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1. Ionic Liquids Studied and Synthesis 
 
Table S1 gives the ionic liquids (ILs) studied.  All 60 ILs were liquid at room temperature, making XPS 
experiments relatively straightforward, as no heating was required for any IL studied here.  Compared 
to the ILs studied in reference 1, two new cation cores were studied here, [CnC1Pyrr]+ and [CnPy]+.  
Furthermore, 20 new anions were studied, with a variety of properties/reasons to study.   

¶ I- vs [I3]-.   

¶ Nine halozincate ILs with different ligands, different number of zinc atoms and different 
countercation.   

¶ Five transition metal complexes, four tetrahedral and one octahedral.   

¶ [BF4]- vs [PF6]-.   

¶ [PF6]- vs [FAP]-.   

¶ [PF6]- vs [SbF6]-.   

¶ Three main group-based anions: [SnCl3]- vs [InCl4]- vs [SbF6]-.   

¶ 12 ILs with post-transition centres in total.   

¶ Cation-anion combinations selected to potentially give the cation as the HOMO.   
 
[C8C1Im]2[FeCl4], [C8C1Im]2[CoCl4], [C8C1Im]2[CoBr4], [C8C1Im]2[Co(NTf2)4], [C8C1Im]2[NiCl4], 
[C8C1Im]2[Zn3Br8] and [C8C1Im]2[ZnCl2Br2] were prepared using the following method.  1-Octyl-3-
methylimidazolium chloride, [C8C1Im]Cl, and 1-octyl-3-methylimidazolium bromide, [C8C1Im]Br, were 
purchased from Iolitec, and dried on a Schlenk line at <2 × 10-2 mbar at 70°C for 48 h before being 
transferred to a LABstar (MBraun) glovebox with <0.5 ppm of O2 and H2O.  These viscous ILs were 
gently heated to 40°C; next, 2-3 g of the appropriate IL was decanted into a series of 30 mL screw top 
glass vials.  The desired amount of metal salt (ESI Table S2 for metal salt sources, used as received) 
was calculated and weighed into each vial, stirrer bars were added, and the temperature was raised 
to 70°C.  Masses are given in ESI Table S3.  The vials were periodically handled to wash any solid 
particles from the sides until clear solutions persisted (typically < 48 h).  For both laboratory and 
synchrotron measurements, the samples were mounted in air; exposure to air was limited to <10 
minutes.  For [C8C1Im]2[ZnCl2Br2], 1-octyl-3-methylimidazolium bromide and zinc(II) chloride were 
used.   
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Table S1.  ILs investigated in this work.   

IL no. Abbreviation Structure Name Synthesis 

1 [C8C1Im]Cl 

 

1ςoctylς3ςmethylimidazolium chloride Ref. 1 

2 [C8C1Im]Br 

 

1ςoctylς3ςmethylimidazolium bromide Ref. 1 

3 [C6C1Im]I 

 

1ςhexylς3ςmethylimidazolium iodide Ref. 1 

4 [P6,6,6,14]Cl 

 

tetradecyl(trihexyl)phosphonium chloride Ref. 1 

5 [P6,6,6,14]Br 

 

tetradecyl(trihexyl)phosphonium bromide Ref. 1 

6 [C4C1Im][SCN] 

 

1ςbutylς3ςmethylimidazolium thiocyanate Ref. 1 

7 [C8C1Im][SCN] 

 

1ςoctylς3ςmethylimidazolium thiocyanate Ref. 1 

8 [C4C1Im][N(CN)2] 

 

1ςbutylς3ςmethylimidazolium dicyanamide Ref. 1 
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9 [P6,6,6,14][N(CN)2] 

 

tetradecyl(trihexyl)phosphonium dicyanamide Ref. 1 

10 [C8C1Im][C(CN)3] 

 

1ςoctylς3ςmethylimidazolium 
tricyanomethanide 

Ref. 1 

11 [C6C1Im][B(CN)4] 

 

1ςhexylς3ςmethylimidazolium tetracyanoborate Ref. 1 

12 [C8C1Im][BF4] 

 

1ςoctylς3ςmethylimidazolium tetrafluoroborate Ref. 1 

13 [P6,6,6,14][NO3] 

 

tetradecyl(trihexyl)phosphonium nitrate Ref. 1 

14 [C4C1Im][HSO4] 

 

1ςbutylς3ςmethylimidazolium hydrogensulfate Ref. 1 
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15 [C8C1Im][HSO4] 

 

1ςoctylς3ςmethylimidazolium hydrogensulfate Ref. 1 

16 [C4C0Im][HSO4] 

 

1ςbutylςimidazolium hydrogensulfate Ref. 1 

17 [N4,1,1,0][HSO4] 

 

butyl(dimethyl)ammonium hydrogensulfate Ref. 1 

18 [N8,1,1,0][HSO4] 

 

octyl(dimethyl)ammonium hydrogensulfate Ref. 1 

19 [C4C1Im][MeSO4] 

 

1ςbutylς3ςmethylimidazolium methylsulfate Ref. 1 

20 [C4C1Im][OcSO4] 

 

