Experimental area and FWHM ratios of (Ncation 1s/Nanion 1s) and (S 2p3/2/S 2p1/2) recorded 
by NRXPS for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, 0.25, and 1.00. All XP spectra for 
solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25, were measured at h𝜈 = 700.0 
eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV.  

 (Ncation 1s / Nanion 1s) 

 Area FWHM / eV 

([C4C1Im][SCN])0.01(H2O)0.99 2.27 1.06 

([C4C1Im][SCN])0.10(H2O)0.90 2.18 0.98 

([C4C1Im][SCN])0.25(H2O)0.75 2.18 1.00 

([C4C1Im][SCN])1.00(H2O)0.00 2.21 1.08 
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The photoelectron peak area ratio and full width at half maximum (FWHM) ratio for measured 

peaks within the N 1s NRXP spectra, (Ncation 1s/Nanion 1s) were compared for all solutions of 

([C4C1Im][SCN])x(H2O)1-x (Table 5.3.). The values used to calculate area ratio reflected the total 

intensity of electrons within the measurement, due to reported peaks being the sole photoelectron 

peaks within the region. Therefore, area ratios presented in Table 5.3. were to be considered 

percentage atomic concentration measurements. Hence, small changes in experimental conditions 

did not influence relative comparisons between samples.  

 
 

 
Figure 5.5. Comparisons between EB(anion), area ratio, and FWHM ratio for (Ncation 1s/Nanion 1s): (a) 
FWHM ratio against area ratio for (Ncation 1s/Nanion 1s). (b) Area ratio against EB(Nanion 1s) for (Ncation 
1s/Nanion 1s). (c) FWHM ratio against EB(Nanion 1s) for (Ncation 1s/Nanion 1s). All XP spectra for solutions 
of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25, were measured at h𝜈 = 700.0 eV; pure 
[C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV. All values were charge referenced using 
the methods detailed in Section 2.7.1.  
 
 
The relationship between (Ncation 1s/Nanion 1s) area ratio and FWHM ratio was explored, with no 

significant correlation observed between the two (Figure 5.5a). Photoelectron peak area and 

FWHM ratios for (Ncation 1s/Nanion 1s) were also compared to EB(Nanion 1s) (Figures 5.5b and 5.5c, 

respectively). Again, no significant correlation was observed between either, area ratio, or FWHM 

ratio, when compared to EB(Nanion 1s). A greater FWHM value for measured photoelectron peaks is 

usually associated with the presence of additional electronic environment contributions with 

similar energies for the same atomic species.55 Therefore, a lack of measured FWHM deviation as a 

function of concentration within this work suggested little to no variation of solvent-solute 

interactions within solution, at least in relation to the involvement of the cationic and anionic 
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nitrogen atoms. The occurrence of separate specific solvent-solute interactions with varying 

electrolyte concentration was therefore not supported within the current analysis, even while the 

solvation regime changed from dilute ions in MS to concentrated ions in ions. Hence, the hypothesis 

that non-specific solvation effects were responsible for the measured EB shift upon varying 

electrolyte concentration was supported.  

 

5.3.2. Changes in cationic atomic charge with varying xIL 

 

The cationic components of ([C4C1Im][SCN])x(H2O)1-x at varying xIL were measured using NRXPS 

(Figure 5.6). The OCOs of the cationic components included the nitrogen 1s, EB(Ncation 1s), and 

carbon 1s, EB(Chetero 1s) and EB(Calkyl 1s), states, which were readily identified using NRXPS (Figures 

5.6a, 5.6b respectively). A single Ncation electronic environment from the [C4C1Im]+ cation resulted 

in a single gaussian-like peak within the N 1s region (the Nanion peak was also present at lower EB 

within the same region at half the intensity due to half as many nitrogen atoms in the anion as in 

the cation, Figure 5.2a, Appendix Figures 8.22 to 8.24). There were three different carbon electronic 

environments in the C 1s NRXP spectra for solutions of ([C4C1Im][SCN])x(H2O)1-x, located on both the 

[C4C1Im]+ cation and the [SCN]- anion. The carbon energetic electronic environments were labelled 

EB(C2
 1s), EB(Chetero 1s) and EB(Calkyl 1s). EB(C2

 1s) (atom 2, Figure 5.1) and EB(Calkyl 1s) (atoms 7-10, 

Figure 5.1) carbon environments were located exclusively on the [C4C1Im]+ cation. The EB(Chetero 1s) 

included contributions from both the [C4C1Im]+ cation (atom 4 and 5, Figure 5.1) and the [SCN]- 

anion (atom 12, Figure 5.1). Fitting parameters for the C 1s region were shown in Appendix Table 

8.4 and have been described elsewhere.36  

 

As EB(Ncation 1s) = 406.75 eV was used as a charge reference for all photoemission peaks, it was 

unsurprising that Ncation 1s peaks match in EB. However, interestingly EB(C2
 1s), EB(Chetero 1s) and 

EB(Calkyl 1s) energies also matched with varying xIL (same EB at every electrolyte concentration). 

Therefore, it was evident that the EB of cationic core level components shifted together with varying 

xIL. The EB shifts for all cationic photoemission peaks were shown to match with varying xIL by NRXPS 

measurements, as they also were for anionic photoemission peaks (Section 5.3.1). Therefore, all 

NRXPS shifts matched in terms of size and direction in energy within each component, greatly 

suggesting that the electronic structure of ions in solution were influenced by non-specific solvation 

effects.  
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Figure 5.6. NRXPS spectra for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01 (red), 0.10 (blue), 0.25 
(green) and 1.00 (grey). (a) Ncation 1s NRXP spectra. (b) C 1s NRXP spectra. All spectra were measured 
at h𝜈 = 700.0 eV. Dashed lines are intended as a visual aid of the changes in EB that occur with 
varying xIL. All XP spectra for solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25, 
were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 1486.6 eV. 
All values were charge referenced using the methods detailed in Section 2.7.1.  
 
 
5.3.3. HOVS and LUMO level shifts with varying xIL 

 

The valence electronic structure determines the potential of each species to participate within 

Lewis acidic or Lewis basic solvent-solute interactions. Of particular interest within the valence 

electronic structure are the highest occupied valence state (HOVS) and the lowest unoccupied 

molecular orbital (LUMO) of a system, which were measured using a combination of valence NRXPS 

and XAS (Figure 5.7).  

 

The HOVS was probed using valence NRXPS (Figure 5.7a). The non-resonant valence state XP 

spectra, containing electronic contributions from all components from the entire system, was 

measured and the HOVS assigned to anionic N 2p and S 2p contributions.36 As the HOVS contained 

multiple valence state contributions, its EB position was labelled EB(HOVS). EB(HOVS) was shown to 

decrease with increasing values of xIL.  

 

294 292 290 288
Electron Binding Energy, EB / eV

408 407 406 405
Electron Binding Energy, EB / eV

Ncation 1s NRXPS C 1s NRXPS

 ([C4C1Im][SCN])0.01
(H2O)0.99

 ([C4C1Im][SCN])0.10
(H2O)0.90

 ([C4C1Im][SCN])0.25
(H2O)0.75

 ([C4C1Im][SCN])1.00
(H2O)0.00

(a) (b)

Ncation 1s



Chapter 5. Influence of aqueous electrolyte concentration on electronic structure 

 157 

The LUMO was indirectly probed using XAS, which yielded information on the energy of an electron 

transition from an OCO to an UMO, h𝜈(OCO → UMO). Through varying the incident photon energy, 

h𝜈, it is possible to select for specific OCO → UMO transitions and therefore, XAS is considered an 

atom specific/selective technique.35, 36 The N 1s edge (also known as the N K-edge) was probed and 

yielded two sharp peaks in the XA spectra (Appendix Figure 8.34). For both transitions, the excited 

electron originated from either the Nanion OCO (h𝜈 = 399.7 eV) or the Ncation OCO (h𝜈 = 402.1 eV), 

assigned to the Nanion 1s → 𝜋* and Ncation 1s → 𝜋* transitions respectively. The final state of each 

transition resulted in the occupancy of the 𝜋* UMO, as both the [C4C1Im]+ cation and the [SCN]- 

anion contain π-systems (involving the N atoms), which have high absorption intensities due to a 

large absorption cross-section.35 As the HOVS contained purely anionic components, only the Nanion 

1s → 𝜋* transition was shown for clarity of comparison (Figure 5.7b). h𝜈(Nanion 1s → 𝜋*) probed the 

LUMOanion and was measured to be constant, h𝜈 = 399.7 ± 0.06 eV, at all values of xIL.  

 
 

 
Figure 5.7. XAS spectra for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01 (red), 0.10 (blue), 0.25 (green) 
and 1.00 (grey). (a) Valence NRXPS for solutions of ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, 
and 0.25, were measured at h𝜈 = 700.0 eV; pure [C4C1Im][SCN] XP spectra were measured at h𝜈 = 
1486.6 eV. (b) Nanion 1s → π* XAS. Dashed lines are intended as a visual aid of the changes in EB that 
occur with varying xIL, where lines of the same type have the same gradient. Valence NRXPS values 
were charge referenced using the methods detailed in Section 2.7.1.  
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Plotting EB against xIL enabled a greater visual comparison of the change in both h𝜈 and EB across 

varying xIL (Figure 5.8). EB(HOVS) was shown to decrease, while h𝜈(Nanion 1s → 𝜋*) did not change 

with varying xIL (Figure 5.8a and Figure 5.8b, respectively). As h𝜈(Nanion 1s → 𝜋*) was an energy 

transition, no observed change in h𝜈 indicated that the energy gap between the OCO and the UMO 

was consistent across all xIL. As EB(Nanion 1s) had previously been shown to decrease with increasing 

xIL (Figures 5.2a and 5.3a, Table 5.2), it could be deduced that the corresponding 𝜋* UMO trended 

in the same direction by the same magnitude, as little to no h𝜈(Nanion 1s → 𝜋*) shift was observed 

with varying xIL. Furthermore, as EB(Nanion 1s) and EB(HOVS) trended very similarly in energy (Figure 

5.3a and Figure 5.8a, respectively), HOVS and LUMOanion level shifts were shown to be equal (within 

experimental error) with varying xIL. Consequently, it was easier to remove an electron from the 

[SCN]- anion HOVS but harder to add an electron to the [SCN]- LUMOanion, with increasing xIL. 

