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1. lonic Liquids Studied and Synthesis

Table Shives the ionic liquids (ILs) studiedll 60 ILs were liquid at room temperatynmaking XPS
experiments relatively straightforward, as no heating wecpuired for any IL studied her€€ompared
to the ILs studied in reference two new cation cores were studied here,@Pyrrl" and [GPyT.
Furthermore,20 new anionsvere studied, with a variety of properties/reasons to study

T Ivs[H-.

1 Nine halozincatdLswith different ligands, different number of zinc atoms and different
countercation.

9 Fivetransition metalcomplexesfour tetrahedral and one octahedral

1 [BR] vs [PH-

1 [PR] vs [FAP]

1 [PR] vs [SbH.

9 Three main groupased anions: [Sn{Ivs [INCf] vs [SbE".

1 12 ILs with postransition centresn total.

1 Catioranion combinations selected to potentially githee cation aghe HOMO.

[GGIm][FeCl], [GGIm][CoCl, [GGIm][CoBE, [GGIM][Co(NTH), [GGIm][NICL],
[GCIm][ZneBrg] and [GGIM][ZnCiBr] were prepared using the following method. -Clctyt3-
methylimidazolium chloride, BCiIm]CI, and Joctyl-3-methylimidazolium bromide, [§Im]Br, were
purchased from lolitec, and dried on a Schlenk line at <2>dlfar at 70°C for 48 h before being
transferred to a LABstar (MBraun) glovebox with <0.5 ppm.adrd HO. These viscous ILs were

gently heated to 40°C; next;2g 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 wedigd 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-by.both laboratory and
synchrotron measurements, the samples were mounted in air; exposure to air was limited to <10
minutes. Fo{GGIm][ZnCiBr], 1-octyl-3-methylimidazolium bromide and zinc(ll) chloride were

used.



Table S1.ILs nvestigated in this work.

IL no. Abbreviation Structure Name Synthesis
1@ )
1 [GGIm]CI N O N CI—| 1coctylc3¢methylimidazolium chloride Ref.1
- X \Can
) —1® )
2 [GGilm]Br N O N Br—| 1coctylc3¢methylimidazolium bromide Ref.1
N \Cus
)\ —1® -
3 [GGiIm]I N O N I 1chexyk3¢methylimidazolium iodide Ref.1
~ g \C6H13
Citas  |"
4 [Ps,6,6,14Cl l. C|—| i tetradecyl(trihexyl)phosphonium chloride Ref.1
N\ 1CgH
H13Ce/ \C I_? 13
6" 13
Cis  |"
5 [Ps.6.6,14Br l. Br_l i tetradecyl(trinexyl)phosphonium bromide Ref.1
/ V"CEHH
H13C6 C<H
6'113
7 @
6 [GGImM][SCN] N/ O \N S—C—=N 1¢butylg3¢methylimidazolium thiocyanate Ref.1
~ N \C4H9
7 0]
7 [GGIM][SCN] N/ O \N S—C—=N 1¢octylc3¢methylimidazolium thiocyanate Ref.1
N \Cus
—| © —| ©
N N L . . .
8 [CGIM]IN(CNY] N O N \ / 1¢butylg3¢methylimidazoliunmdicyanamide Ref.1
e \/
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tetradecyl(trihexyl)phosphonium dicyanamide

1coctylc3¢methylimidazolium
tricyanomethanide

1chexyk3¢methylimidazolium tetracyanoborate

1¢octylg3¢methylimidazolium tetrafluoroborate

tetradecyl(trihexyl)phosphonium nitrate

1¢butylg3¢methylimidazolium hydrogensulfate

Ref.2

Ref.2

Ref.1

Ref.2
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Ref.2
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[G:GIM]HSQ)

[GGIm][HSQ]

[Na,1,1.d[HSQ]

[Ng,1,1,d[HSQ]

[C:CIm][MeSQ]

[GGImM][OcSG

[GGIm][MeSQ]

[QC1| m][MezPQ]
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1coctylc3¢methylimidazolium hydrogensulfate Ref.1

1¢butylcimidazolium hydrogensulfate

butyl(dimethyl)ammonium hydrogensulfate

octyl(dimethyl)Jammonium hydrogensulfate

1cbutylc3gmethylimidazolium methylsulfate

1¢butylg3¢methylimidazolium octylsulfate

1¢ethylc3¢methylimidazolium
methanesulfonate

1¢butyl¢3gmethylimidazolium
dimethylphosphate
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[GGIm][TfO]

[GGIM][TO]

[N2,2,1,d[TfO]