1ςbutylς3ςmethylimidazolium octylsulfate Ref. 1 

21 [C2C1Im][MeSO3] 

 

1ςethylς3ςmethylimidazolium 
methanesulfonate 

Ref. 1 

22 [C4C1Im][Me2PO4] 

 

1ςbutylς3ςmethylimidazolium 
dimethylphosphate 

Ref. 1 
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23 [C4C1Im][TfO] 

 

1ςbutylς3ςmethylimidazolium 
trifluoromethylsulfonate 

Ref. 1 

24 [C8C1Im][TfO] 

 

1ςoctylς3ςmethylimidazolium 
trifluoromethylsulfonate 

Ref. 1 

25 [N2,2,1,0][TfO] 

 

diethyl(methyl)ammonium 
trifluoromethylsulfonate 

Ref. 1 

26 

[N2OH,2OH,2OH,1][TfO] 
 
or  
 
[N(2OH)3,1][TfO] 

 

triethanol(methyl)ammonium triflate Ref. 1 

27 [C4C1Im][NTf2] 

 

1ςbutylς3ςmethylimidazolium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

28 [C6C1Im][NTf2] 

 

1ςhexylς3ςmethylimidazolium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

29 [C8C1Im][NTf2] 

 

1ςoctylς3ςmethylimidazolium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 
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30 [C2C0Im][NTf2] 

 

1ςethylςimidazolium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

31 [C4C0Im][NTf2] 

 

1ςbutylςimidazolium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

32 [N4,1,1,1][NTf2] 

 

butyl(trimethyl)ammonium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

33 [N3,2,1,1][NTf2] 

 

propyl(ethyl)(dimethyl)ammonium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

34 [N8,8,8,1][NTf2] 

 

trioctyl(methyl)ammonium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

35 [S2,2,1][NTf2] 

 

diethyl(methyl)sulfonium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

36 [S2,2,2][NTf2] 

 

triethylsulfonium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 

37 [P6,6,6,14][NTf2] 

 

hexadecyl(trihexyl)phosphonium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 1 
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38 [C4C1Pyrr][NTf2] 

 

1-butyl-1-methylpyrridinium 
bis[(trifluoromethane)sulfonyl]imide 

Ref. 2 

39 [C4Py][NTf2] 

 

1-butylpyridinium 
bis[(trifluoromethane)sulfonyl]imide 

Purchased 
from Iolitec 

41 [C8Py][BF4] 

 

1-octylpyridinium tetrafluoroborate Ref. 3 

42 [C4C1Im][PF6] 

 

1-butyl-3-methylimidazolium 
hexafluorophosphate 

Ref. 4 

43 [C2C1Im][FAP] 

 

1-ethyl-3-methylimidazolium 

tris(pentafluoroethyl)trifluorophosphate a 

Purchased 
from Sigma-
Aldrich 

44 [C8C1Im][SbF6] 

 

1-octyl-3-methylimidazolium 
hexafluoroantimonate 

Ref. 5 

45 [C8C1Im][I3] 

 

1-octyl-3-methylimidazolium triiodide Ref. 6 
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46 [C8C1Im]2[ZnCl4] 

 

bis(1-octyl-3-methylimidazolium) 
tetrachlorozincate 

Ref. 7 

47 [C8C1Im]2[Zn2Cl6] 

 

bis(1-octyl-3-methylimidazolium) 
hexachlorodizincate 

Ref. 7 

48 [C8C1Im]2[Zn4Cl10] 

 

bis(1-octyl-3-methylimidazolium) 

decachlorotetrazincate b 
Ref. 7 

49 [C8C1Im]2[ZnCl2Br2] 

 

bis(1-octyl-3-methylimidazolium) 
dichlorodibromozincate 

This work 

50 [C8C1Im]2[ZnBr4] 

 

bis(1-octyl-3-methylimidazolium) 
tetrabromozincate 

Ref. 7 

51 [C8C1Im]2[Zn2Br6] 

 

bis(1-octyl-3-methylimidazolium) 
hexabromodizincate 

Ref. 7 
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52 [C8C1Im]2[Zn3Br8] 

 

bis(1-octyl-3-methylimidazolium) 
octabromotrizincate 

This work 

53 [C8C1Im]2[Zn4Br10] 

 

bis(1-octyl-3-methylimidazolium) 
decabromotetrazincate 

Ref. 7 

54 [P6,6,6,14]2[ZnCl4] 

 

hexadecyl(trihexyl)phosphonium 
tetrachlorozincate 

Ref. 7 

54 [C8C1Im][InCl4] 

 

1-octyl-3-methylimidazolium tetrachloroindate Ref. 8 

55 [C8C1Im][SnCl3] 

 

1-octyl-3-methylimidazolium trichlorostannate Ref. 8 

56 [C8C1Im]2[FeCl4] 

 

bis(1-octyl-3-methylimidazolium) 
tetrachloroferrate 

This work 

57 [C8C1Im]2[CoCl4] 

 

bis(1-octyl-3-methylimidazolium) 
tetrachlorocobaltate 

This work 



S11 
 

58 [C8C1Im]2[CoBr4] 

