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1. lonic Liquids Studied and Synthesis

Table S1 gives the ionic liquids (ILs) studied. Core and valence XP spectra were published for 16 ILs in
the ESI of reference ! and for three ILs in the ESI of reference 2. The synthesis for the x = 0.43 IL was
given in reference 3. The XPS apparatus used for the new IL is described in reference 2. All 20 ILs were
liquid at room temperature, making XPS experiments relatively straightforward, as no heating was
required for any IL studied here. For laboratory XPS measurements, the samples were mounted in air;
exposure to air was limited to <10 minutes.



Table S1. ILs investigated in this work.
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a [Zn4Clyo]? and [Zn4Brig]? drawn as linear, but supertetrahedron ring will also be present



2. Data analysis. Peak fitting core level XP spectra and charge referencing

Peak fitting core level XP spectra is important for demonstrating purity (ESI Section 5). For this work
peak fitting core level XP spectra is equally important for charge referencing. Es(Caiyi 1s) was used for
charge referencing all 20 ILs. The constraints used were all explained in the ESI of reference *.

Fitting core level XP spectra: C 1s and N 1s
Fitting for C 1s and N 1s XPS for the cations studied here, [CsCilm]* and [Peg6,14]", Were given in detail
in reference % and are summarised in Table S2.

Fitting core level XP spectra: spin-orbit coupling

For halozincate anions, three elements gave spin-orbit coupling that required fitting constraints to be
used: Cl 2p, Br 3d. AEs(Cl 2ps/2 - Cl 2p3/2) = 1.60 eV and the peak area ratio for Cl 2ps/; to Cl 2ps/2 is 2:1.
AEg(Br 3ds/2 - Br 3ds/2) = 1.04 eV and the peak area ratio for Br 3ds/; to Br 3ds/; is 3:2. Given that peaks
due to Zn 2ps;; and Zn 2py/; are very well separated (~23.07 eV), no fitting constraints were required.

Fitting core level XP spectra: Cl 2p for x = 0.43

The predicted speciation for x = 0.43 is [CsC1lm]4[ZnCl4][Zn,Cls]. For the Cl 2p XP spectrum for x = 0.43,
a number of different constraints give acceptable fits. As there appears to be one Cl electronic
environment and a shoulder at higher Es, we constrained the fit to be eight Clierminal t0 tWo Clorigging;
even then, to obtain a reasonable fit all four component FWHM had to fixed as the same (ESI Table
S2).

Table S2. Fitting constraints used for core level X-ray photoelectron spectroscopy (XPS) for each ionic liquid

IL no. IL Core level Fitting constraints used
Cls Peak area ratio 1:4:7 for C?:Chetero:Calkyl
1 [CsCilm]CI Cl2p Peak area ratio 1:2 for 2p1/2:2p3/2

AEB(Cl 2p3/2 -Cl 2p3/2) =1.60eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Peak area ratio 1:2 for 2p1/2:2ps/2
AEB(Cl 2p3/2 -Cl 2p3/2) =1.60eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Peak area ratio 1:2 for 2p1/2:2ps/2
Peak area ratio 1:4 for Clyridging:Clterminal
Cl2p AEg(Cl 2p3/2 - Cl 2p3y2) = 1.60 eV
FWH M(Clterminal 2P3/2) = FWH M(Clterminal 2p1/2) =
FWH M(Clbridging 2P3/2) =FWH M(Clbridging 2p1/2)
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Peak area ratio 1:2 for 2p1/2:2ps/2
Peak area ratio 1:2 for Clyridging:Clterminal
Cl2p AEg(Cl 2p3/; - Cl 2p3/2) = 1.60 eV
FWH M(Clterminal 2P3/2) = FWH M(Clterminal 2p1/2)
FWHM(CIbridging 2p3/2) =FWH M(Clbridging 2p1/2)
Cils Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Peak area ratio 1:2 for 2p1/2:2ps/2
Peak area ratio 1:1 for Clyridging:Clterminal
Cl2p AEg(Cl 2p3/; - Cl 2p3/2) = 1.60 eV
FV\/I-”\/I(Clterminal 2p3/2) =FWH M(Clterminal 2p1/2)
FWHM(CIbridging 2p3/2) =FWH M(Clbridging 2p1/2)
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Peak area ratio 1:2 for 2p1/2:2p3/2
Peak area ratio 3:2 for Clyridging:Clterminal
Cl2p AEg(Cl 2p3/2 - Cl 2p3y2) = 1.60 eV
FWH M(Clterminal 2p3/2) =FWH M(Clterminal 2p1/2)
FWHM(CIbridging 293/2) =FWH M(Clbridging 2p1/2)
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Br 3d Peak area ratio 2:3 for 3ds/;:3ds/2