Additionally, this indicated that the energy gap between the LUMOanion and LUMOcation increased 

with increasing electrolyte concentration. Similarly, the energy gap between the HOVSanion and 

HOVScation increased with increasing electrolyte concentration. Hence, through careful control of 

electrolyte concentration, HOVS/LUMO energies can be tailored to favour specific requirements.  

 
 

 
Figure 5.8. Photoemission peak binding energies, EB, against ([C4C1Im][SCN])x(H2O)1-x, where xIL = 
0.01 (red), 0.10 (blue), 0.25 (green) and 1.00 (grey). (a) EB(HOVS) against xIL. (b) h𝜈(Nanion 1s → 𝜋*) 
against xIL. All values were charge referenced using the methods detailed in Section 2.7.1.  
 
 
The implications of a tuneable HOVS/LUMO energy are great. For example, during the Diels-Alder 

reaction, some interactions are known to proceed at a much faster rate in water relative to other 

solvents; perhaps due to the increased accessibility of the LUMO of the species at low concentration 

in water versus in other solvents.56-58 Greater understanding and control over solute LUMO energies 

may aid in greater control over the rates of these reactions. In addition, during condensed phase 

photodissociation reactions a more readily accessible LUMO may allow the dilute species to 

become more photoactive.59 Lastly, susceptibility to nucleophilic attack is influenced by the 
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energetic position of the LUMO; conversely, the ability of a successful nucleophile is influenced by 

the energetic position of the HOVS.60  

 
5.3.4. Core and valence state atomic charge correlations with varying xIL 

 

Resonant X-ray photoelectron spectroscopy (RXPS) is a photoelectron technique which takes 

advantage of inherent resonant energies of atoms to enhance their photoionisation intensity 

signal.36, 61, 62 RXPS can be described by two distinct processes: spectator Auger (SA) emission and 

participator Auger (PA) emission (Section 2.3). The resonant nature of the PA process is useful for 

identification of valence state contributions, especially for peaks hidden by solvent/surfaces. 

Therefore, within the current work, PA valence RXPS was used to separate cation, anion, and 

solvent contributions to the valence electronic structure.  

 

Cationic valence states were probed using RXPS (from N 1s valence RXPS heat map, Appendix 

Figures 8.26 to 8.29). N 1s RXPS at the h𝜈(Ncation 1s → 𝜋*) energy (h𝜈 = 402.1 eV) revealed the 

position of the Ncation 2p valence state within the valence state (EB = ~10.3 eV, Figure 5.9a). The 

EB(Ncation 2p) was impractical to measure with conventional NRXPS due to dominance and 

obstruction of the valence spectra by solvent photoemission peaks, e.g., the 1b1 valence state. The 

EB(Ncation 2p) remained at a fixed energy across all xIL, similarly to EB(Ncation 1s). Additional cationic 

peaks, such as EB(Calkyl 1s) (Figure 5.6b) were also measured to be at a fixed energy across all xIL. 

Therefore, cationic core and valence state atomic charges were shown to correlate with varying xIL.  

 

Anionic valence states were probed using RXPS (from N 1s valence RXPS heat map, Appendix 

Figures 8.26 to 8.29). Relative to a fixed EB(Ncation 1s), EB(Nanion 1s), EB(S 2p3/2) and EB(HOVS) shifted 

to lower energy with increasing xIL (Figures 5.2a, 5.2b, 5.7a, respectively). N 1s RXPS at the h𝜈(Nanion 

1s → 𝜋*) edge revealed the position of the Nanion 2p valence state within the valence region (8.0 eV 

≥ EB ≥ 7.7 eV, Figure 5.9b). The Nanion 2p valence state had previously been shown to contribute to 

the HOVS peak using experimental RXPS.36 EB(Nanion 2p) shifted to lower energy with increasing xIL, 

similarly to EB(Nanion 1s), EB(S 2p3/2) and EB(HOVS). It had not previously been reported that OCOs 

shift comparably to valence states (for the corresponding atom) in energy, when influenced by 

electrolyte concentration. Anionic core and valence state atomic charges therefore correlated with 

varying xIL; atomic charge was more negative with increasing xIL. Additionally, this would indicate 

that the energy gap between the Nanion 2p (HOVSanion) and Ncation 2p (HOVScation) increased with 

increasing electrolyte concentration.  
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H2O valence states were probed using RXPS (from O 1s valence RXPS heat map, Appendix Figures 

8.31 to 8.33). Relative to a fixed EB(Ncation 1s), EB(Oliq 1s) shifted to lower energy with increasing xIL 

(Figure 5.2c). O 1s RXPS at the h𝜈(Oliq 1s → 4a1) edge revealed the position of the Oliq 1b1 valence 

state (11.3 eV ≥ EB ≥ 10.9 eV, Figure 5.9c). EB(1b1) shifted to lower energy with increasing xIL (11.3 

eV ≥ EB ≥ 10.9 eV), similarly to EB(Oliq 1s). Therefore, H2O OCO and valence state atomic charges 

correlated with varying xIL; atomic charge was more negative with increasing xIL. As the 1b1  valence 

state was the H2O HOVS, H2O molecules were shown to be more reactive at low concentrations 

within a highly concentrated electrolyte solution.  

 
 

 
Figure 5.9. RXPS spectra for ([C4C1Im][SCN])x(H2O)1-x, where x = 0.01 (red), 0.10 (blue), 0.25 (green) 
and 1.00 (grey). (a) Ncation 1s at h𝜈 = 402.1 eV. (b) Nanion 1s at h𝜈 = 399.7 eV. (c) Oliq 1s RXPS at h𝜈 = 
535.0 eV. Dashed lines are intended as a visual aid of the changes in EB that occur with varying xIL, 
where lines of the same type have the same gradient. All values were charge referenced using the 
methods detailed in Section 2.7.3.  
 
 
5.3.5. Experimental energy level diagram 

 

Using data collected from a combination of complementary photoelectron spectroscopic methods 

allowed for the construction of an energy level diagram showing core, valence, and unoccupied 

energies (Figure 5.10). This allowed for easier visual comparison and a summary of the energetic 

trends within the system. NRXPS yielded values for both, EB(Nanion 1s) and EB(HOVS). XAS yields a 
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transition energy rather than directly measuring the UMO energetic position. As EB(Nanion 1s) is 

known from NRXPS measurements, EB(Nanion 1s) minus h𝜈 (Nanion 1s → 𝜋*) results in EB(Nanion 𝜋*), 

enabling the determination of all core, valence, and unoccupied energies.  

 

The energetic behaviour of each anionic component within the system was shown to follow the 

same trend: EB decreased by approximately 0.1 eV for each successive measurement of increasing 

xIL. The correlation between EB and xIL was not linear in nature. The fact that all OCO and OVS energy 

levels shifted by the same amount at each xIL meant that no specific solvent-solute interactions or 

variation in covalent bonding occurred. This was supported by the identical overall shape of the N 

1s RXP spectra with varying xIL (Appendix Figure 8.36). As stated previously, the interactions taking 

place which resulted in a decrease in anionic component EB with increasing electrolyte 

concentration were said to be non-specific solvation effects.  

 
 

 
Figure 5.10. An energy level diagram for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, 0.25 and 
1.00, constructed from spectroscopic data measured using NRXPS and partial electron yield XAS. 
All values were charge referenced using the methods detailed in Section 2.7.1 (NRXPS) and Section 
2.7.3 (RXPS).  
 
 
An equivalent energy level diagram for the EB shifts that occurred for the solvent component would 

have shown EB for all OCO and UMO levels to trend similarly to Figure 5.10 between 0.01 < xIL < 

0.25, but with EB shifts twice as large. However, an equivalent energy level diagram for the shifts 

that occurred for the cationic component would have shown EB for all OCO and UMO levels to be 

equal across xIL; i.e., EB(Ncation 2p) would be equal between 0.01 < xIL < 1.00. Again, this demonstrated 
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the influence and role of initial state solvation effects on OCO and UMO levels for all components 

in ([C4C1Im][SCN])x(H2O)1-x.  

 

5.3.6. Evidence for initial state versus final state effects 

 

Determining whether initial state or final state effects are responsible for measured EB shifts is an 

important distinction to make, which point towards the type of interaction that take place between 

each component in solution. Initial state effects relate to chemical/bonding environment, whereas 

final state effects relate to screening effects after photoemission, when a core hole exists.55 

 

Core versus valence level XPS contributions 

 

Valence XPS has very little contribution from the final state due to the low relaxation energies 

involved in the filling of the core hole post- photoemission.55 Core level and valence states showed 

the same EB shifts. Therefore, it can be assumed that the same influence affected both, core and 

valence state energy shifts. Hence, initial state effects were shown to dominate.  