 

bis(1-octyl-3-methylimidazolium) 
tetrabromocobaltate 

This work 

59 [C8C1Im]2[NiCl4] 

 

bis(1-octyl-3-methylimidazolium) 
tetrachloronickelate 

This work 

60 [C8C1Im]2[Co(NTf2)4] 

 

bis(1-octyl-3-methylimidazolium) 
tetra(bis(trifluoromethylsulfonyl)imide)cobaltate 
c 

This work 

a [FAP]- drawn as meridional isomer, although facial isomer also expected to be present in the IL9 
b [Zn4Cl10]2- and [Zn4Br10]2- drawn as linear, but ring could also be present 
c [Co(NTf2)4]2- drawn with two bidentate anions and two monodentate anions; other combinations are possible 

 
Table S2.  Metal salts used to make halometallate ILs 

Salt Formula Purity Purchased from 

iron(II) chloride FeCl2 anhydrous, 99.5% VWR International Ltd. 
cobalt(II) chloride CoCl2 97% Sigma-Aldrich 
cobalt(II) bromide CoBr2 99% Sigma-Aldrich 
cobalt(II) bis[(trifluoromethane)sulfonyl]imide Co[(CF3SO2)2N]2 = Co[NTf2]2 99.5% Solvionic 
nickel(II) chloride NiCl2 99.995% metals basis Fisher Scientific Ltd. 
zinc(II) chloride ZnCl2 99.999% metals basis Sigma-Aldrich 
zinc(II) bromide ZnBr2 99.999% metals basis Sigma-Aldrich 
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Table S3.  Techniques used for each IL in this work.   

IL no. Abbreviation Variable hn XPS RAES/RXPS Lab-based XPS Published 

1 [C8C1Im]Cl Ref. 1 N 1s in ref. 1 UCL (Ka)1 and UCL (Theta Probe) Ref. 1 

2 [C8C1Im]Br   Imperial (Ka)1 and UCL (Theta Probe) Ref. 1 

3 [C6C1Im]I   UCL (Ka)1 Ref. 1 

4 [P6,6,6,14]Cl   UCL (Ka)1 Ref. 1 

5 [P6,6,6,14]Br   UCL (Ka)1 Ref. 1 

6 [C4C1Im][SCN] Ref. 1 N 1s; C 1s in ref. 1 UCL (Ka)1 Ref. 1 
7 [C8C1Im][SCN]   Imperial1 Ref. 1 

8 [C4C1Im][N(CN)2]   UCL (Ka)1 Ref. 1 

9 [P6,6,6,14][N(CN)2]   UCL (Ka)1 Ref. 1 

10 [C8C1Im][C(CN)3]  N 1s; C 1s in ref. 1 UCL (Ka)1 Ref. 1 

11 [C6C1Im][B(CN)4]   UCL (Ka)1 Ref. 1 

12 [C8C1Im][BF4]  N 1s on B07 UCL (Ka)1 Ref. 1 

13 [P6,6,6,14][NO3] Ref. 1 C 1s; N 1s; O 1s in ref. 1 UCL (Ka)1 Ref. 1 

14 [C4C1Im][HSO4]   UCL (Ka)1 Ref. 1 

15 [C8C1Im][HSO4]   UCL (Ka)1 Ref. 1 

16 [C4C0Im][HSO4]   UCL (Ka)1 Ref. 1 

17 [N4,1,1,0][HSO4] Ref. 1 C 1s; N 1s; O 1s in ref. 1 UCL (Ka)1 Ref. 1 

18 [N8,1,1,0][HSO4]   UCL (Ka)1 Ref. 1 

19 [C4C1Im][MeSO4]   UCL (Ka)1 Ref. 1 

20 [C4C1Im][OcSO4]   UCL (Ka)1 Ref. 1 

21 [C2C1Im][MeSO3]   UCL (Ka)1 Ref. 1 

22 [C4C1Im][Me2PO4]   UCL (Ka)1 Ref. 1 

23 [C4C1Im][TfO]   UCL (Ka)1 Ref. 1 

24 [C8C1Im][TfO]   UCL (Ka)1 Ref. 1 

25 [N2,2,1,0][TfO] Ref. 1 C 1s; N 1s; O 1s in ref. 1 UCL (Ka)1 Ref. 1 

26 [N2OH,2OH,2OH,1][TfO]   UCL (Ka)1 Ref. 1 

27 [C4C1Im][NTf2]   UCL (Ka)1 Ref. 1 

28 [C6C1Im][NTf2]   UCL (Ka)1 Ref. 1 

29 [C8C1Im][NTf2] Ref. 1 C 1s; N 1s; O 1s in ref. 1 UCL (Ka)1 and UCL (Theta Probe) Ref. 1 