[N2oH,20H,20H]{ TFO]
or

[Noms J[TfO]

[GGIM][NTE]

[CeGIM][NTE]

[GGIM][NTE]
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1¢butyl¢3gmethylimidazolium
trifluoromethylsulfonate

1¢octylc3¢methylimidazolium
trifluoromethylsulfonate

diethyl(methyl)ammonium
trifluoromethylsulfonate

triethanol(methyl)ammonium triflate

1¢butylg3gmethylimidazolium
bis[(trifluoromethane)sulfonyl]limide

1chexyk3¢methylimidazolium
bis[(trifluoromethane)sulfonyl]limide

1¢octylc3¢methylimidazolium
bis[trifluoromethane)sulfonyl]imide

Ref.2

Ref.1

Ref.2

Ref.2

Refl
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[G:GIM]NTE]

[GGIm][NTE]

[Na1,1,4[NTE]
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[Nggsd[NTE]
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1¢ethylgimidazolium
bis[(trifluoromethane)sulfonyl]limide

1¢butylcimidazolium
bis[(trifluoromethane)sulfonyl]limide

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

propyl(ethyl)(dimethyl)Jammonium
bis[(trifluoromethane)sulfonyl]limide

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

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

triethylsulfonium
bis[(trifluoromethane)sulfonyl]limide

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

Ref.1

Ref.2

Ref.2

Ref.1

Ref.l

Refl

Ref.2

Ref.2




CH, N 0 o 1°

FsC | || CF3 1-butyl-1-methylpyrridinium )
[GGPymINTE] i, >s\ /s< bis[(trifluoromethane)sulfonyllimide Ref.
gy
HQCA/ \j O/ N \O
0 o 1°
FsC CF ) idin
[CPY]INTS] ’ \! ﬂ/ ’ 1-butylpyridinium o Purchased
/ ~ \ bis[(trifluoromethane)sulfonyl]limide from lolitec
N
!
[GPy][BH] / ‘”F 1-octylpyridiniumtetrafluoroborate Ref.3
CBHﬂ'
Fo®
F’//, wF 1-butyl-3-methylimidazolium
tr, o 4
[GGIM][PR] \Q | \ hexafluorophosphate Ref.
CAHQ
S]
CoFs 1
Fa, | WCoFs 1-ethyl-3-methylimidazolium Purchqsed
[GGIm][FAP] i tafl thyDirif hosphat@ from Sigma
\/ CHs |\ ris(pentafluoroethyl)trifluorophospha Aldrich
CoFs
L
P, | F 1-octyl3-methylimidazolium
5
[GGIm][Shi] \O/ /‘T\ hexafluoroantimonate Ref.
CSHW F F
F
— 1 —
[GGIm][l5] O |———I 1-octyl-3-methylimidazolium triiodide Ref.6
N S,
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[GGIm]2[ZnCl]

[GGIM][ZnCl]

[GGIM]2[ZnCli]
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bis(Z-octyl-3-methylimidazolium)
tetrachlorozincate

bis(Z-octyl-3-methylimidazolium)
hexachlorodizincate

bis(Z-octyl-3-methylimidazolium)
decachlorotetrazincat8

bis(L-octyl-3-methylimidazolium)
dichlorodibromozincate

bis(Z-octyl-3-methylimidazolium)
tetrabromozincate

bis(L-octyl-3-methylimidazolium)
hexabromodizincate

Ref.”

Ref.”

Ref.”

This work

Ref.”

Ref.”
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[GGIm]2[ZreBrg]

[GGIM]2[ZryBriq]

[Ps,6.6,142[ZNCH]

[GGIm][INCl]

[GGIm][SnC]]

[CgCﬂm]z[FECJ]

[GGIm][CoC]

2-
_l@ Br Br —I
/ \ \ Bl / \ _amBr
/N\/N\ Zn""”’fBr“wzn\ /Zn""mBr
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bis(Z-octyl-3-methylimidazolium)
octabromotrizincate

bis(Z-octyl-3-methylimidazolium)
decabromotetrazincate

hexadecyl(trihexyl)phosphonium
tetrachlorozincate

1-octyl-3-methylimidazolium tetrachloroindate

1-octyl-3-methylimidazolium trichlorostannate

bis(Z-octyl-3-methylimidazolium)
tetrachloroferrate

bis(L-octyl-3-methylimidazolium)
tetrachlorocobaltate

This work

Ref.”

Ref.”