 

Ab initio molecular dynamics 

 

Ab initio molecular dynamics calculations for [C4C1Im][SCN] were shown to match experimental 

binding energies.35, 63 The computational calculations carried out did not consider the influence of 

final state effects, yet still achieved a satisfactory match to experimental data. Therefore, initial 

state effects were shown to provide an accurate representation of the experimental phenomena.  

 

Varying the molecular solvent identity 

 

OCO and HOVS energies for solutions of 0.5 M ([C4C1Im][SCN])(solvent), where solvent = H2O, 

H2O/EtOH, MeCN, and PC, were shown to strongly correlate with solvent polarity scale descriptors, 

which indicated the strength of solvent Lewis acidity (Chapter 3). The Lewis acidity of the solvent 

described its ability to accept an electron pair from a solute species; hence, involving a specific 

solvent-solute interaction, which would be categorised as an initial state effect.  
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XPS versus XAS contribution 

 

XAS involves the indirect measurement of absorption through the monitoring of secondary 

processes, which result in core hole filling. Therefore, final state effects were expected to 

determine (or at least play a significant role in determining) the measured edge energy. As the N 

1s XA spectra showed no energetic peak shifts with varying electrolyte concentration, final state 

influences were thought to be negligible.  
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5.4. Conclusion and future work 

 

The current work demonstrated the effect of varying electrolyte concentration on the bonding 

HOVS and LUMO energies, and non-bonding OCO energies. Three main conclusions were reached:  

 

1. Atomic charge variation of the anion and water molecules with changing xIL were deemed to 

be the result of non-specific solvation effects.  

2. OCO and valence state energies were both shown to correlate with varying xIL for all 

components in solution, i.e., cationic OCO shifted energetically in the same direction and by 

the same magnitude as the cationic valence states.  

3. Initial state effects dominated at all values of xIL.  

 

Excluding the cation, the OCO and OVSs for all components in solution were shown to shift to lower 

EB with increasing xIL. From these relationships it was concluded that the interaction between ions 

and H2O in solution were non-specific in nature. The lack of contrasting EB shifts supported this 

conclusion and the reasoning for the observed effect was suggested to be due to electrostatic 

effects. Hence, it is expected that experimental EB(Nanion 1s), EB(Nanion 2p), EB(Oliq 1s), and EB(1b1liq) 

states correlate strongly with the relative permittivity of solution at each value of xIL.63 Of course, 

the linear relationship between EB(anion) and solvent polarity scale descriptor values, such as those 

measured by Kamlet-Taft58, 64-67 can point to specific solvation effects, such as hydrogen-bonding 

(Chapter 3), but the strong correlation between EB(anion) and relative permittivity would be an 

indication of non-specific solvation effects.  

 

Valence RXPS PA peak and valence NRXPS peak binding energies were shown to match well, 

Demonstrating the feasibility of new experiments which would otherwise have involved difficult 

measurements due to low photoionisation cross sections and photoemission peaks obscured by 

dominant solvent peaks. Resonant techniques can also aid with analysis due to the selective nature 

of the spectroscopy, e.g., during the analysis of components within catalytic systems with complex 

valence band assignment.  

 

Whilst the electronic structure of the full concentration range of ([C4C1Im][SCN])x(H2O)1-x has been 

studied by three different spectroscopic techniques, further variation of solution parameters are 

needed to achieve a more complete understanding of the behaviour of ions in molecular solvent. 

For example, is the same effect observed in less polar solvents? The assumption that the cation was 
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unaffected due to its existence as a large, organic ion has been made throughout the current work. 

Hence, what is the effect, if any, of instead using a smaller, monatomic cation? Contrastingly, what 

is the effect of changing to a larger anion, such as bis(trifluoromethanesulfonyl)imide ([NTf2]-)? Are 

the binding energy differences between pure IL and infinitely dilute IL consistent across these 

different factors? Once these questions have been addressed, we can begin to gain a more 

complete understanding of the behaviour of ions in solution and how this pertains to electronic 

structure of each component.  
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Chapter 6 
 

Influence of solvent identity on cationic 

electronic structure 

 
Abstract 

 

The electronic structure of the cationic components within a solution is an equally important 

property of a solvated system to that of the anionic or molecular solvent components. Cationic 

interactions, usually associated with Lewis acidity, drive many chemical processes such as 

heterogenous catalysis and more recently, frustrated Lewis pairs. However, knowledge of the 

influence of solvent identity on the cationic electronic structure, including the non-bonding 

occupied core orbital energies, remain sparse. Within this work, a combination of complementary 

X-ray spectroscopic techniques coupled with liquid jet apparatus allowed for the measurement of 

the electronic structure of liquid phase cationic species. The energetic position of the occupied core 

orbitals (OCOs) for each cationic species, [C4C1Im]+, K+, and Li+, was determined within both, H2O, 

and propylene carbonate (PC). The cationic electronic structure was shown to be least influenced 

by varying solvation identity for very strongly coordinating cations, such as Li+, even at low 

electrolyte concentration. Li+ was shown to act as a strong Lewis acid equally within in aqueous or 

organic solution. The effect of varying solvent identity was found to be more important for weakly 

coordinating cations, such as K+ and [C4C1Im]+, where the chemical structure of each ion affected 

the extent of electronic structure variation. The extent of the binding energy shift for cationic OCOs, 

from H2O solvation to PC solvation, was related to the Lewis acidic solvent polarity descriptors. The 

ability to detect small energy shifts for targeted atoms within key battery electrolytes was 

successfully demonstrated.  

 

 



Chapter 6. Influence of solvent identity on cationic electronic structure 

 171 

6.1. Introduction 

 

When considering the reactivity of a chemical system, the donation of electron density, i.e., Lewis 

basicity, is usually the first property that comes to mind. Therefore, reactivity is normally associated 

with anionic components within a system. However, when exploring the energetic relationships 

between each component, Lewis acidic species (those that accept electron density) must also be 

carefully considered. Lewis acidity involves the acceptance of a pair of electrons into the lowest 

unoccupied molecular orbital (LUMO), or acceptor orbital, of a species.1 Consequently, Lewis acids 

are most commonly electron poor cationic species, which are utilised within a wide range of 

research areas such as catalysis2, 3, organic synthesis4, 5, frustrated Lewis pairs6, 7, and halometallate 

ionic liquids (ILs)8, 9. Lewis acid/base interactions also feature heavily within battery technologies, 

where most processes take place within the liquid phase of the solvent electrolyte. Solvent-solute 

interactions must therefore not only be considered for the anionic species, but also the cation, 

within an electrolyte system. Greater understanding of the influence of the solvent identity on the 

cationic electronic structure will therefore aid in the design and implementation of better systems 

for these processes.  

 

Solvents are known to possess varying electron donor abilities, which are key to the strength of 

specific solvent-cation interactions.10 Therefore, by measuring cationic species in solvents with 

differing electron donor abilities, the influence of charge transfer on the electronic structure of 

cationic species can be determined. Additionally, each cationic species contains an inherent ability 

to accept electron density, leading to classes of both, weakly, and strongly coordinating cations. 

Within this work, solvents across the Kamlet-Taft10-14 hydrogen bond acceptor, 𝛽solv, and Gutmann-

Beckett15, 16 donor number, DNsolv, solvent polarity scales were chosen to reflect the difference in 

electron donation of the solvent to the cationic species. Therefore, cationic species with varying 

tendency to strongly, or weakly, coordinate to solvent species were chosen. This chapter focusses 

on the influence of the solvent identity on the cationic electronic structure.  

 

In this chapter, non-resonant X-ray photoelectron spectroscopy (NRXPS) was used to probe the 

energetic position of the occupied core orbitals (OCOs) within samples of 0.5 M (solute)(H2O) and 

0.5 M (solute)(PC), where solute = [C4C1Im][SCN], K[SCN], and Li[NTf2] (Figure 6.1). Cationic OCO 

energetic shifts, ΔEB(cation), from 0.5 M (solute)(H2O) to 0.5 M (solute)(PC) were compared and the 

subsequent observed solvation effects discussed. ΔEB(cation) from 0.5 M (Li[NTf2])(H2O) to 0.5 M 

(Li[NTf2])(PC) was used to exemplify the varying degree of influence the cation may have on the 
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electronic structure of a key battery electrolyte system. The comparison between [C4C1Im][SCN] 

and K[SCN] allowed for an investigation of the effect of varying both, solvent, and cation identity, 

due to the presence of the same ionic species within each solution. Full width at half maximum 

(FWHM) measurements were discussed to provide a spectroscopic understanding of the extent and 

variation of solvent-solute interactions taking place in solution.  

 
 

 
Figure 6.1. Names and structures of key ions and solvents studied within Chapter 6: (a) Cations, 
where atoms within [C4C1Im]+ are numbered according to convention for reference within the 
current work. (b) Anions. (c) Solvents.  
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6.2. Spectroscopic methods 

 

6.2.1. Sample preparation 

 

PC was purchased from Sigma-Aldrich, with no further purification or drying prior to use. Highly 

demineralised H2O (conductivity ~0.2 µS cm-1) was used for 0.5 M solutions of K[SCN], 

[C4C1Im][SCN] and Li[NTf2] in H2O. [C4C1Im][SCN] was purchased from Iolitec, with no further 

purification or drying prior to use. [C4C1Im][SCN] was weighed and mixed with a corresponding mass 

of solvent to achieve a concentration of 0.5 M. The corresponding mole fraction, concentration, 

and solute:solvent ratio for each sample is shown in Table 6.1. 