30 [C2C0Im][NTf2]   UCL (Ka)1 Ref. 1 

31 [C4C0Im][NTf2]   UCL (Ka)1 Ref. 1 

32 [N4,1,1,1][NTf2]   UCL (Ka)1 Ref. 1 

33 [N3,2,1,1][NTf2]   UCL (Ka)1 Ref. 1 

34 [N8,8,8,1][NTf2]   UCL (Ka)1 Ref. 1 

35 [S2,2,1][NTf2]   UCL (Ka)1 Ref. 1 

36 [S2,2,2][NTf2]   UCL (Ka)1 Ref. 1 

37 [P6,6,6,14][NTf2]   UCL (Ka)1 Ref. 1 
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38 [C4C1Pyrr][NTf2]   Kratos Axis Ultra (Nottingham) Core levels in ref. 2. Valence levels in this work 
39 [C4Py][NTf2]  N 1s on B07 UCL (Ka) This work 

41 [C8Py][BF4]   Kratos Axis Ultra (Nottingham) This work 
42 [C4C1Im][PF6]   UCL (Ka) This work 

43 [C2C1Im][FAP]  N 1s on B07 Kratos Axis Ultra (Harwell) This work 
44 [C8C1Im][SbF6]   Kratos Axis Ultra (Nottingham) Core levels in ref. 5. Valence levels in this work 
45 [C8C1Im][I3]   Kratos Axis Ultra (Nottingham) Core levels in ref. 6. Valence levels in this work 
46 [C8C1Im]2[ZnCl4]  N 1 on B07 UCL (Theta Probe) This work 
47 [C8C1Im]2[Zn2Cl6]   UCL (Theta Probe) This work 
48 [C8C1Im]2[Zn4Cl10]  N 1s on B07 UCL (Theta Probe) This work 
49 [C8C1Im]2[ZnCl2Br2]   UCL (Theta Probe) This work 
50 [C8C1Im]2[ZnBr4]   UCL (Theta Probe) This work 
51 [C8C1Im]2[Zn2Br6]   UCL (Theta Probe) This work 
52 [C8C1Im]2[Zn3Br8]   UCL (Theta Probe) This work 
53 [C8C1Im]2[Zn4Br10]  N 1s on B07 UCL (Theta Probe) This work 
54 [P6,6,6,14]2[ZnCl4]   UCL (Theta Probe) This work 
54 [C8C1Im][InCl4]  N 1s on B07 UCL (Theta Probe) This work 
55 [C8C1Im][SnCl3]  N 1s on I09 UCL (Theta Probe) This work 
56 [C8C1Im]2[FeCl4]  N 1s on B07 UCL (Theta Probe) This work 
57 [C8C1Im]2[CoCl4]  N 1s on B07 UCL (Theta Probe) This work 
58 [C8C1Im]2[CoBr4]   UCL (Theta Probe) This work 
59 [C8C1Im]2[NiCl4]  N 1s on B07 UCL (Theta Probe) This work 
60 [C8C1Im]2[Co(NTf2)4]  C 1s on B07 UCL (Theta Probe) This work 
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2. Data analysis. Synchrotron XPS: sample charging 
 
In reference 1 we noted that the greater flux of synchrotrons, relative to lab XPS apparatus, can give 
significant damage/charging.  To overcome these challenges, we either used a static sample with 
greatly reduced flux (I09 and the B07 T-pot sample holder, all ILs studied at the synchrotron apart from 
one) or rastered the sample (the B07 T-pot sample holder for one IL only, [C8C1Im]2[Co(NTf2)4]).  Both 
of these strategies were successful.   
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3. Data analysis.  Peak fitting core level XP spectra 
 
Peak fitting core level XP spectra is important for demonstrating purity (ESI Section 6), but for this work it is just as important for charge referencing.  In ESI 
Table S4, the core orbital used for charge referencing is given, along with any constraints used.  The constraints used were all explained in the ESI of reference 
1, apart from for [C8Py][BF4] which was explained in reference 3.   
 
Table S4.  Experimental X-ray photoelectron spectroscopy (XPS) details on the charge correction applied for each ionic liquid, and any fitting constraints needed to fit the core orbital used for 
charge referencing 

IL no. Abbreviation 
Charge 
referencing 
method used 

Core orbital 
used for charge 
referencing 

Fitting constraints used 
EB for core orbital 
used for charge 
referencing / eV 

Rationale for choosing core orbital 
used for charge referencing 

EB value shifted 
for valence XP 
spectrum / eV 

1 [C8C1Im]Cl i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain -0.23 
2 [C8C1Im]Br i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.09 
3 [C6C1Im]I ii Ncation 1s None 401.9 Ncation 1s for [C8C1Im]I 10 0.05 

4 [P6,6,6,14]Cl i Calkyl 1s 
4:28 for Chetero:Calkyl 

FWHM(Chetero) = FWHM(Calkyl) 
285.0 Long alkyl chain -0.19 

5 [P6,6,6,14]Br i Calkyl 1s 
4:28 for Chetero:Calkyl 

FWHM(Chetero) = FWHM(Calkyl) 
285.0 Long alkyl chain -0.42 

6 [C4C1Im][SCN] ii Ncation 1s None 401.9 Ncation 1s for [C8C1Im][SCN] 0.10 
7 [C8C1Im][SCN] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain -0.13 
8 [C4C1Im][N(CN)2] ii Ncation 1s None 402.0 Ncation 1s for [C8C1Im][N(CN)2] 10 0.04 