Ref.8

Ref.8

This work

This work
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/—\ —| ® Br\
s BT bis(L-octyl-3-methylimidazolium) .
%8 [CGImI{CoBy] /N\/N ~ Frengy tetrabromocobaltate This work
CeHi7 Br
2
2-
/_\ 7 ® CI\ B
. ._aaCl bis(Z-octyl-3-methylimidazolium) .
Ni=, )
> (GImENCH /N\QN\C H / el tetrachloronickelate This work
8l 17 cl
2
CF, 1%
(0] /
S——CF4
—@ SNy 7N\ . N
/ \ /S:o,,,h w0 0 bis(Z-octyl-3-methylimidazolium)
60 [GsGIM][Co(NTH)4] N \ N\ ‘Co. tetra(bis(trifluoromethylsulfonyl)imide)cobaltate This work
- N CoH /s:o/ \o\\/o c
g7
o}
2 FsC \l, \\ s/ NSO,CF;
o—Ss
CF
/ Ser, O
F3CO,SN

a[FAPjdrawn as meridional isomealthough facial isomer also expected to be present in the IL
b [ZnCho]? and [ZnBrig)? drawn adinear, butring couldalsobe present
¢[Co(NT4)4]% 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(ll) chloride Fed anhydrous 99.5% VWR International Ltd.
cobalt(Il) chloride Cod 97% SigmaAldrich

cobalt(Il) bromide CoBsp 99% SigmaAldrich

cobalt(ll) bisfrifluoromethane)sulfonyllimide  Co[(CESQ)2N].= Co[NTA2  99.5% Solvionic

nickel(ll) chloride NiCh 99.995% metalbasis  Fisher Scientific Ltd.
zinc(ll) chloride ZnC} 99.999% metals basis SigmaAldrich

zinc(ll) bromide ZnBp 99.999% metals basis SigmaAldrich

Sl1



Table 8. Techniques used for each IL in this work.

IL no. Abbreviation VariablehnXPS RAES/RXPS Labbased XPS Published
1 [GGIm]CI Ref.t N 1s in ref! UCL (K)!and UCL (Theta Probe) Ref.
2 [GGIm]Br Imperial(Ka)! and UCL (Theta Probe) Ref.1
3 [CsGuIm]I UCL ()t Ref.!
4 [P6,6,6,111C| UCL (K)l Ref.1
5 [Ps6.6,14Br UCL (K)?! Ref.1
6 [C&GIM][SCN] Ref.1 N 1sC 1sinreft UCL (K)! Ref.1
7 [GCGIM][SCN] Imperial Ref.l
8 [C/GIM][N(CN)] UCL (K)! Ref.l
9 [Pe.6,6,1d[N(CN)] UCL (K)! Ref.l
10 [GGIM][C(CNy N 1s; C 1sin ref. UCL (K)! Ref.l
11 [CGImM][B(CN)] UCL (K)! Ref.l
12 [GGIm][BR] N 1s on BO7 UCL ()t Ref.l
13 [Ps,6,6,14[NOg] Ref.1 C1s;N1s; O 1sinréf. UCL (K)! Ref.1
14 [GGIM][HSQ] UCL (K)* Ref.l
15 [GGIM][HSQ] UCL (K)* Ref.l
16 [CGGIM][HSQ] UCL (K)! Ref.l
17 [Ns.1.1.d[HSQ] Ref.l C1s;N1s; O 1sinréf. UCL (K)! Ref.l
18 [Ng.1.1.d[HSQ] UCL (K)! Ref.l
19 [GGIm][MeSQ] UCL (K)! Ref.l
20 [CGIM][OcSa UCL (K)! Ref.l
21 [CGGIm][MeSQ] UCL (K)! Ref.l
22 [GGIm][MePQ] UCL (K)* Ref.l
23 [CGIm][TfO] UCL (K)! Ref.l
24 [GGIm][TfO] UCL (K)! Ref.l
25 [N2,2,1,d[TfO] Ref.l C1s;N1s; O 1sinréf. UCL (K)! Ref.1
26 [NZOH,ZOH,ZOH][TfO] UCL (K)l Ref.1
27 [GGIM][NTE] UCL (K)* Ref.l
28 [GGIM][NTE] UCL (K)* Ref.l
29 [GGIM][NTE] Ref.1 C1sN1sO 1lsinrefl  UCL (K)!and UCL (Theta Probe) Ref.1
30 [GGIM][NTE] UCL (K)* Ref.l
31 [CGIM][NTE] UCL (K)* Ref.l
32 [Na1.1[NTH] UCL (K)! Ref.l
33 [N3214[NTE] UCL (K)! Ref.l
34 [Nag8[NTE] UCL (K)* Ref.1
35 [S2.24[NTE] UCL (K)* Ref.!
36 [S2.24[NTE] UCL (K)* Ref.!
37 [Pe,e,e,lz][Nsz] UCL (K)l Ref.1
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38
39
41
42
43
44
45
46
47
48
49
50
51
52
53
54
54
55
56
57
58
59
60