 
 
Table 6.1. The six solutions studied within Chapter 6. Concentrations were calculated using 
parameters listed in Appendix Tables 8.1 to 8.3. 

 xsolute xsolv conc. solute/ M conc. solv / M solute:solv 

([C4C1Im][SCN])(H2O) 1 99 0.5 50.3 1:99 

([C4C1Im][SCN])(PC) 4 96 0.5 10.8 1:24 

(K[SCN])(H2O) 1 99 0.5 54.1 1:109 

(K[SCN])(PC) 4 96 0.5 11.5 1:23 

(Li[NTf2])(H2O) 1 99 0.5 49.6 1:99 

(Li[NTf2])(PC) 4 96 0.5 10.5 1:21 

 
 
6.2.2. Synchrotron XPS apparatus 

 

The measurement of all samples in Table 6.1 were performed on the U49/2-PGM 1 beamline with 

SOL3PES end-station17 at BESSY II (Germany). Liquid-jet apparatus was used.17 XP and RXP spectra 

were acquired using a Scienta Omicron R4000 HIPP-2 hemispherical electron analyser. The analyser 

angle was 90.0° horizontal to the plane of polarised light. 
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6.3. Results and discussion 

 

6.3.1. Changes in cationic atomic charge with varying solvent identity 

 

The cationic occupied core orbital (OCO) energies for 0.5 M (solute)(H2O) and 0.5 M (solute)(PC), 

where solute = [C4C1Im][SCN], K[SCN], and Li[NTf2], were measured by NRXPS (Figure 6.2). N 1s 

NRXP spectra for 0.5 M ([C4C1Im][SCN])(H2O) and 0.5 M ([C4C1Im][SCN])(PC) both showed one 

photoelectron peak due to single Ncation electronic environment on [C4C1Im]+ cation (Figure 6.2a). 

The measured binding energy for the Ncation 1s OCO, EB(Ncation 1s), was shown to be greater when 

solvated by H2O than solvated by PC (Table 6.2). K 2p NRXP spectra for 0.5 M (K[SCN])(H2O) and 0.5 

M (K[SCN])(PC) both contained two photoelectron peaks with an area ratio of 2:1, due to spin orbit 

coupling of a single K 2p electronic environment on K+ cation (Figure 6.2b). EB(K 2p3/2) was also found 

to be greater for 0.5 M (K[SCN])(H2O) than 0.5 M (K[SCN])(PC) but to a lesser extent. Li 1s NRXP 

spectra for 0.5 M (Li[NTf2])(H2O) and 0.5 M (Li[NTf2])(PC) both showed one photoelectron peak due 

to single Lication electronic environment on Li+ cation (Figure 6.2c). ΔEB(Lication 1s) was shown to be 

zero (within experimental error) from solvation in H2O to solvation in PC.  

 
 
Table 6.2. Experimental binding energies, EB, recorded by NRXPS for 0.5 M (solute)(H2O) and 0.5 M 
(solute)(PC), where solute = [C4C1Im][SCN], K[SCN], and Li[NTf2], and the EB difference between each 
sample, ΔEB. All spectra were measured at hn = 700.0 eV. All values charge referenced using the 
methods detailed in Section 2.7.2. All EB values are reported to 2 decimal places.  

 Electron binding energy / eV 

 
Ncation 1s 

(± 0.03) 

K 2p3/2 

(± 0.06) 

Li 1s 

(± 0.06) 

0.5 M ([C4C1Im][SCN])(H2O) 406.75   

0.5 M ([C4C1Im][SCN])(PC) 406.28   

ΔEB
a -0.47   

0.5 M (K[SCN])(H2O)  298.05  

0.5 M (K[SCN])(PC)  297.76  

ΔEB
a  -0.29  

0.5 M (Li[NTf2])(H2O)   60.56 

0.5 M (Li[NTf2])(PC)   60.55 

ΔEB
a   -0.01 

a ΔEB is the difference between 0.5 M (solute)(H2O) and 0.5 M (solute)(PC) peak binding energies. 
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Through measurement of NRXPS photoemission peaks for three different cations, [C4C1Im]+, K+, and 

Li+, the identity of the cation was shown to play a key role in determining the magnitude and 

direction of the cationic binding energy shift, ΔEB(cation), from solvation in H2O to solvation in PC. 

The relatively large negative value of ΔEB(cation) from 0.5 M ([C4C1Im][SCN])(H2O) to 0.5 M 

([C4C1Im][SCN])(PC) indicated that the cationic N1 and N3 atoms possessed a greater electron 

density when solvated by PC than solvated by H2O (see Figure 6.1a for the position of the N1 and N3 

nitrogen atoms). Similarly, ΔEB(cation) was shown to be negative from 0.5 M (K[SCN])(H2O) to 0.5 

M (K[SCN])(PC), although the magnitude of the negative shift was smaller than that of [C4C1Im]+. 

The large variation in ΔEB(cation) for [C4C1Im]+ and K+ suggested that the cation OCO energies were 

greatly affected by the change in solvation environment. Solvent polarity descriptors, e.g., Kamlet-

Taft (KT),10-14 and Gutmann-Beckett,15, 16 currently provide the greatest indicator of the strength of 

solvent-solute interactions within solution. In particular, those which describe solvent Lewis 

basicity, the solvent hydrogen bond acceptor ability, 𝛽solv, and solvent electron donor number, 

DNsolv, relate to the role of the solvent within solvent-cation interactions. DNsolv is known to be 

greater for H2O than for PC (Table 6.3), demonstrating an increased electron pair donor ability of 

H2O over PC. Moreover, [C4C1Im]+ has been shown to readily accept electron density through the 

C2 carbon on the imidazolium ring (see Figure 6.1a for the position of the C2 carbon atom).18 Despite 

the increased ability of H2O to donate electron density to the cationic species, EB(cation) of the 

solute while solvated by H2O was greater than while solvated by PC. The observed trend in 

ΔEB(cation) was therefore the inverse of the expected result. As the identity of both, the solvent, 

and the anion, were identical within solutions of 0.5 M ([C4C1Im][SCN])(H2O) and (K[SCN])(H2O), and 

solutions of 0.5 M ([C4C1Im][SCN])(PC) and (K[SCN])(PC), the measured differences in EB(cation) 

must solely lie with properties of the cationic identity. A likely cationic property which can influence 

the magnitude of ΔEB(cation) is the ability of the cation to accept electron density from the solvating 

species, i.e., Lewis acidity. The chemical structure of each cation may also provide reasoning for the 

observed ΔEB(cation) values. As [C4C1Im]+ is a large organic molecule and K+ is a smaller inorganic 

atom, there is likely a wider range of solvent-solute bonding interactions available for [C4C1Im]+ 

than are likely accessible to K+. Therefore, it is more feasible that the [C4C1Im]+ cation can capitalise 

on the electron density donation from the solvent with the greatest DNsolv, resulting in a greater 

ΔEB(cation). ΔEB(cation) for both, [C4C1Im][SCN], and K[SCN] were however still considerably low 

when compared with the relatively large (-1.01 eV) shift observed for the anionic OCO energies 

between the same solutions (using the same charge referencing method, Chapter 3). Therefore, 

the solvation environment was concluded to have a strong effect on the cationic OCO energies for 
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weakly coordinating ions such as [C4C1Im]+ and K+ (but not as strong as the effect on the 

counteranions). 

 

 

Table 6.3. KT and Gutmann-Beckett solvent polarity scale descriptor values for H2O, and PC. Values 
for 𝛽solv were obtained from reference 10; values for DNsolv were obtained from reference 19.  

 H2O PC 

𝛽solv 0.47 0.40 

DNsolv 18.0 15.10 

 
 
The negligible value of ΔEB(cation) from 0.5 M (Li[NTf2])(H2O) to 0.5 M (Li[NTf2])(PC) indicated that 

the cationic Li+ atom possessed a similar electron density when solvated by H2O or PC. ΔEB(cation) 

from 0.5 M (Li[NTf2])(H2O) to 0.5 M (Li[NTf2])(PC) differed to that of both [C4C1Im][SCN] and K[SCN], 

which both showed strong negative ΔEB(cation) values. Li+ cations have previously been described 

as good Lewis acids due to their high absolute electronegativities, and ‘hard’ due to a large HOVS-

LUMO energy gap.20 For this reason, Li+ cations are good at accepting electron density from their 

corresponding anion and solvent molecules in solution.21 However, in a dilute electrolyte solution 

(0.5 M) cation-anion interactions were expected to be negligible, suggesting solvent-cation 

interactions were the dominant cause for the observed ΔEB(cation) shift. It has previously been 

found that the oxidative stability of solvents such as PC are increased as a result of the electron 

withdrawing strength of Li+ cations, demonstrating the capability of Li+ as a Lewis acid in solution.22-

24 Consequently, it may be argued that Li+ cations perform as Lewis acids equally as well in H2O. The 

comparative Lewis acidity of Li+ in each solvent is supported by the equal stable coordination 

number of Li+ in H2O25 and PC26-28, of 4 to 5 molecules. The increased ability of H2O to donate 

electron density to the Li+ cation compared to the lesser ability of PC (according to solvated basicity 

values, Table 6.3), was shown not to result in any variation of EB(Lication 1s) when solvated by either 

solvent. Therefore, the solvation environment was concluded to have a weak effect on the cationic 

OCO energies for strongly coordinating ions such as Li+.  
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Figure 6.2. Cationic NRXP spectra for 0.5 M (solute)(H2O) and 0.5 M (solute])(PC), where solute = 
[C4C1Im][SCN], K[SCN], and Li[NTf2]: (a) N 1s comparison between 0.5 M ([C4C1Im][SCN])(H2O) and 
0.5 M ([C4C1Im][SCN])(PC). (b) K 2p comparison between 0.5 M (K[SCN])(H2O) and 0.5 M 
(K[SCN])(PC). (c) Li 1s comparison between 0.5 M (Li[NTf2])(H2O) and 0.5 M (Li[NTf2])(PC). All spectra 
were measured at hn = 700.0 eV and vertically offset for clarity. All values charge referenced using 
the methods detailed in Section 2.7.2.  
 