9 [P6,6,6,14][N(CN)2] i Calkyl 1s 
4:28 for Chetero:Calkyl 

FWHM(Chetero) = FWHM(Calkyl) 
285.0 Long alkyl chain 0.22 

10 [C8C1Im][C(CN)3] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.01 
11 [C6C1Im][B(CN)4] i Calkyl 1s 1:4:5 for C2:Chetero:Calkyl 285.0 Long alkyl chain -0.24 
12 [C8C1Im][BF4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain -0.10 

13 [P6,6,6,14][NO3] i Calkyl 1s 
4:28 for Chetero:Calkyl 

FWHM(Chetero) = FWHM(Calkyl) 
285.0 Long alkyl chain -0.10 

14 [C4C1Im][HSO4] ii Ncation 1s None 401.8 Ncation 1s for [C8C1Im][HSO4] -0.38 
15 [C8C1Im][HSO4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain -0.39 
16 [C4C0Im][HSO4] iv Calkyl 1s 1:4:3 for C2:Chetero:Calkyl 285.0 Calkyl 1s for [C4C1Im][HSO4] -0.21 
17 [N4,1,1,0][HSO4] ii Sanion 2p3/2 3:3 for Chetero:Calkyl 168.7 Sanion 2p3/2 for [N8,1,1,0][HSO4] -0.28 
18 [N8,1,1,0][HSO4] i Calkyl 1s 3:7 for Chetero:Calkyl 285.0 Long alkyl chain 0.11 
19 [C4C1Im][MeSO4] iii Ncation 1s None 401.7 Ncation 1s for [C4C1Im][OcSO4] -0.26 
20 [C4C1Im][OcSO4] i Calkyl 1s 1:5:10 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.02 
21 [C2C1Im][MeSO3] vi Ncation 1s None 401.9 Average Ncation 1s for [C8C1Im][A] 10 0.12 
22 [C4C1Im][Me2PO4] vi Ncation 1s None 401.9 Average Ncation 1s for [C8C1Im][A] 10 -0.17 
23 [C4C1Im][TfO] ii Ncation 1s None 402.0 Ncation 1s for [C8C1Im][TfO] -0.83 
24 [C8C1Im][TfO] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain -0.46 
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25 [N2,2,1,0][TfO] v Fanion 1s None 688.4 Fanion 1s for [C8C1Im][TfO] -0.49 
26 [N2OH,2OH,2OH,1][TfO] v Fanion 1s None 688.4 Fanion 1s for [C8C1Im][TfO] -0.44 
27 [C4C1Im][NTf2] ii Ncation 1s None 402.1 Ncation 1s for [C8C1Im][NTf2] 0.04 
28 [C6C1Im][NTf2] ii Ncation 1s None 402.1 Ncation 1s for [C8C1Im][NTf2] 0.04 
29 [C8C1Im][NTf2] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.21 
30 [C2C0Im][NTf2] ii Fanion 1s None 688.8 Fanion 1s for [N8,8,8,1][NTf2] -0.01 
31 [C4C0Im][NTf2] ii Fanion 1s None 688.8 Fanion 1s for [N8,8,8,1][NTf2] 0.07 
32 [N4,1,1,1][NTf2] ii Fanion 1s None 688.8 Fanion 1s for [N8,8,8,1][NTf2] -0.30 
33 [N3,2,1,1][NTf2] ii Fanion 1s None 688.8 Fanion 1s for [N8,8,8,1][NTf2] -0.07 
34 [N8,8,8,1][NTf2] i Calkyl 1s 4:3:18 for Chetero:Cinter:Calkyl 285.0 Long alkyl chain 0.03 
35 [S2,2,1][NTf2] v Fanion 1s None 688.8 Fanion 1s for [N8,8,8,1][NTf2] -0.36 
36 [S2,2,2][NTf2] v Fanion 1s None 688.8 Fanion 1s for [N8,8,8,1][NTf2] -0.10 

37 [P6,6,6,14][NTf2] i Calkyl 1s 
4:28 for Chetero:Calkyl 

FWHM(Chetero) = FWHM(Calkyl) 
285.0 Long alkyl chain 0.01 

38 [C4C1Pyrr][NTf2] ii Ncation 1s None 402.7 Ncation 1s for [C8C1Pyrr][NTf2] -0.13 
39 [C4Py][NTf2] ii CF3 C 1s None 292.9 CF3 C 1s for [C8Py][NTf2] -0.05 

41 [C8Py][BF4] i Calkyl 1s 

2.8:2.7:7 for Chetero:Cinter:Calkyl 

FWHM(Chetero) = FWHM(Cinter) 

FWHM(Calkyl) = FWHM(Chetero) ³ 1.08 
(taken from reference 3) 