[CGPyrr][NT$]
[GPY]INTE]
[GsPy][BE]
[GGIm][PF]
[GGIm][FAP]
[GeGIm][SbF]
[GCilm][l5]
[GGIm]z[ZnCl]]
[GCGIM][ZClho]
[GGiIm]2[ZnCiBr)
[GGIm]2[ZnBuy]
[CgCllm]z[anBre]
[CgCllm]z[ZmBrg]
[GGIm]2[ZnBrag]
[Ps.6.6,142[ZnCl]
[GGIM][INCH]
[GGIm][Snd]
[CgCllm]z[FeCJ]
[GGIm][Cod]
[GGiim],[CoBg]
[GGIMI[NICH]
[GGIM][Co(NTH4]

N 1s on BO7

N 1s on BO7

N 1 on BO7

N 1s on BO7

N 1s on BO7

N 1s on BO7
N 1s on09

N 1s on BO7
N 1s on BO7

N 1s on BO7
C 1s on B0O7

KratosAxis Ultra (Nottingham)

UCL (K)

Kratos Axis Ultra (Nottingham)

UCL ()

Kratos Axis Ultra (Harwell)
Kratos Axis Ultra (Nottingham)
Kratos Axis Ultra (Nottingham)

UCL (Theta Probe)
UCL (Theta Probe)
UCL (Theta Probe)
UCL (Theta Probe)
UCL (Theta Probe)
UCL (Theta Probe)
UCL (Theta Probe)
UCL(Theta Probe)

UCL (Theta Probe)
UCL (Theta Probe)
UCL (Theta Probe)
UCL (Thet®robe)

UCL (Theta Probe)
UCL (Theta Probe)
UCL (Theta Probe)
UCL (Theta Probe)

Core levels in ret Valence levels in this worl
This work
This work
This work
This work
Core levels in ref. Valence levels in this worl
Core levels in ref. Valence levels in this worl
This work
This work
Thiswork
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
Thiswork
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2. Data analysis. Synchrotron XPS: sample charging

In reference! 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 (109 and the BOpat sanple holder, all ILs studied at the synchrotron apart from

one) or rastered the samplel{e BO7 Fpot sample holder for one IL onlGeGIm];[Co(NT4)4]). Both

of these strategies were successful.

Si4



3. Data analysis. Peak fitting cotevel XP spectra

Peak fitting core level XP spectra is important for demonstrating purity (ESI S&ctimar for this work it is just as important faharge referencingin ESI
Table S4, the core orbital used for charge referencing is given, aldmgnyitconstraints used. The constraints used were all explained in the ESI of reference
1 apart from for[GPy][BR] which was explained in referenée

Table 8. Experimental Xay photoelectron spectroscopy (XPS) details on the charge correction applieacfoiamic liquid, and any fitting constraints needed to fit the core orbital used for
charge referencing