 
Table 6.4. Experimental K 2p1/2 and K 2p3/2 FWHM values and area ratios of (K 2p3/2/K 2p1/2) 
recorded by NRXPS for 0.5 M (K[SCN])(H2O) and 0.5 M (K[SCN])(PC). All 0.5 M spectra were 
measured at hn = 700.0 eV.  

 FWHM / eV Area 

 K 2p3/2 K 2p1/2 (K 2p3/2 / K 2p1/2) 

0.5 M (K[SCN])(H2O) 1.30 1.37 1.90 

0.5 M (K[SCN])(PC) 0.96 1.09 1.52 
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The measured FWHM values of both, K 2p3/2, K 2p1/2, from 0.5 M (K[SCN])(H2O) to 0.5 M 

(K[SCN])(PC) were found to differ greatly (Table 6.4). The FWHM for the K 2p1/2 photoemission peak 

was greater than the K 2p3/2 in either solvent. Photoemission peaks arising due to spin orbit coupling 

interactions are normally expected to contain equal FWHM values. Hence, the observed peak 

broadening of approximately 0.1 eV was suggested to be the margin of experimental error.  

 

Varying solvation environment through the change of solvent identity was shown to influence 

FWHM values, where photoemission peaks arising from K+ cations solvated by H2O had greater 

FWHM values than K+ solvated by PC. FWHM can be an indicator of the evolution of solvation shells 

around the cation, where variation within the short-range bonding networks were shown to 

broaden photoemission peaks through change of the local electrostatic potential energy.29 At 0.5 

M concentration, ion-ion interactions were thought to be negligible, and solvent-ion interactions 

likely dominate. The observed FWHM difference was therefore due to an increased variation in 

solvent-solute bonding interactions when K+ cations were solvated by H2O compared to solvation 

by PC molecules.  

 

The area ratio between (K 2p3/2 / K 2p1/2) was shown to be greater for K+ cations solvated by H2O 

compared to solvation by PC molecules. A greater area ratio indicated the K 2p3/2 was larger relative 

to the K 2p1/2 when solvated by H2O. Photoemission peaks arising due to spin orbit coupling 

interactions for p-type orbitals are expected to exhibit an area ratio of 2:1, for K 2p3/2 and K 2p1/2 

peaks respectively. Therefore, (K 2p3/2 / K 2p1/2) for K+ cations solvated by H2O were as expected, 

whereas (K 2p3/2 / K 2p1/2) for K+ cations solvated by PC was shown to be unusually low. From 

comparison of the K 2p spectra for 0.5 M (K[SCN])(PC) and C 1s spectra for pure PC, it was evident 

that the energetic position of the K 2p photoemission peaks coincided with the energy at which the 

intensity of the background increased within the C 1s region for pure PC (Appendix Figure 8.4).30 

Thus, the (K 2p3/2 / K 2p1/2) area ratio for 0.5 M (K[SCN])(PC) was shown to be lower than expected 

due to the increased background intensity.  
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6.4. Conclusion and future work 

 

In this chapter, the effect of varying the solvent identity on EB(cation) was measured through non-

resonant X-ray photoelectron spectroscopy.  

 

ΔEB(cation) was used to quantify the influence of the solvation environment on the energetic 

positions of the cationic OCOs, from solvation by H2O to solvation by PC molecules. Due to the 

variation in Lewis basic solvent polarity descriptor values for H2O and PC, the solvated cationic 

species were expected to yield a positive ΔEB(cation) from solvation in H2O to solvation in PC. 

However, ΔEB(cation) for the weakly coordinating [C4C1Im]+ and K+ cations were shown to shift 

negatively, suggesting that solvation environment yielded a large effect on the cationic OCO 

energies for weakly coordinating ions.  

 

In contrast to [C4C1Im]+ and K+ cationic OCOs, Li+ cationic OCOs (Li 1s) yielded zero ΔEB(cation). The 

lack of observed ΔEB(cation) from (Li[NTf2])(H2O) to (Li[NTf2])(PC) was due to the high electron 

withdrawing strength of Li+ cations. The ability of Li+ cations to act as equally strong Lewis acids 

allowed Li+ to accept electron density similarly from both, H2O, and PC, resulting in an equal EB(Li 

1s). Therefore, ΔEB(cation) for the strongly coordinating Li+ cation was shown not to vary, suggesting 

that solvation environment yielded a negligible effect on the cationic OCO energies for strongly 

coordinating ions.  

 

Spectral FWHM values for cationic photoemission peaks were shown to decrease from solvation by 

H2O to solvation by PC molecules. The decrease in measured cationic FWHM was due to a 

decreased variation within the short-range cation-solvent bonding networks when solvated by H2O, 

relative to solvation by PC. An increased number of solvent-cation interactions were described as 

broadening photoemission peaks through changing of the local electrostatic potential energy.  

 

The implications for the observed OCO energetic differences for Li[NTf2] versus X[SCN] were:  

1. The role of the cation was related to the Lewis acidity of very strongly coordinating cations, 

such as Li+, even at low electrolyte concentration in solvents of differing Lewis basicities.  

2. The role of the cation was related to the chemical structure and size of more weakly 

coordinating cations, such as K+ and [C4C1Im]+, where anionic identity was likely to dictate 

electronic interactions with the solvent.  
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In future, it is important to further test the hypotheses presented within this chapter around the 

influence of solvent identity on cationic electronic structure. Therefore, additional [SCN]- containing 

species with a variety of cations, e.g., Li[SCN] and Na[SCN], should be explored. Additionally 

investigated [SCN]- containing species should be measured in a wide range of molecular solvents, 

e.g., ethanol, acetonitrile and triethylphosphate, which will provide better insight into the 

relationship between EB(cation) and Lewis basic solvent polarity descriptors. Furthermore, a 

comparison between species containing the same anion will allow for the elimination of solvent-

anion effects, providing a comprehensive investigation of how solvent identity affects cationic OCO 

and OVSs. As Li[NTf2] is a key battery electrolyte, it would be beneficial to observe the energetic 

relationships of both, EB(cation) and EB(anion), within a range of solvents, e.g., EtOH and MeCN 

(Chapter 3). Moreover, through the experimental methods demonstrated in this chapter and 

others, it is shown to be highly feasible to measure most solute stable battery electrolytes, such as 

Li[PF6], in this manner.  
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Chapter 7 
 

Conclusion  

 
Experimental X-ray spectroscopic studies on ions in solution often feature both, solely aqueous 

solvent, and two differing states of matter, the liquid (solution) and solid phase (ionic crystal 

structure).1-7 Whilst such studies are useful for exploring the properties of dilute and medium 

concentrated ions, they neglect the impact upon highly concentrated solutions where ions 

effectively act as the solvent and molecular solvent as the solute. Crucially, such studies also neglect 

the vast majority of solvents utilised within common applications of ions in solution. Therefore, 

knowledge of the governing factors, which control the electronic structure of each liquid phase 

component, is heavily lacking. To attempt to fill the void of information surrounding how the 

electronic structure of each component within solution is influenced by changing solvation effects, 

complementary X-ray spectroscopic methods, such as XPS, XAS, and RXPS, were employed. Each 

technique allowed for the measurement of the electronic structure of all components within an 

ionic solution, including the cation, anion, and solvent species, which has enabled the identification 

of energetic trends upon changing solvation environment.   

 

The electronic structure of ionic species in varying molecular solvent (MS) identity were shown to 

possess a strong relationship with the solvent Gutmann ANsolv descriptor, with slightly weaker 

relationships additionally observed with Kamlet-Taft 𝛼solv and Catalán SAsolv (Chapter 3). It was 

shown that when solvated by more effective hydrogen bond donating solvents (high values of 𝛼solv, 

ANsolv, and SAsolv), e.g., H2O and EtOH, the energy of the highest occupied valence state (HOVS) of 

the anion, EB(HOVSanion), was high in comparison to those solvated by less effective hydrogen bond 

donating solvents (low values of 𝛼solv, ANsolv, and SAsolv), e.g., MeCN and PC. As each of the 

correlating solvent polarity descriptors indicate a measure of Lewis acidity, it was concluded that 

highly Lewis acidic solvents provide an energetically stabilising effect on the anionic electronic 

structure. Moreover, the anionic occupied core orbital (OCO) and OVS energies were shown to be 

equally influenced by changing solvation environment. Therefore, two additional pieces of 

information were gained: 
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1. The anionic OCO energies were also correlated with 𝛼solv, ANsolv, and SAsolv.  

2. The measured OCO and OVS energy shifts were deemed a result of non-specific solvation 

effects.  