285.0 Long alkyl chain -0.01 

42 [C4C1Im][PF6] ii Ncation 1s None 402.1 Ncation 1s for [C8C1Im][PF6] 0.33 
43 [C2C1Im][FAP] ii CF3 C 1s None 293.14 Ncation 1s for [C8C1Im][FAP] 11 1.01 
44 [C8C1Im][SbF6] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain -0.41 
45 [C8C1Im][I3] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.39 
46 [C8C1Im]2[ZnCl4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.57 
47 [C8C1Im]2[Zn2Cl6] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.28 
48 [C8C1Im]2[Zn4Cl10] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.56 
49 [C8C1Im]2[ZnCl2Br2] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.44 
50 [C8C1Im]2[ZnBr4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.53 
51 [C8C1Im]2[Zn2Br6] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.60 
52 [C8C1Im]2[Zn3Br8] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.44 
53 [C8C1Im]2[Zn4Br10] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.67 

54 [P6,6,6,14]2[ZnCl4] i Calkyl 1s 
4:28 for Chetero:Calkyl 

FWHM(Chetero) = FWHM(Calkyl) 
285.0 Long alkyl chain 0.07 

54 [C8C1Im][InCl4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.06 
55 [C8C1Im][SnCl3] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.15 
56 [C8C1Im]2[FeCl4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain -0.09 
57 [C8C1Im]2[CoCl4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.38 
58 [C8C1Im]2[CoBr4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain -1.47 a 
59 [C8C1Im]2[NiCl4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.43 
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60 [C8C1Im]2[Co(NTf2)4] i Calkyl 1s 1:4:7 for C2:Chetero:Calkyl 285.0 Long alkyl chain 0.16 
a [C8C1Im]2[CoBr4] was the only sample that was mounted on a non-conducting glass substrate; this different sample mounting explains the very different EB shift value needed to charge 
corrected the valence XP spectrum for [C8C1Im]2[CoBr4] 
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4. Data analysis.  Peak fitting valence level XP spectra 
 
Peak fitting procedures were needed for non-resonant valence XP spectra recorded in the laboratory 

at hn = 1486.6 eV to obtain EB(cation HOFO) and EB(anion HOFO) values.  In general, the only constraint 
used was for the full width at half maximum (FWHM), which was generally constrained to be constant 
for any components that were likely to be important for obtaining EB(cation HOFO) and EB(anion 
HOFO) values.   
 

To fit the non-resonant valence XP spectra recorded at hn = 1486.6 eV for [C8C1Im][SnCl3], 
[C8C1Im][InCl4] and halozincate dianions, full width at half maximum (FWHM) values for peaks due to 
Sn 4d, In 4d and Zn 3d were used to obtain estimates of the FWHM for one valence state; the FWHM 
values were ~1.0 eV.8  This knowledge was then used to aid determination of the number of 

components in the non-resonant valence XP spectra recorded at hn = 1486.6 eV, e.g. Figure S1 for 
[C8C1Im]2[ZnCl4] and for [C8C1Im]2[FeCl4].  Cation contributions were so small that they could be 

ignored when fitting the non-resonant valence XP spectra recorded at hn = 1486.6 eV.  Using this 
approach, EB(anion HOFO) was determined for each metal complex-containing IL, [C2C1Im][FAP] and 
[C4C1Im][PF6] (ESI Figure S9 to ESI Figure S31).   
 

 
Figure S1.  Non-resonant laboratory valence XPS at hn = 1486.6 eV (including the HOMO fitted 
component, the total fit and the background for the fitting) for: (a) [C8C1Im]2[ZnCl4] and (b) 
[C8C1Im]2[FeCl4].  All electron spectra were charge referenced using methods outlined in Section 2.5.   
 
The FWHM for the fitted peak due to the HOMO for six ILs was ~0.9 eV, i.e. FWHM(total) ~0.9 eV.  The 
apparatus contribution (from the light source and the detector) was FWHM(apparatus) ~0.45 eV;12 
the contribution from HOMO core-hole lifetime was negligible (0 eV used here).13  Using Equation 1 
(ESI Section 10),14, 15 the sample contribution to the FWHM was estimated as 0.8 eV.  This variability 
in EB(HOMO) and Ei(IL) is predicted to be applicable to all ILs studied here, and gives a guide to the 
challenge of formally assigning the HOMO to either the cation or the anion for some ILs.   
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5. Data analysis.  Charge referencing methods 
 
Charge referencing methods were needed for both non-resonant valence XP spectra recorded in the 

laboratory at hn = 1486.6 eV and resonant XP spectra recorded at the synchrotron.  For non-resonant 
valence XP spectra recorded in the laboratory, the peak used for each IL is given in Table S4, along 
with the EB shift used for each IL.  Figure 5 in the manuscript gives a visual demonstration of charge 
referencing using EB(Calkyl 1s) for [C8C1Im]2[ZnCl4] and [P6,6,6,14]2[ZnCl4].   
 