Charge Core orbital Es for core orbital . . .. Bsvalue shifted
. . . . Rationale for choosing core orbital
ILno. Abbreviation referencing used for charge Fitting constraints used used for charge : for valence XP
: . used for charge referencing
method used  referencing referencing / eV spectrum / eV
1 [GGIm]CI i Caiyi 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain -0.23
2 [GGIm]Br i Caiyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain 0.09
3 [CGiIm]I ii Neation 1S None 401.9 Neation 1S for [GGiIm]I 10 0.05
4 [Ps.6,614Cl i Gy 1S lii/z\/i :\C/’IE Git;m)gﬁllk:y\llv G 285.0 Long alkyl chain -0.19
5 [Ps.6.614Br i Caigr 1S i@iﬁéﬁ;ﬁ;fﬁ@vm - 285.0 Long alkythain 0.42
6 [GGIM][SCN] i Ncation 1S None 401.9 Neation 1S for [GGIM][SCN] 0.10
7 [GGIM][SCN] i Gyl 18 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain -0.13
8 [CGIM][IN(CNY] i Ncation 1S None 402.0 Neation 1S for [GGIM][N(CNy] 20 0.04
9 [Ps 6.6 1dIN(CN)] i Cakt 18 iVZ\/?'l];\(/JIEG(iZe;;S?{INHM - 285.0 Long alkyl chain 0.22
10 [GGIM][C(CNy] i Gakyi 1s 1:4:7 for C:Ghetero:CGaikyl 285.0 Long alkyl chain 0.01
11 [GGIm][B(CNy] i Gyl 1s 1:4:5 for C:Gietero:Gaikyl 285.0 Long alkyl chain -0.24
12 [GGIm][BR] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain -0.10
13 [Ps.6.6.14[NO3] i Gakyi 1s ivzvi:\c/)nzczzejgk:y\lwm (o) 285.0 Long alkyl chain -0.10
14 [GGIm][HSQ] i Ncation 1S None 401.8 Neation 1S for [GGIM][HSQ] -0.38
15 [GGIm][HSQ] i Gyl 18 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain -0.39
16 [GGImM][HSQ] iv Gyl 1s 1:4:3 for C:Gietero:Gaikyl 285.0 Gakyi 1s for [GGIM][HSQ] -0.21
17 [N4,1,1,d[HSQ] ii Sanion 2[:)3/2 3:3 for Getero:calkyl 168.7 Shnion 2p3/2 for [N811d[HSQ] -0.28
18 [Ng.1,1,d[HSQ] i Gyl 1s 3:7 for Getero:Gaikyl 285.0 Long alkyl chain 0.11
19 [GGIm][MeSQ] iii Neation 1S None 401.7 Neation 1S for [GGIM][OcSQ -0.26
20 [GGIm][OcSG) i Gyl 18 1:5:10 for @ Gietero: Gaikyl 285.0 Long alkyl chain 0.02
21 [GGIm][MeSQ] Vi Ncation 1S None 401.9 Average Nion 1s for [GGImM][A]°©  0.12
22 [CGIm][MePQ] vi Necation 1S None 401.9 Average Mion 1s for [GGImM][A]° -0.17
23 [CGIM][TfO] i Ncation 1S None 402.0 Neation 1S for [GGIM][TO] -0.83
24 [GGIm][TfO] i Gyl 18 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain -0.46
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25 [N2,2,1,d[TfO] \Y Fanion 1S None 688.4 Fanion 1s for [GGIM][TfO] -0.49
26 [NZOH,onvon][TfO] \% Fanion 1S None 688.4 Fanion 1S for [GCﬂm][TfO] -0.44
27 [CGIM][NTE] i Neation 1S None 402.1 Neation 18 for [GGIM][NTH] 0.04
28 [CGIM][NTE] ii Neation 1S None 402.1 Neation 1S for [GGIM][NTH] 0.04
29 [CGIM][NTE] i Gaky 1 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain 0.21
30 [CGGImM][NTH] ii Fanion1S None 688.8 Fanion 1s for [N g8 [NTH] -0.01
31 [C4GIm][NTE] i Fanion 1S None 688.8 Fanion 1S for [N,g.8, 1[NT#] 0.07
32 [N4,1,1,1][NTf2] ii Fanion 1S None 688.8 Fanion 1S for [Ngvgvs,]][Nsz] -0.30
33 [N32,1,4[NTE] ii Fanion 1S None 688.8 Fanion 1S for [N 8,8, 1[NTH] -0.07
34 [Ng,ss d[NTE] i Gyl 1s 4:3:18 for Getero:Gnter: Galkyi 285.0 Long alkyl chain 0.03
35 [&,Z,ﬂ[NTfZ] V Fanion 1S None 688.8 Fanion 1S for [Mvgvg,]][Nsz] -0.36
36 [&,zvz][Nsz] V Fanion 1S None 688.8 Fanion 1S for [Mvgvg,]][Nsz] -0.10
37 [Ps.6,614[NTH] i Gaky 1S i'vzvi ‘;\C/’&é‘t)gﬁ"%\/ A 285.0 Long alkyl chain 0.01
38 [CGPyrr][NTH] ii Neation 1S None 402.7 Neation 1S for[GGPyrr][NT$] -0.13
39 [CPY][NTH] ii CkRC1s None 292.9 CK C 1s fofGsPy][NTH] -0.05
2.8:2.7:7 for Getero:Gnter:Caikyl
. FWHM(Getere) = FWHM(fier) .
41 [CsPy][BR] i Gaky 1s FWHM(Gy) = FWHM(Grer) ® 1.08 285.0 Long alkyl chain -0.01
(taken from reference)
42 [GGIm][PR] ii Neation 1S None 402.1 Neation 1S for [GGImM][PFg] 0.33
43 [GGIm][FAP] ii CRC1s None 293.14 Neation 1S for [GGIm][FAPTL 1.01
44 [GGiIm][Sb] i Gakyi 1s 1:4:7 for C:Ghetero:Gaikyl 285.0 Long alkyl chain -0.41
45 [GCGiIm][l3] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain 0.39
46 [GGiIm][ZNnCl] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Longalkyl chain 0.57
47 [GGIM][ZeCE] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain 0.28
48 [CGIM][ZuClh] i Gakyi 1s 1:4:7 for C:Ghetero:Gaikyl 285.0 Long alkyl chain 0.56
49 [GGiIm]o[ZnCiBry] i Gakyi 1s 1:4:7 for C:Ghetero:CGaikyl 285.0 Long alkyl chain 0.44
50 [GCGiIm]2[ZnBg] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain 0.53
51 [GGiIm]2[ZnBrg] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain 0.60
52 [GGiIm]2[ZrsBrg] i Gyl 1s 1:4:7 for C:Ghetero:Gaikyl 285.0 Long alkyl chain 0.44
53 [GGiIm]2[ZuBrg] i Gakyi 1s 1:4:7 for C:Ghetero:Gaikyl 285.0 Long alkyl chain 0.67
54 [Ps.6.6.142[ZnCl] i Cakyl 1s Iivz\l?ifl\(/)lzézz;?mv —— 285.0 Longalkyl chain 0.07
54 [GGIm][INCE] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain 0.06
55 [GGIm][SNnd] i Caiyi 1s 1:4:7 for C:Ghetero:Gaikyl 285.0 Long alkyl chain 0.15
56 [GGiIm],[FeC] i Caiyi 1s 1:4:7 for C:Ghetero:Gaikyl 285.0 Long alkyl chain -0.09
57 [GGiIm][CoCl] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain 0.38
58 [GCGilm],[CoBg] i Gyl 1s 1:4:7 for C:Gietero:Gaikyl 285.0 Long alkyl chain -1.472
59 [GGIM][NICH] i Gyl 1s 1:4:7 for C:Ghetero:Galkyl 285.0 Long alkyl chain 0.43
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60 [CeCiIm]o[Co(NTH)4] i Gaiky 1S 1:4:7 for C.Gietero:Gaikyl 285.0 Long alkyl chain 0.16