2 [CgCllm]z[ZnCI4] cl 2p

3 [C3C1Im]4[ZnCI4][Zn2CI5]

4 [CsC1lm]2[Zn,Cle)

5 [CsCalm]2[Zn3Clg]

6 [CsCalm]2[Zn4Cl1o]

7 [C8C1|m]BI’




AEB(BF 3d5/2 -Br 3d3/2) =1.04 eV

C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
8 [CsCi1lm]3[ZNnBry] Br3d Peak area ratio 2:3 for 3d3/,:3ds/2
AEB(BF 3d5/2 -Br 3d3/2) =1.04 eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Peak area ratio 2:3 for 3d3/,:3ds,
I v S
FWHM(BrterminaI 3dS/Z) =FWH M(Brterminal 3d3/2)
FWHM(Brbridging 3dS/Z) = FWH M(Brbridging 3d3/2)
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Peak area ratio 2:3 for 3d3/;:3ds/2
0 Ccmhne g, Lt
FWHM(Brterminal 3dS/Z) =FWH M(Brterminal 3d3/2)
FWHM(Brbridging 3ds/2) = FWHM(Brbridging 3d3/2)
Cls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
Peak area ratio 2:3 for 3ds/;:3ds/2
11 [CsCilm]2[Zn4Bryo] Br3d Zi—i:(;«r:js;:flgfgz:;:; :B?rgzin;?rtermmal
FWHM (Brterminal 3ds/2) = FWHM(Brterminal 3d3/2)
FWHM(Brbridging 3ds/2) = FWHM(Brbridging 3d3/2)
C1s Peak area ratio 4:28 for Chetero:Calkyi
FWH M(Chetero) = FWHM(CaIkyI)
12 [P616,5,14]2[chl4] cl 2p Peak area ratio 1:2 for 2p1/2:2p3/2
AEB(Cl 2p3/2 -Cl 2p3/2) =1.60eV
P 2p Peak area ratio 1:2 for 2p1/2:2ps/2
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
13 [CsCilm],[FeCls] Cl2p Peak area ratio 1:2 for 2p1/2:2p3/2
AEB(Cl 2p3/2 -Cl 2p3/2) =1.60eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
14 [C3C1|m]2[COC|4] cl 2p 1:2 for 2p1/2:2p3/2
AEB(Cl 2p3/2 -Cl 2p3/2) =1.60eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
15 [C8C1|m]2[NiC|4] cl 2p Peak area ratio 1:2 for 2p1/2:2p3/2
AEB(Cl 2p3/2 -Cl 2p3/2) =1.60eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
16 [CsCilm],[CoBr4) Br3d Peak area ratio 2:3 for 3d3/,:3ds/2
AEB(BF 3d5/2 -Br 3d3/2) =1.04 eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
17 [CgC1Im][SnCIs5] cl2p Peak area ratio 1:2 for 2p1/2:2ps/2
AEg(Cl 2p3/2 - Cl 2p32) = 1.60 eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
18 [CsCilm][InCl4] Cl2p Peak area ratio 1:2 for 2p1/2:2ps/2
AEB(Cl 2p3/2 -Cl 2p3/2) =1.60eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
19 [CgC1Im][SnBr3] Br 3d Peak area ratio 2:3 for 3ds/;:3ds/2
AEg(Br 3dsy; - Br 3d3/z) =1.04 eV
C1ls Peak area ratio 1:4:7 for C2:Chetero:Calkyi
20 [CsCilm][InBry4] Br 3d Peak area ratio 2:3 for 3d3/,:3ds/2

AEB(BF 3C|5/2 -Br 3d3/2) =1.04 eV




3. Calculations: anions studied
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Figure S1. -1 halometallate anions calculated.



4. Calculations: producing calculated XP spectra and calculated XANES spectra

To produce calculated XP spectra for orbitals that have spin-orbit coupling (Cl 2p, Br 3d, Zn 2p), each
calculated Eg value was adjusted using Eg and area factors are given in ESI Table S3. Once the adjusted
calculated Es were obtained, a Gaussian-Lorentzian Product (GLP) function was applied to each
calculated Eg data point for each core-state using Equation 1 and then summed to produce calculated
XPS data. The mixing parameter, m, and function width, F, were set to the values given in Table S3.