For synchrotron XPS, the method used for charge referencing resonant XP spectra was the same as 

outlined in reference 1.  Non-resonant valence XP spectra recorded in the lab at hn = 1486.6 eV that 
had been charge referenced already were used as the starting point.  Non-resonant valence XP spectra 
recorded at the synchrotron just before/after the resonant valence XP spectrum was recorded were 
then used to determine the EB shift required to successfully charge reference the resonant valence XP 
spectrum in question.  The EB shift was determined by a visual comparison of the non-resonant valence 

XP spectrum recorded in the lab at hn = 1486.6 eV and the non-resonant valence XP spectrum 
recorded at the synchrotron; the visual comparison is given in ESI Figure S2 to Figure S4.  The 
synchrotron non-resonant XP spectra recorded to demonstrate IL purity were charge referenced by 
shifting to match the laboratory non-resonant XP spectra that had already been charge referenced.   
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Figure S2.  Non-resonant XP spectra recorded on laboratoryςbased XPS recorded at hn = 1486.6 eV (charge referenced using 
data in Table S4) and synchrotronςbased XPS (charge referenced by visually matching to the laboratoryςbased XP spectrum) 
for: (a) [C8C1Im][BF4], (b) [C2C1Im][FAP], (c) [C4Py][NTf2], (d) [C8C1Im]2[Co(NTf2)4].  The EB shift determined for the 
synchrotronςbased XPS for each IL was used to charge reference resonant XP spectra.   
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Figure S3.  Non-resonant XP spectra recorded on laboratoryςbased XPS recorded at hn = 1486.6 eV (charge referenced using 
data in Table S4) and synchrotronςbased XPS (charge referenced by visually matching to the laboratoryςbased XP spectrum) 
for: (a) [C8C1Im]2[ZnCl4], (b) [C8C1Im]2[Zn4Cl10], (c) [C8C1Im]2[Zn4Br10], (d) [C8C1Im][InCl4], (e) [C8C1Im]2[SnCl3].  The EB shift 
determined for the synchrotronςbased XPS for each IL was used to charge reference resonant XP spectra.   
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Figure S4.  Non-resonant XP spectra recorded on laboratoryςbased XPS recorded at hn = 1486.6 eV (charge referenced using 
data in Table S4) and synchrotronςbased XPS (charge referenced by visually matching to the laboratoryςbased XP spectrum) 
for: (a) [C8C1Im]2[FeCl4], (b) [C8C1Im]2[CoCl4], (c) [C8C1Im]2[NiCl4].  The EB shift determined for the synchrotronςbased XPS for 
each IL was used to charge reference resonant XP spectra.   
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6. Data analysis.  Obtaining EB(ion HOFO) and EB(ion onset) 
 

6.1. Obtaining EB(ion HOFO) 
 
Our EB(ion HOFO) values reported here are designed to capture the peak EB of the lowest EB anionic 
and cation contributions.  The ideal XP spectrum for obtaining EB(ion HOFO) is one that gives a readily 
fitted peak for the lowest EB (anionic or cation) contribution, e.g. determining EB(anion HOFO) for 
[CnC1Im][SCN].  Furthermore, fitting models have been developed for valence XPS of ILs, as explained 
in ESI Section 4.  For determining some EB(ion HOFO) values, no readily fitted peak occurred.  
Therefore, a combination of different data sources was used to estimate a peak EB; thus, EB(ion HOFO) 
was obtained, e.g. EB(anion HOFO) for [N4,1,1,0][HSO4] was determined using a combination of variable 

hn XPS and RAES data.  This process of estimating a peak EB can be challenging for XP spectra that gave 
a broad feature for the lowest EB contribution; such features could be potentially be fitted with more 
than one peak.  For such situations, the error given with the value was larger reflecting the greater 
challenge obtaining EB(ion HOFO) values for such features.   
 
A general observation is that the lowest EB anionic feature in XP spectra was far more likely to be a 
sharp peak than the lowest EB cationic feature in XP spectra.  For example, for [C4C1Im][SCN] and 
[C8C1Im]Cl the lowest EB anionic feature in XP spectra gave a single, relatively intense near-Gaussian 
shaped peak, whereas the lowest EB cationic feature in XP spectra for both ILs was a relatively broad 
feature.  This finding was likely the result of a combination of two factors: (i) for anions such as [SCN]- 
and Cl- it is expected that multiple MOs of very similar EB contribute to the lowest EB anionic feature, 
giving rise to a relatively intense peak, (ii) the anions are in general structurally simpler than cations 
with fewer different atoms potentially contributing to the MOs, meaning that cations have a number 
of MOs at relatively similar EB values.   
 

6.2. Obtaining EB(ion onset) 
 
EB(ion onset) values represent the experimental HOMO energy.  EB(ion onset) was determined by 
fitting a linear curve to the lowest EB component in a valence XP spectrum.  The x-intercept of this 
curve is equal to EB(ion onset).  The fitting EB range was chosen by the user to give a good visual fit to 
the XP spectrum.  IAll reported EB(ion onset) values were determined from chargeςreferenced labς
based valence XP spectra.   
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7. Results.  XPS: demonstrating purity 
 
Purity for 37 ILs included in our analysis here has already been demonstrated in reference 1.  Three of 

these ILs were studied on the Theta Probe XPS apparatus in addition to the Ka XPS apparatus used 
previously; these ILs are presented in ESI Figure S5 to Figure S7.  Furthermore, data for [C6C1Im]I and 
[C8C1Im][BF4] presented in reference 1 was re-used with the valence XP spectrum fitted (ESI Figure S8 
and ESI Figure S9).   
 