a [GGlm];[CoBg] was the only sample that was mounted on a mmmducting glass substrate; this different sample mounting explains the very diffBseshiift value needed to charge
corrected the valence XP spectrum f@Ciim];[CoBg]
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4. Data analysis Peak fitting valence level XP spectra

Peak fitting procedures were needed for nrmsonant valence XP spectra recorded in thetakory
athn=1486.6 eV to obtaiBs(cation HOFO) arigi(anion HOFO) valuek 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 obtainiBgication HOFO) an#s(anion
HOFO) values.

To fit the nonmresonant valence XP spectra recorded hat = 1486.6 eV for KCiIm][Snd],
[GGIM][INCk] 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 FWHdMhe valence state; the FWHM
values were ~1.0 e¥. This knovedge was then used to aid determination of the number of
components in the nomesonant valence XP spectra recordechat= 1486.6 eVe.g Figure $ for
[GGiIm][ZnC]] and for [GGIm][FeC)]. Cation contributions were so small that they could be
ignored when fitting the nomresonant valence XP spectra recordechat= 1486.6 eV. Using this
approach,B(anion HOFO) was determined for each metal comptaxaining IL, [€Im][FAP] and
[C.GIm][PR] (ESI FigureSSo ESI Figur&3l).

2@ . XPS Data
B [ | H HOMO component

Tl 1csCyimpznCl N . Total fit
[€:Cr Ikl d [ | 1 Background

-2

Normalised Intensity / 10
@D
1

2
[+
1
—
E

I » XPS Data
B P A H HOMO component

. CamFeC) ; z Total fit
|| FCeC1Im];[FeCly] [ Y Background

Normalised Intensity / 10
N
|

1T 1T 1T 17T "1 1T & 1T ™1
8 7 6 5 4 3 2 1 0
Electron Binding Energy, Eg / eV

Figure 3. Nonresonant laboratory valence XPStat = 1486.6 eV (including the HOMO fitted
component, the total fit and the background for the fitting) for: (axd@n][ZnCl] and (b)
[GGilm][FeCl]]. All electron spectra were charge referenced usireghodsoutlined in Section 3.