To produce calculated XP spectra for orbitals that do not have spin-orbit coupling (in this article,
valence XPS), a Gaussian-Lorentzian Product (GLP) function was applied to each calculated Eg data
point for each valence-state using Equation 1 and then summed to produce calculated XPS data. The
mixing parameter, m, and function width, F, were set to the values given in Table S3.

exp[—4 In2(1-m)

—E)2
[1 +4m%]

(x—E)Z]
FZ

GLP (x;F,E,m) = (Equation 1)

To produce calculated Zn 1s XANES spectra, a Gaussian-Lorentzian Product (GLP) function was applied
to each calculated energy data point using Equation 1 and then summed to produce calculated Zn 1s
XANES data. m=0.30 and F = 2.5.

10



Table S3. Values used to produce calculated XP spectra

Gaussian- . .
Lorentzian Spin-orbit
Orbital FWHM /eV (GL) Product Spin-orbit coupling AEg / eV Eg(calc.) with spin-orbit coupling correction coupling peak Peak area ratio
i area ratio
function
Eg(Cl 2p3p,calc.) = Eg(Cl 2p,calc.) — (1.60 x 2/3) Area(Cl 2ps/;,calc.) = Area(Cl 2p,calc.) x 2/3
cl 2p 0.90 GL(30) AEB(Cl 2p3/2 -Cl Zpg/z) =1.60eV 1:2 for 2p1/2:2p3/2
Eg(Cl 2py/p,calc.) = Eg(Cl 2p,calc.) + (1.60 x 1/3) Area(Cl 2p1,,calc.) = Area(Cl 2p,calc.) x 1/3
Eg(Br 3ds,,calc.) = Eg(Br 3d,calc.) — (1.04 x 3/5) Area(Br 3ds,calc.) = Area(Br 3d,calc.) x 3/5
Br 3d 0.90 GL(30) AFEg(Br 3ds/a - Br 3ds2) = 1.04 eV 2:3 for 3ds/2:3ds)
Eg(Br 3ds/,,calc.) = Eg(Br 3d,calc.) + (1.04 x 2/5) Area(Br 3ds,calc.) = Area(Br 3d,calc.) x 2/5
Es(Zn 2p3jy,calc.) = Eg(Zn 2p,calc.) — (23.07 x 2/3)
Zn2p 115 GL(70) AEs(Zn 2p3/2 - Zn 2p3)a) = 23.07 eV 't\'oolta?ge:izd due ot needed due to large AFs
Eg(Zn 2p1y;,calc.) = Eg(Zn 2p,calc.) + (23.07 x 1/3) B
Valence 0.90 GL(30) N/A N/A N/A N/A

11



5. Results. XPS: demonstrating purity
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Figure S2. (a) Survey, (b-d) core, (e) Auger and (f) valence XP spectra for [CsCilm]Cl recorded on laboratory—based XPS
apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.

13



Cis a

227

c

2
.S leiwmm

o

214

w)

CKLL
0 — T I T l T I T
1200 1000 800
Electron Binding Energy, Eg / eV
] (b) - (c)
12 |C1s

o o 6 -

w T W

= C £

£ ] £

(&) (5]
N‘Q_ 6 . f\l‘9 ]

2 v

i L PP adare,

| L L L L L L L | L T 1 © 1 r 1 r 1
410 408 406 404 402 400 398 396
Electron Binding Energy, Eg/ eV

12—- ©

El
Bl

S/10° counts s
2
S/10" counts s

204 202 200 198 196 194 10562 1048 1044 1040 1036 1032 1028 1024 1020 1016
Electron Binding Energy, Eg / eV Electron Binding Energy, Eg / eV
: 1
(9)
— 22 —
K ‘v
j2} = [2]
E S
820 8
NO - NO
513— @ E
r 1 - 1 v 1 1 ' 1 ' 1 L I S B B L L B B B B e B
1320 1316 1312 1308 1304 1300 1296 508 504 500 496 492 488 484 480 476 472 468

Electron Binding Energy, Eg / eV Electron Binding Energy, Eg / eV

- ®)

1
L]

S/10° counts s

24 22 20 18 16 14 12 10 8 6 4 2 0
Electron Binding Energy, Eg / eV

Figure S3. (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [CsC1Im]2[ZNnCls] recorded on laboratory—based
XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.