 

Differing anion identities in both, aqueous solution, and pure IL, were shown to have no effect on 

the direction of the anionic energy level shifts, where an equal decrease in OCO and OVS energies 

were observed, from solutions containing ions in molecular solvent to those consisting of ions in 

ions, for all anion identities measured (Chapter 4). Anionic MO energies were therefore influenced 

by non-specific solvation effects as all EB(anion) components for the same anion shifted equally 

with increasing electrolyte concentration, except for fluorine OCOs. However, the extent to which 

energies shifted with increasing concentration was found to correlate to the hydrogen bond donor 

and hydrogen bond acceptor abilities of the anion present, as well as the absolute electronegativity 

of the probed atomic species. Additionally, anion identity was shown not to have a significant effect 

on the [C4C1Im]+ cationic OCO energies within low concentration (0.5 M) aqueous solution. The role 

of H2O as a counterion to the [C4C1Im]+ cation was unpredictably shown to act similarly to I- despite 

a far lower hydrogen bond acceptor ability. For this reason, it was determined that the influence of 

H2O on the electronic structure of the cation was not straightforward in its interpretation, with the 

most likely explanation due to the small size and strong coordinating ability of H2O. Anion identity 

was not shown to significantly affect solvent component energies EB(Oliq 1s) in aqueous solution; 

an expected result due to the very low concentration (0.5 M) of the measured solution.  

 

The OCO and OVS energies of ionic species at varying concentration within aqueous solution was 

measured, where the use of an ionic liquid (IL) as a source of ions allowed for the determination of 

the electronic structure at both concentration extremes: highly dilute (ions in MS), and highly 

concentrated (ions in ions) solution (Chapter 5). The OCO and OVS energies for anionic and solvent 

species were both shown to decrease with increasing electrolyte concentration, explained through 

the changing solvation environment regime, which accompanied concentration changes within 

solution.8 The measured energetic trends were deemed to be the result of non-specific solvation 

effects due to the monotonic shift of OCO and OVS energies for the same component and lack of 

contrasting shift within other component energies. Electrostatic effects were concluded to be 

dominant in the determination of OCO and OVS energetic changes, which was in agreement with 

previous assessments of a similar system where it was found that EB(HOVSanion) correlated with the 

relative permittivity of the solution.9 In addition, cationic OCO and OVS energies were shown to 

correlate with varying electrolyte concentration, shifting by the same energetic value relative to 
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the concentration of the solution; anionic and solvent OCO and OVS energies were found to act 

likewise.  

 

The electronic structure of ionic species with varying cation identity were measured in both, 

aqueous solution, and solvated by PC, where trends for the Lewis basic solvent polarity descriptors, 

𝛽solv and DNsolv, were found to be irrelevant with respect to the observed ΔEB(cation) for 

[C4C1Im][SCN], K[SCN], and Li[NTf2] species (Chapter 6). In contrast to the negative ΔEB(cation) 

values observed for [C4C1Im]+ and K+, Li+ cationic OCO (Li 1s) energies yielded no change from 

solvation in H2O to PC. The implications for the observed OCO energetic differences for Li+ versus 

[C4C1Im]+ were: 

1. The cationic molecular structure was important for weakly coordinating species, such as 

[C4C1Im]+ and K+, in the determination of the extent of solvation effects on the energy of the 

cationic OCOs.  

2. The Lewis acidity of the cationic species was significant for very strongly coordinating cations, 

such as Li+, where the high Lewis acidity of the cationic species enables equal abstraction of 

electron density from the solvent molecules irrespective of the DNsolv of the solvent.  

 

In summary, it has been shown that non-specific solvation effects provide the dominant reasoning 

for electronic structure variation due to a multitude of differing parameters in solution. Solvent 

polarity descriptors relating to Lewis basicity have been shown to aid in the interpretation of the 

observed energetic shifts when varying the anion identity, whereas Lewis acidity has been found to 

correlate strongly with energetic shifts caused by varying solvent but not for varying cation identity. 

Exceptions to these rules were shown to occur for strongly coordinating species, such as Li+ and F-.   

 

This work aims to lay the foundations for the use of complementary X-ray spectroscopic techniques 

within the investigation of the electronic structure of every component within solution, leading to 

the better understanding, choice, and design, of systems which rely upon ion-solvent interactions. 

This is enabled through the demonstration of the feasibility of measuring highly volatile pure 

solvents, and their corresponding ionic solutions, by liquid jet XPS. Additionally, the use of X-ray 

spectroscopy as a tool for the verification and prediction of Lewis acid and base trends has been 

discussed. The prediction of the electronic structure of unmeasured solvent and solute species can 

be achieved simply from widely available solvent polarity descriptor values, and vice versa. This 

new ability will lead to a more targeted design of new ion in solvent systems, as the acquired 

electronic structures give indication of the expected behaviours and interactions within a solution. 
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Future work should aim to build upon the range of solvent, anion, and cation species investigated 

within this work.  
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Appendix 

 
8.1. Solution formation parameters 

 

Appendix Table 8.1. Solute and solvent masses used to produce 100 mL of each solution at the 
required concentration, measured within the current work.  

Solution Conc. / mol dm-3 Solute mass / g Solvent mass / g 

([C4C1Im][SCN])0.01(H2O)0.99 0.50 10.03 90.62 

([C4C1Im][SCN])0.10(H2O)0.90 2.89 56.96 46.77 

([C4C1Im][SCN])0.25(H2O)0.75 4.19 82.76 22.65 

([C4C1Im][N(CN)2])(H2O) 0.50 10.39 90.20 

([C4C1Im][TfO])(H2O) 0.50 14.39 88.93 

([C4C1Im][BF4])(H2O) 0.50 11.56 91.11 

([C4C1Im]I)(H2O) 0.50 13.57 90.83 

([C4C1Im]Cl)(H2O) 0.50 8.99 91.72 

(K[SCN])(H2O) 0.50 4.83 97.44 

(Li[NTf2])(H2O) 0.50 14.37 89.19 

([C4C1Im][SCN])(H2O/EtOH) 0.50 4.96 22.42a / 57.37b 

([C4C1Im][SCN])(EtOH) 0.50 9.52 71.88 

([C4C1Im][SCN])(MeCN) 0.50 10.53 70.86 

([C4C1Im][SCN])(PC) 0.50 9.71 109.12 

(K[SCN])(PC) 0.50 4.88 116.90 

(Li[NTf2])(PC) 0.50 14.21 107.18 
a values refer to H2O in solution.  
b values refer to EtOH in solution.  
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Appendix Table 8.2. Solute molar mass (Mr) and density (𝜌) used to produce each solution 
measured within the current work.  

Solute Mr / g mol-1 𝜌 / g cm-3 

[C4C1Im][SCN] 197.30 1.07 

[C4C1Im][N(CN)2] 205.26 1.06 

[C4C1Im][TfO] 288.29 1.30 

[C4C1Im][BF4] 226.02 1.30 

[C4C1Im]I 266.12 1.48 

[C4C1Im]Cl 174.67 1.09 

K[SCN] 97.18 1.89 

Li[NTf2] 287.19 1.33 

 

Appendix Table 8.3. Solvent molar mass (Mr) and density (𝜌) used to produce each solution 
measured within the current work.  

Solvent Mr / g mol-1 𝜌 / g cm-3 

H2O 18.00 1.00 

EtOH 46.07 0.79 

MeCN 41.05 0.79 

PC 102.09 1.20 
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8.2. Photoemission peak fitting parameters and subtraction methods 

 

Photoemission peak fitting parameters  

 

Throughout this thesis, CasaXPS software1 was used to fit photoelectron peaks, which arise from 

the non-resonant X-ray spectroscopic process. The software was used to fit each photoelectron 

peak using a Shirley background and GL(30) line shape. The fitting constraints and parameters 

employed to fit photoelectron peaks within this work are outlined in Appendix Table 8.4.  

 

Appendix Table 8.4. Constraints used within the peak fitting models for core level X-ray 
photoelectron spectroscopy (XPS) employed within the current work.  

Solvent/solute Core level Fitting constraints used 

EtOH C 1s 1:1 for Cmethyl:Cmethylene 

MeCN C 1s 
1:1 for Cmethyl:Ccyano 

FWHM(Cmethyl) = FWHM(Ccyano) 

[C4C1Im][SCN] 
C 1s 1:5:3 for C2:Chetero:Calkyl 

S 2p 1:2 for 2p1/2:2p3/2 

[C4C1Im][N(CN)2] C 1s 1:6:3 for C2:Chetero:Calkyl 

[C4C1Im][TfO] C 1s 1:4:3 for C2:Chetero:Calkyl 

[C4C1Im][BF4] C 1s 1:4:3 for C2:Chetero:Calkyl 

[C4C1Im]I 
C 1s 1:4:3 for C2:Chetero:Calkyl 

I 3d 2:3 for 3d3/2:3d5/2 

[C6C1Im]I 
C 1s 1:4:5 for C2:Chetero:Calkyl 

I 3d 2:3 for 3d3/2:3d5/2 

[C4C1Im]Cl 
C 1s 1:4:3 for C2:Chetero:Calkyl 

Cl 2p 1:2 for 2p1/2:2p3/2 

[C8C1Im]Cl 
C 1s 1:4:7 for C2:Chetero:Calkyl 

Cl 2p 1:2 for 2p1/2:2p3/2 

K[SCN] 
K 2p 1:2 for 2p1/2:2p3/2 

S 2p 1:2 for 2p1/2:2p3/2 

Li[NTf2] S 2p 1:2 for 2p1/2:2p3/2 
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Valence RXPS heat map subtraction methods 

 

Within the non-subtracted valence resonant X-ray photoelectron spectroscopy (RXPS) heat map, 

the RXP spectra at specific values of h𝜈 contained contributions from both, the resonant Auger 

electron processes, and the valence non-RXP processes. To remove the non-resonant contributions, 

resulting in a heat map containing purely (or mostly) RXP, a method of NRXP subtraction was 

devised, as reported in the literature.2 Subtraction was achieved at consistent values of h𝜈, 

corresponding to NRXP spectra just below resonant h𝜈 (Table 8.5). This method also served to 

reduce the intensity of any second order light features present within each valence RXPS heat map. 