The FWHM for thétted peak due to the HOMO for six ILs was ~0.9.eMfWHM(total) ~0.9 eV. The
apparatus contribution (from the light source and the detector) was FWHM(apparatus) ~0%45 eV;
the contribution from HOMO corbole lifetime was negligible (0 eV used hefe)Using Equation 1

(ESI Section }&* °the sample contribution to the FWHM was estimated as 0.8 EMs variability

in Bs(HOMO) ands(IL) is predicted to be applicable to all ILs studied here, and gives a guide to the
challenge of formally assigning the HOMCeither the cation or the anion for some ILs.
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5. Data analysis. Charge referencingethods

Charge referencinmethodswere needed for both nomesonant valence XP spectra recorded in the
laboratory at hn= 1486.6 eV and resonant XP spectra recorded at the synchrotron. Foesamant
valence XP spectra recorded in thedadtory, the peak used for each IL is given in Table S4, along
with the B shift used for each IL. Figure 5 in the manuscript givasuml demonstration of charge
referencing usin@s(Giky 1) for[GCGlIm][ZnCl] and [Ps,s,6,142[ZNC].

For synchrotron XPS, tleethod used for charge referencingsonant XBpectrawas the same as
outlined in reference. Nonresonant valence XP spectra recorded in the labrat 1486.6 eV that

had been charge referenced already were used as the starting pointrddomant valence XP spectra
recorded at the synchrotron just before/after the resonant valence XP spectrum was recorded were
then used to determine thé&s shift required to successfully charge reference the resonant valence XP
spectrum in questionThekbs shift was determined by a visual comparison of the iesonant valence

XP spectrum recorded in the lab Bt = 1486.6 eV and the nemsonant valence XP spectrum
recorded at the synchrotron; the visual comparison is given in ESI Figuie FBgure 8. The
synchrotron noaresonant XP spectnaecorded to demonstrate IL purity were charge referenced by
shifting to match the laboratory neresonant XP spectra that had already been charge referenced.
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Figure 8. Nonresonant XP spectr&corded on laboratorgbased XPS recordedlat= 1486.6 eV (charge referenced using
data in Table § and synchrotrogbased XPS (charge referenced by visually matching to the labothtmgd XP spectrum)
for: (a) [GGIM][BR], (b) [GGIM][FAP], (c) [fY]INTE], (d) [GGIM][Co(NTH4. TheEs shift determined for the
synchrotrorgbased XPS for each IL was used to charge reference resonant XP spectra.
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Figure 8. Nonresonant XP spectra recorded on laboraghgsed XPS recordedtat= 1486.6 eV (charge referenced using
data in Table § and synchrotrogbased XPS (charge referenced by visually matching to the laboghtmgd XP spectrum)
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Figure 8. Nonresonant XP spectra recorded on laboratghgsed XPS recordedtat= 1486.6 eV (charge referenced using
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each IL was used to charge reference resonant XP spectra.
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6. Data analysis. Obtainings(ion HOFQO) anés(ion onset)
6.1. ObtainingEs(ion HOFO)

Our B(ion HOFO) values reported here are designed to capture the pgatkihe lowestEs anionic
and cation contributionsThe ideal XP spectrum for obtainigg(ion HOFO) is one that gives a readily
fitted peak for the lowestEs (anionic or cation) contributione.g determiningBs(anion HOFO) for
[G.GIm][SCN].Furthermore, fitting models have been developed for valence XPS of ILs, as explained
in ESI Section 4.For determining some B(ion HOFO) values, no readily fitted peag&curred.
Therefore, a combination of different data sources was used to estimate abpgethis,B(ion HOFO)
was obtainedge.g Es(anion HOFO) for N 1,d[HSQ] was determined using a combination of variable
hnXPS and RAHSta. This process of estimating a p&akan be challenging for XP spectra that gave
a broad feature for the lowedEs contribution; such features could be potentially be fitted with more
than one peak. For such situations, the error given with tHaesavas larger reflecting the greater
challenge obtainings(ion HOFO) values for such features.

A general observation is that the lowestanionic feature in XP spectra was far more likely to be a
sharp peak than the lowedss cationic feature in XPpectra. For example, for JGIm][SCN] and
[GGIM]CI the lowesEs anionic feature in XP spectra gave a single, relatively intense@aassian
shaped peak, whereas the lowdsicationic 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 Clit is expected that multiple MOs of very simircontribute to the lowestss anionic feature,

giving rise to a relatively intense peak, (ii) #n@ons 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 simildss values.