14



5/10° counts s

1200 1000 800 600 400 200 0
Electron Binding Energy, Eg / eV
_ b h
291C1s (b) N 1s (c)
- - C 3 6_
c =
g p hetero g ]
Q o
“o 6 “o i
o %
3_
L L L L L L L 1T 7 17T 17T 17T 1T 71T 71
296 294 292 290 288 286 284 282 410 408 406 404 402 400 398 396
Electron Binding Energy, Eg / eV Electron Binding Energy, Eg / eV
s |Cl2p (d)
"o Clhyigge 2 "o
£ Clpriage 2P+ bridge <P312 2
3 3
mo CIterminal 2p1/2 mo
2 34 7 =
oA J Clierminal 2Pz “
J
r r 1 r 1T r 1T ' 1T ' 1 rr1r r1r r1rr1rrr1rrrr1rrr1rrr1
204 202 200 198 196 194 1052 1048 1044 1040 1036 1032 1028 1024 1020 1016
Electron Binding Energy, Eg/ eV Electron Binding Energy, Eg / eV
FI
o] o] g Z
ﬁm L] -
A i . .
g L L ]
Q L]
O []
oo 2 . . L
=~ ﬂ ; E - k
- L ] - L]
? - ‘%"-'-._-‘: .wj k
.h-_
0_

24 22 20 18 14 12 10

Electron Binding Energy, Eg / eV

Figure S4. (a) Survey, (b-e) core and (f) valence XP spectra for [CgC1lm]4[ZnCl4][ZNn,Clg] recorded on laboratory—based XPS
apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.

15



(a)
C1s

ZnLMM N 1s Cl2p

5710  counts s”

| [ R
[ c
2 5
(&] (&)
NO 6 — NO
o P
3_
e e T i i
1 1 r 1 1 11T " 1T 1 "1
296 294 410 408 406 404 402 400 398 396
Electron Binding Energy, Eg/ eV
1 |cli2p
Tm 5 - Tm
w w)
R E
3 Clyvidge 2P112 3
NO r"C)
T 3] =
2 %]
| L L L I L D O O
204 10562 1048 1044 1040 1036 1032 1028 1024 1020 1016
Electron Binding Energy, Eg / eV
a
(9)
ﬁ‘me’o_ ('w
j2} [2]
< =
> - >
Q Q
Q o
~ o
[=] i (=}
® @
24 —
gty
r 1 - 1 v 1 1 ' 1 ' 1 L L L L L L L L L O I
1320 1316 1312 1308 1304 1300 1296 508 504 500 496 492 488 484 480 476 472 468
Electron Binding Energy, Eg / eV Electron Binding Energy, Eg / eV
7 F
- f z
T 6= "
3
Q . [ ]
8 .
NO - n
=’ o ~,
» A [ .
o P f\w'. ... v
0_
T T T T T T T T T T T T T T T T T T T T T T T T
24 22 20 18 16 14 12 10 8 6 4 2 0

Electron Binding Energy, Eg / eV

Figure S5. (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [CsC1Im]2[Zn,Clg] recorded on laboratory—based
XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.

16



5/10° counts s

' | ! ] ' I
1200

1000 800 600 400 200 0
Electron Binding Energy, Eg / eV
b
1|c1s (b} 6—[N1s ()
c =
3 hetero 3
Q -4 o
2] o
2 2
~ 2 —
wn 4 %)
r 1 1T "™ 1T "™1T 1T "™7T "1
296 294 292 290 288 286 284 282 410 408 406 404 402 400 398 396
Electron Binding Energy, Eg / eV Electron Binding Energy, Eg / eV
-,
\ d
s [c12p Fall) (d)
"o Clhyigge 2 "o
2 Clivigge 20112 bridge #P3/2 2
3 A : 3
mo -'-‘- CIterminal 2p1/2 qo
2 34 4 °
o -'/ Clierminal 2Pz “
r— 1T 7™ 1T "™ 1T ™ T T 1 | L I I L D A O
204 202 200 198 196 194 1052 1048 1044 1040 1036 1032 1028 1024 1020 1016
Electron Binding Energy, Eg/ eV Electron Binding Energy, Eg / eV
{ tonce] 0
- 6 T
5] . N
_ﬂ - []
c []
3 -
o N L]
o L]
“o 3 . .
-~ - [ -
%] L] - "
- Mﬁ F. - LY
0 — ‘H‘-——-——
I T I T I T I T I T T T I T I T I T I T I T I T I
24 22 20 18 16 14 12 10 8 6 4 2 0

Electron Binding Energy, Eg / eV

Figure S6. (a) Survey, (b-e) core and (f) valence XP spectra for [CgC11m],[Zn3Clg] recorded on laboratory—based XPS apparatus
at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.