Purity for 23 new ILs is demonstrated here (Figure S10 to Figure S32).  For the laboratory XPS, there 
was a very small N 1s peak due to radiation damage for [C4C1Im][PF6] (ESI Figure S13c), and very small 
peaks due to silicon-based contamination (small O 1s, Si 2s and Si 2p peaks observed in survey scan, 
ESI Figure S13a).  Also, there was a very small N 1s peak due to radiation damage for [C2C1Im][FAP] 
(ESI Figure S14c), and very small peaks due to silicon-based contamination (small O 1s, Si 2s and Si 2p 
peaks observed in survey scan, ESI Figure S14a).  For the synchrotron XPS, there was a very small N 1s 
peak due to radiation damage for [C8C1Im]2[FeCl4] (ESI Figure S40a) and [C8C1Im]2[CoCl4] (ESI Figure 

S41a).  For the synchrotron data, these non-resonant XP spectra were recorded at hn = 700 eV for 

static samples.  The flux at hn = 700 eV was significantly larger than at the hn where resonant XP 

spectra were recorded (hn ~ 400 eV); therefore, the non-resonant XP spectra were more likely to show 
radiation damage than the resonant XP spectra.   
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Figure S5.  (a) Survey, (b-d) core, (e) Auger and (f) valence XP spectra for [C8C1Im]Cl recorded on laboratoryςbased XPS 

apparatus at hn = 1486.6 eV.  All XP spectra were charge referenced using method 1 outlined in Section 2.5.   
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Figure S6.  (a) Survey, (b-d) core and (e) valence XP spectra for [C8C1Im]Br recorded on laboratoryςbased XPS apparatus at 

hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S7.  (a) Survey, (b-f) core and (g) valence XP spectra for [C8C1Im][NTf2] recorded on laboratoryςbased XPS apparatus 

at hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S8.  (a) Survey, (b-d) core and (e) valence XP spectra for [C6C1Im]I recorded on laboratoryςbased XPS apparatus at hn 
= 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S9.  (a) Survey, (b-e) core and (f) valence XP spectra for [C8C1Im][BF4] recorded on laboratoryςbased XPS apparatus at 

hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.  The component labelled red 
was principally from the [C8C1Im]+ cation.   
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Figure S10.  (a) Survey, (b-f) core and (g) valence XP spectra for [C4C1Pyrr][NTf2] recorded on laboratoryςbased XPS apparatus 

at hn = 1486.6 eV.  All XP spectra were charge referenced using method ii outlined in Section 2.5.   
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Figure S11.  (a) Survey, (b-f) core and (g) valence XP spectra for [C4Py][NTf2] recorded on laboratoryςbased XPS apparatus at 

hn = 1486.6 eV.  All XP spectra were charge referenced using method ii outlined in Section 2.5.   
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Figure S12.  (a) Survey, (b-f) core and (g) valence XP spectra for [C8Py][BF4] recorded on laboratoryςbased XPS apparatus at 

hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.  The component labelled red 
was principally from the [C8Py]+ cation.   
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Figure S13.  (a) Survey, (b-e) core and (f) valence XP spectra for [C4C1Im][PF6] recorded on laboratoryςbased XPS apparatus 

at hn = 1486.6 eV.  All XP spectra were charge referenced using method ii outlined in Section 2.5.  The component labelled 
red was principally from the [C4C1Im]+ cation.   
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Figure S14.  (a) Survey, (b-d) core and (e) valence XP spectra for [C2C1Im][FAP] recorded on laboratoryςbased XPS apparatus 

at hn = 1486.6 eV.  All XP spectra were charge referenced using method ii outlined in Section 2.5.  The component labelled 
red was principally from the [C2C1Im]+ cation.   
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Figure S15.  (a) Survey, (b-e) core and (f) valence XP spectra for [C8C1Im][SbF6] recorded on laboratoryςbased XPS apparatus 

at hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.  The component labelled 
red was principally from the [C4C1Im]+ cation.   
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Figure S16.  (a) Survey, (b-d) core and (e) valence XP spectra for [C8C1Im][I3] recorded on laboratoryςbased XPS apparatus at 

hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S17.  (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [C8C1Im]2[ZnCl4] recorded on laboratoryςbased 

XPS apparatus at hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S18.  (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [C8C1Im]2[Zn2Cl6] recorded on laboratoryςbased 

XPS apparatus at hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S19.  (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [C8C1Im]2[Zn4Cl10] recorded on laboratoryςbased 

XPS apparatus at hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S20.  (a) Survey, (b-f) core, (g) Auger and (h) valence XP spectra for [C8C1Im]2[ZnCl2Br2] recorded on laboratoryςbased 

XPS apparatus at hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S21.  (a) Survey, (b-e) core, (f) Auger and (g) valence XP spectra for [C8C1Im]2[ZnBr4] recorded on laboratoryςbased 

XPS apparatus at hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   
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Figure S22.  (a) Survey, (b-e) core, (f) Auger and (g) valence XP spectra for [C8C1Im]2[Zn2Br6] recorded on laboratoryςbased 

XPS apparatus at hn = 1486.6 eV.  All XP spectra were charge referenced using method i outlined in Section 2.5.   

 