6.2. ObtainingEs(ion onset)

Es(ion onset) values represenhé experimental HOMO energyes(ion onset) was determined by
fitting a linear curve to the lowedss component in a valence XP spectrum. ThHetarcept of this
curve is equal tdz(ion onset). The fittings range was chosen by the user to give a good visual fit to
the XP spectrum. IAll reportegi(ion onset) values were determined from chaggeferenced lak
based valence XP spectra.
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7. Results. XPS: demonstrating purity

Purity for 37ILsincluded in our analysis hetesalreadybeendemonstrated in referencé Three of
these ILs were studied on the Theta Probe XPS apparatus in addition ta tke3apparatus used
previously; these ILs are presented in ESI Fighite Bigure 3. Furthermore, data fofGGlm]l and
[GGIm][BR] presented in referencéwas reused with the valence Xpectrum fitted (ESI Figure8S
and ESI Figurep

Purity for 23 new ILs demonstrated heréFigure $0to Figure 82). For the laboratory XPShdre

was a‘ery small N 1s peak due to radiation damagg@€Im][PFk] (ESI FigurelSc),and very small
peaks due teiliconbasedcontamination (small O 1s, Si 2s and Si 2p peaks observed in survey scan,
ESI FigurelSa). Also, there was aery small N 1s peakué to radiation damage fdiC;GIm][FAP]
(ESI Figureldc), and very smafieaks due tailiconbased contamination (small O 1s, Si 2s and Si 2p
peaks observed in survey scan, ESI Figlda)SFor the synchrotron XP®ere was aery small N 1s
peak dueto radiation damage fofGGIm],[FeC]] (ESI Figure4®a and [GGIM][Cod]] (ESI Figure
$18). For the synchrotron data, these naasonant XP spectra were recordedhat= 700 eV for
static samples. The flux a7 = 700 eV was significantly larger than at tivewhere resonant XP
spectra were recordech@?~ 400 eV); therefore, the neresonant XP spectra were more likely to show
radiation damage than the resonant XP dpac
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Figure 32. (a) Survey, () core and (g) valence XP spectra faPyJ[BE] recorded on laboratorgbased XPS apparatus at
hn=1486.6 eV All XP spectra were charge referenced using method i outlined in Sectiofiflescomponent labelled red
was principally from th¢CsPy]* cation.
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Figure 33. (a) Survey, (&) core and (f) valence XP spectra faiJ@n][PF] recorded on laboratorgbased XPS apparatus
at hn=1486.6 eV All XP spectra were charge referenced using method ii outlined in Sectioiff2e5component labelled
red was principally from thfC,Glm]* cation.
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Figure 34. (a) Survey, (dl) core and (e) valence XP spectra folin][FAP] recorded on laboratatpased XPS apparatus
at hn=1486.6 eV All XP spectra were charge referenced using method ii outlined in Sectioiff2e5component labelled
red was principalljrom the [G;GlIm]* cation.
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Figure 35. (a) Survey, () core and (f) valence XP spectra faJ@n][Sbk] recorded on laboratorghased XPS apparatus
at hn=1486.6 eV All XP spectra were charge referenced using method i outlined in Sectioff 2e5component labelled
red was principally from thfC,Glm]* cation.
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Figure 36. (a) Survey, (d) core and (e) valence XP spectra feCj{n][ls] recorded on laboratorgbased 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 37. (a) Survey, (e) core, {-g) Auger and (h) valence XP spectra fe{ltn],[ZnCl] recorded on laboratorgbased
XPS apparatus &= 1486.6 eV All XP spectra were charge referenced using method i outlined in Section 2.5.
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Figure 38. (a) Survey, () core, (fg) Auger and (h) valence XP spectrg @€ Im],[ZnCk] recorded on laboratorgbased
XPS apparatus &= 1486.6 eV All XP spectra were charge referenced using method i outlined in Section 2.5.
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Figure 39. (a) Survey(b-e) core, (fg) Auger and (h) valence XP spectrd@€Im].,[ZnChg] recorded on laboratorgbased
XPS apparatus &= 1486.6 eV All XP spectra were charge referenced using method i outlined in Section 2.5.
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Figure 0. (a) Survey, () core, (g) Auger and (h) valence XP spectra #ili@].,[ZnCLBr;] recorded on laboratorgbased
XPS apparatus &= 1486.6 eV All XP spectra were charge referenced using method i outlined in Section 2.5.
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Figure 81. (a) Survey, (&) core, {) Auger andd) valence XP spectra forg[@m].[ZnBu] recorded on laboratorgbased
XPS apparatus &= 1486.6 eV All XP spectra were charge referenced using method i outlined in Section 2.5.
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Figure 2. (a) Survey, () core, (f) Auger and (g) valence XP spectr§GsIm],[ZrnBrs] recorded on laboratorgbased
XPS apparatus &= 1486.6 eV All XP spectra were charge referenced using method i outlined in Section 2.5.