 

Appendix Table 8.5. The photoemission peak identity and h𝜈 value of the NRXP spectra used for 
subtraction of the valence RXPS heat map.  

Absorption edge Valence NRXP energy / h𝜈	

N 1s 398.0 

O 1s 532.5 

C 1s 284.0 

F 1s 686.0 
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8.3. Supplementary information for Chapter 3 

 

 
Appendix Figure 8.1. Core and valence state NRXP spectra for pure H2O (plus 20 mM NaI): (a) O 1s. 
(b) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra were charge referenced 
using the methods detailed in Section 2.7.2.  
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Appendix Figure 8.2. Core and valence state NRXP spectra for pure EtOH (plus 20 mM NaI): (a) O 
1s. (b) C 1s. (c) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. No charge referencing 
methods were applied to the NRXP spectra for pure EtOH.  
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Appendix Figure 8.3. Core and valence state NRXP spectra for pure MeCN (plus 20 mM NaI): (a) N 
1s. (b) C 1s. (c) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. No charge referencing 
methods were applied to the NRXP spectra for pure MeCN.  
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Appendix Figure 8.4. Core and valence state NRXP spectra for pure PC (plus 20 mM NaI): (a) O 1s. 
(b) C 1s. (c) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra were charge 
referenced using the methods detailed in Section 2.7.2.  
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Appendix Figure 8.5. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(H2O): (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.6. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(H2O/EtOH): 
(a) C 1s. (b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All 
XP spectra were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.7. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(EtOH): (a) C 
1s. (b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.1.  
 

  

16

8

In
te

ns
ity

 / 
x1

04  

298 296 294 292 290 288 286
Electron Binding Energy, EB / eV

32

28

In
te

ns
ity

 / 
x1

03  

410 408 406 404 402 400
Electron Binding Energy, EB / eV

28

14

In
te

ns
ity

 / 
x1

04  

544 542 540 538 536 534 532
Electron Binding Energy, EB / eV

96

64

32
In

te
ns

ity
 / 

x1
02  

172 170 168 166 164
Electron Binding Energy, EB / eV

40

20

0

In
te

ns
ity

 / 
x1

02  

40 36 32 28 24 20 16 12 8 4 0
Electron Binding Energy, EB / eV

C 1s NRXPS N 1s NRXPS

O 1s NRXPS S 2p NRXPS

Valence NRXPS

(a)

(c)

(b)

(d)

(e)

S 2p3/2

S 2p1/2

Ncation 1s

Nanion 1s

Oliq 1s
Ogas 1s

Cmethyl 1s (l)

Cmethylene 1s (l)

Cmethyl 1s (g)

Cmethylene 1s (g)



Chapter 8. Appendix 

 199 

 
Appendix Figure 8.8. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(MeCN): (a) C 
1s. (b) N 1s, where the Ncation 1s and Nanion 1s photoemission peaks were not reliably fitted without 
heavy constraints. (c) S 2p. (d) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.9. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][SCN])(PC): (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.10. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(H2O): (a) N 1s 
valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(H2O). (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.11. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(H2O/EtOH): 
(a) N 1s valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(H2O/EtOH). (b) Partial electron yield N 
1s XA spectra. (c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 
402.1 eV and h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS 
contributions were subtracted using the procedure detailed in Section 8.2. All RXP spectra were 
charge referenced using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.12. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(EtOH): (a) N 
1s valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(EtOH). (b) Partial electron yield N 1s XA 
spectra. (c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 
eV and h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions 
were subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge 
referenced using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.13. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(MeCN): (a) N 
1s valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(MeCN). (b) Partial electron yield N 1s XA 
spectra. (c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 400.1 
eV), with the valence NRXP contributions subtracted. The NRXPS contributions were subtracted 
using the procedure detailed in Section 8.2. All RXP spectra were charge referenced using the 
methods detailed in Section 2.7.3.  
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Appendix Figure 8.14. N 1s valence RXPS map and spectra for 0.5 M ([C4C1Im][SCN])(PC): (a) N 1s 
valence RXPS heat map for 0.5 M ([C4C1Im][SCN])(PC). (b) Partial electron yield N 1s XA spectra. (c) 
N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and h𝜈 = 
399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.15. N 1s valence RXP spectra comparison for 0.5 M ([C4C1Im][SCN])(solvent), 
where solvent = H2O, H2O/EtOH, EtOH, MeCN, and PC. (a) Ncation 1s valence RXP spectra (h𝜈 = 
402.1 eV), with the valence NRXP contributions subtracted. (b) Nanion 1s valence RXP spectra (h𝜈 = 
399.7 eV), with the valence NRXP contributions subtracted. Spectra are vertically offset for clarity. 
All NRXP spectra were charge referenced using the methods detailed in Section 2.7.3.  
 

 

Appendix Figure 8.16. N 1s XA spectra comparison for 0.5 M ([C4C1Im][SCN])(solvent), where 
solvent = H2O, H2O/EtOH, EtOH, MeCN, and PC. Spectra are vertically offset for clarity and dashed 
lines are added as a visual aid.  
 

44 40 36 32 28 24 20 16 12 8 4 0
Electron Binding Energy, EB / eV

 0.5M ([C4C1Im][SCN])(H2O)
 0.5M ([C4C1Im][SCN])(H2O/EtOH)
 0.5M ([C4C1Im][SCN])(EtOH)
 0.5M ([C4C1Im][SCN])(PC)

hν = 402.1 eV subtracted Ncation 1s resonant

(a)

(b)
hν = 399.7 eV subtracted Nanion 1s resonant

Ncation 1s RXPS

Nanion 1s RXPS

404403402401400399398
Incident Photon Energy, hν / eV

N 1s XAS

 0.5M ([C4C1Im][SCN])
(H2O)

 0.5M ([C4C1Im][SCN])
(H2O/EtOH)

 0.5M ([C4C1Im][SCN])
(EtOH)

 0.5M ([C4C1Im][SCN])
(PC)

Nanion 1s
→ π*

Ncation 1s
→ π*



Chapter 8. Appendix 

 207 

8.4. Supplementary information for Chapter 4 

 

 
Appendix Figure 8.17. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][N(CN)2])(H2O): (a) 
C 1s. (b) N 1s. (c) O 1s. (d) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.18. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][BF4])(H2O): (a) C 1s. 
(b) N 1s. (c) O 1s. (d) B 1s. (e) F 1s. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All 
XP spectra were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.19. Core and valence state NRXP spectra for 0.5 M ([C4C1Im]Cl)(H2O): (a) C 1s. 
(b) N 1s. (c) Cl 2p. (d) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra were 
charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.20. Core and valence state NRXP spectra for 0.5 M ([C4C1Im]I)(H2O): (a) C 1s. (b) 
N 1s. (c) O 1s. (d) I 3d. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.21. Core and valence state NRXP spectra for 0.5 M ([C4C1Im][TfO])(H2O): (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) F 1s. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All 
XP spectra were charge referenced using the methods detailed in Section 2.7.1.  
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8.5. Supplementary information for Chapter 5  

 

 
Appendix Figure 8.22. Core and valence state NRXP spectra for ([C4C1Im][SCN])0.01(H2O)0.99: (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.   
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Appendix Figure 8.23. Core and valence state NRXP spectra for ([C4C1Im][SCN])0.10(H2O)0.90: (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.   
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Appendix Figure 8.24. Core and valence state NRXP spectra for ([C4C1Im][SCN])0.25(H2O)0.75: (a) C 1s. 
(b) N 1s. (c) O 1s. (d) S 2p. (e) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra 
were charge referenced using the methods detailed in Section 2.7.1.  
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Appendix Figure 8.25. Core and valence state NRXP spectra for ([C4C1Im][SCN])1.00(H2O)0.00: (a) C 1s. 
(b) N 1s. (c) S 2p. (d) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP spectra were 
charge referenced using the methods detailed in Section 2.7.1.   
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Appendix Figure 8.26. N 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.01(H2O)0.99: (a) N 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.01(H2O)0.99. (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
 

  

1

0

In
te

ns
ity

 / 
10

4

44 40 36 32 28 24 20 16 12 8 4 0
Electron Binding Energy, EB / eV

404

402

400

398

In
ci

de
nt

 P
ho

to
n 

E
ne

rg
y,

 h
ν 

/ e
V

44 40 36 32 28 24 20 16 12 8 4 0
Electron Binding Energy, EB / eV

100

80

60

40

20

0

404

402

400

398

In
ci

de
nt

 P
ho

to
n 

E
ne

rg
y,

 h
ν 

/ e
V(a) XAS

(c)

 hν = 402.1 eV subtracted N 1s resonant (2)
 hν = 399.7 eV subtracted N 1s resonant (1)
 hν = 398.0 eV non-resonant

(b)N 1s Valence RXPS Heat Map

1

2

N 1s Valence RXPS



Chapter 8. Appendix 

 217 

 
Appendix Figure 8.27. N 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.10(H2O)0.90: (a) N 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.10(H2O)0.90. (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.28. N 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.25(H2O)0.75: (a) N 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.25(H2O)0.75. (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.29. N 1s valence RXPS map and spectra for ([C4C1Im][SCN])1.00(H2O)0.00: (a) N 1s 
valence RXPS heat map for ([C4C1Im][SCN])1.00(H2O)0.00. (b) Partial electron yield N 1s XA spectra. 
(c) N 1s valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV and 
h𝜈 = 399.7 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.30. O 1s valence RXPS map and spectra for pure H2O: (a) O 1s valence RXPS 
heat map for pure H2O. (b) Partial electron yield O 1s XA spectra. (c) O 1s valence NRXP spectrum 
(h𝜈 = 532.5 eV) and O 1s valence RXP spectra (h𝜈 = 536.0 eV and h𝜈 = 535.0 eV), with the valence 
NRXP contributions subtracted. The NRXPS contributions were subtracted using the procedure 
detailed in Section 8.2. All RXP spectra were charge referenced using the methods detailed in 
Section 2.7.3.  
 

  

540

536

532

In
ci

de
nt

 P
ho

to
n 

E
ne

rg
y,

 h
ν 

/ e
V

44 40 36 32 28 24 20 16 12 8 4 0
Electron Binding Energy, EB / eV

100

80

60

40

20

0

540

536

532

In
ci

de
nt

 P
ho

to
n 

E
ne

rg
y,

 h
ν 

/ e
V

8

4

0

In
te

ns
ity

 / 
10

4

44 40 36 32 28 24 20 16 12 8 4 0
Electron Binding Energy, EB / eV

 hν = 536.0 eV subtracted O 1s resonant (2)
 hν = 535.0 eV subtracted O 1s resonant (1)
 hν = 532.5 eV non-resonant valence

XASO 1s Valence RXPS Heat Map

O 1s Valence RXPS (c)

(b)

1
2



Chapter 8. Appendix 

 221 

 
Appendix Figure 8.31. O 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.01(H2O)0.99: (a) O 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.01(H2O)0.99. (b) Partial electron yield O 1s XA spectra. (c) 
O 1s valence NRXP spectrum (h𝜈 = 532.5 eV) and O 1s valence RXP spectra (h𝜈 = 536.0 eV and h𝜈 = 
535.0 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.32. O 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.10(H2O)0.90: (a) O 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.10(H2O)0.90. (b) Partial electron yield O 1s XA spectra. (c) 
O 1s valence NRXP spectrum (h𝜈 = 532.5 eV) and O 1s valence RXP spectra (h𝜈 = 536.0 eV and h𝜈 = 
535.0 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.33. O 1s valence RXPS map and spectra for ([C4C1Im][SCN])0.25(H2O)0.75: (a) O 1s 
valence RXPS heat map for ([C4C1Im][SCN])0.25(H2O)0.75. (b) Partial electron yield O 1s XA spectra. (c) 
O 1s valence NRXP spectrum (h𝜈 = 532.5 eV) and O 1s valence RXP spectra (h𝜈 = 536.0 eV and h𝜈 = 
535.0 eV), with the valence NRXP contributions subtracted. The NRXPS contributions were 
subtracted using the procedure detailed in Section 8.2. All RXP spectra were charge referenced 
using the methods detailed in Section 2.7.3.  
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Appendix Figure 8.34. Full N 1s XA spectra comparison for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 
0.10, and 0.25. Spectra are vertically offset for clarity and dashed lines are added as a visual aid.  
 

 
Appendix Figure 8.35. Full O 1s XA spectra comparison for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 
0.10, and 0.25. Spectra are vertically offset for clarity and dashed lines are added as a visual aid.  
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Appendix Figure 8.36. N 1s valence RXP spectra comparison for ([C4C1Im][SCN])x(H2O)1-x, where xIL 
= 0.01, 0.10, 0.25, and 1.00. (a) Ncation 1s valence RXP spectra (h𝜈 = 402.1 eV), with the valence NRXP 
contributions subtracted. (b) Nanion 1s valence RXP spectra (h𝜈 = 399.7 eV), with the valence NRXP 
contributions subtracted. Spectra are vertically offset for clarity. All NRXP spectra were charge 
referenced using the methods detailed in Section 2.7.3.  
 

  

44 40 36 32 28 24 20 16 12 8 4 0
Electron Binding Energy, EB / eV

(a)

(b)

 ([C4C1Im][SCN])0.01(H2O)0.99
 ([C4C1Im][SCN])0.10(H2O)0.90
 ([C4C1Im][SCN])0.25(H2O)0.75
 ([C4C1Im][SCN])1.00(H2O)0.00

hν = 402.1 eV subtracted Ncation 1s resonant

hν = 399.7 eV subtracted Nanion 1s resonant

Ncation 1s RXPS

Nanion 1s RXPS



Chapter 8. Appendix 

 226 

 
Appendix Figure 8.37. O 1s valence RXP spectra comparison within the participator Auger region 
for ([C4C1Im][SCN])x(H2O)1-x, where xIL = 0.01, 0.10, and 0.25: (a) O 1s valence RXP spectra (h𝜈 = 536.0 
eV), with the valence NRXP contributions subtracted. (b) O 1s valence RXP spectra (h𝜈 = 535.0 eV), 
with the valence NRXP contributions subtracted. The NRXPS contributions were subtracted using 
the procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
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8.6. Supplementary information for Chapter 6  

 

 
Appendix Figure 8.38. Core and valence state NRXP spectra for 0.5 M (K[SCN])(H2O): (a) C 1s. (b) N 
1s. (c) O 1s. (d) S 2p. (e) K 2p. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.2.  
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Appendix Figure 8.39. Core and valence state NRXP spectra for 0.5 M (K[SCN])(PC): (a) C 1s. (b) N 
1s. (c) O 1s. (d) S 2p. (e) K 2p. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.2.  
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Appendix Figure 8.40. Core and valence state NRXP spectra for 0.5 M (Li[NTf2])(H2O): (a) C 1s. (b) N 
1s. (c) O 1s. (d) S 2p. (e) F 1s. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.2.  
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Appendix Figure 8.41. Core and valence state NRXP spectra for 0.5 M (Li[NTf2])(PC): (a) C 1s. (b) N 
1s. (c) O 1s. (d) S 2p. (e) F 1s. (f) Valence. All XP spectra were measured at h𝜈 = 700.0 eV. All XP 
spectra were charge referenced using the methods detailed in Section 2.7.2.  
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Appendix Figure 8.42. N 1s valence RXPS map and spectra for 0.5 M (K[SCN])(H2O): (a) N 1s 
valence RXPS heat map for 0.5 M (K[SCN])(H2O). (b) Partial electron yield N 1s XA spectra. (c) N 1s 
valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 399.7 eV), with the 
valence NRXP contributions subtracted. The NRXPS contributions were subtracted using the 
procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
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Appendix Figure 8.43. C 1s valence RXPS map and spectra for 0.5 M (K[SCN])(H2O): (a) C 1s 
valence RXPS heat map for 0.5 M (K[SCN])(H2O). (b) Partial electron yield C 1s XA spectra. (c) C 1s 
valence NRXP spectrum (h𝜈 = 284.0 eV) and C 1s valence RXP spectra (h𝜈 = 287.5 eV), with the 
valence NRXP contributions subtracted. The NRXPS contributions were subtracted using the 
procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
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Appendix Figure 8.44. N 1s valence RXPS map and spectra for 0.5 M (K[SCN])(PC): (a) N 1s valence 
RXPS heat map for 0.5 M (K[SCN])(PC). (b) Partial electron yield N 1s XA spectra. (c) N 1s valence 
NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 399.7 eV), with the valence 
NRXP contributions subtracted. The NRXPS contributions were subtracted using the procedure 
detailed in Section 8.2. All RXP spectra were charge referenced using the methods detailed in 
Section 2.7.3.  
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Appendix Figure 8.45. C 1s valence RXPS map and spectra for 0.5 M (K[SCN])(PC): (a) C 1s valence 
RXPS heat map for 0.5 M (K[SCN])(PC). (b) Partial electron yield C 1s XA spectra. (c) C 1s valence 
NRXP spectrum (h𝜈 = 284.0 eV) and C 1s valence RXP spectra (h𝜈 = 287.5 eV), with the valence 
NRXP contributions subtracted. The NRXPS contributions were subtracted using the procedure 
detailed in Section 8.2. All RXP spectra were charge referenced using the methods detailed in 
Section 2.7.3.  
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Appendix Figure 8.46. N 1s valence RXPS map and spectra for 0.5 M (Li[NTf2])(H2O): (a) N 1s 
valence RXPS heat map for 0.5 M (Li[NTf2])(H2O). (b) Partial electron yield N 1s XA spectra. (c) N 1s 
valence NRXP spectrum (h𝜈 = 398.0 eV) and N 1s valence RXP spectra (h𝜈 = 402.1 eV), with the 
valence NRXP contributions subtracted. The NRXPS contributions were subtracted using the 
procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
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Appendix Figure 8.47. F 1s valence RXPS map and spectra for 0.5 M (Li[NTf2])(H2O): (a) F 1s 
valence RXPS heat map for 0.5 M (Li[NTf2])(H2O). (b) Partial electron yield F 1s XA spectra. (c) F 1s 
valence NRXP spectrum (h𝜈 = 686.0 eV) and F 1s valence RXP spectra (h𝜈 = 690.3 eV), with the 
valence NRXP contributions subtracted. The NRXPS contributions were subtracted using the 
procedure detailed in Section 8.2. All RXP spectra were charge referenced using the methods 
detailed in Section 2.7.3.  
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