17



(a)
o 4
ﬂ
8 ] Zn LMM Cls ¢rgp
2 24 N 1s Cl2s
o Zn 3p
0_
T I T T T | T I T I T I T I
1200 1000 800 600 400 200 0

Electron Binding Energy, Eg / eV

e “

S/10° counts s
2
S/10 counts s

] = . . . ) A
.\.""'_"""'.""".-':.‘r_n.""q.'w. s "_.rn-"-l""..ﬂp-
I ' I ! | ! I ! I ' I ! I ! |
410 408 406 404 402 400 398 396

Electron Binding Energy, Eg/ eV

8 3 i
— .II d - e
e A of | R
R T 9]
‘% Clyvigge 212 ‘"53 1 s
o [=]
o 4 - -~ Clierminal 2P172 oo 2
o . 2 2p,
= . Z
o] s Clierminal 2P312 2,
_!-u--"". 4
L L L L L I'I'I'I'I'I'I'I'I'TI
204 202 200 198 196 194 10562 1048 1044 1040 1036 1032 1028 1024 1020 1016
Electron Binding Energy, Eg / eV
(9)
- 4 - E
w w
j2} [2]
Z S 1
> >
3 3
r”O T nO 2 =
> 5
3 q Zn LMM o
1 r 1 1 1T T ° 1 LN L L AL L BN B B B BELN BELEN B
1320 1316 1312 1308 1304 1300 1296 508 504 500 496 492 488 484 480 476 472 468
Electron Binding Energy, Eg / eV Electron Binding Energy, Eg / eV
-
.I
[ e f g
5 8- [
£ .ot
3
32
Q ] L]
o= 4 ] |
’ : .. \L
0_
| L AL L I L L L D D L L
24 22 20 18 16 14 12 10 8 6 4 2 0

Electron Binding Energy, Eg / eV

Figure S7. (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [CsC1Im]2[Zn4Clio] recorded on laboratory—based
XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S8. (a) Survey, (b-d) core and (e) valence XP spectra for [CsC1Im]Br recorded on laboratory—based XPS apparatus at hv
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Figure S10. (a) Survey, (b-e) core, (f) Auger and (g) valence XP spectra for [CsC1lm];[Zn,Brg] recorded on laboratory—based
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Figure S11. (a) Survey, (b-e) core, (f) Auger and (g) valence XP spectra for [CsC1lm];[Zn3Brs] recorded on laboratory—based
XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S12. (a) Survey, (b-e) core, (f) Auger and (g) valence XP spectra for [CsC1Im]2[Zn4Brio] recorded on laboratory—based
XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S13. (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [P ¢,6,14]2[ZnCls] recorded on laboratory—based

XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S14. (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [CsC1lm];[FeCl,] recorded on laboratory—based
XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S15. (a) Survey, (b-e) core, (f-g) Auger and (h) valence XP spectra for [CsC1lm],[CoCls] recorded on laboratory—based
XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S17. (a) Survey, (b-e) core, (f) Auger and (g) valence XP spectra for [CsCilm];[CoBr4] recorded on laboratory—based
XPS apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S18. (a) Survey, (b-f) core, (g) Auger and (h) valence XP spectra for [CsC1Im][SnCls] recorded on laboratory—based XPS
apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S19. (a) Survey, (b-f) core, (g) Auger and (h) valence XP spectra for [CsCiIm][InCls] recorded on laboratory—based XPS
apparatus at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S20. (a) Survey, (b-e) core and (f) valence XP spectra for [CgC1lm][SnBr3] recorded on laboratory—based XPS apparatus
at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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Figure S21. (a) Survey, (b-e) core and (f) valence XP spectra for [CsC;Im][InBry4] recorded on laboratory—based XPS apparatus
at hv=1486.6 eV. All XP spectra were charge referenced using the method outlined in ESI Section 2.
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6. Results. XPS: Eg(core)

Table S4. Eg(core) for halozincate-based ILs, [CsC1lm]Cl and [CgC;Im]Br

EB/eV

Sample

Calkyl
1s

chetero
1s

C21s

Ncatiun

1s

c'free
2ps/2

c'free
2py/2

CIterminal

2py/2

CIterminal

2py/2

CIl:vri(:lging
2p3/2

c'bridging
2p1/2

Briree
3ds/2

Briree
3ds,

Brterminal

3ds,>

Brterminal

3ds,>

Brbridging
3ds;2

Br'bridging
3ds,»

Zn 2p32

Zn 2py/2

[C3C1|m]C|

285.00

286.18

287.08

401.68

196.96

198.56

x=0.33
[CeCilm]2
[ZnCl4]

285.00

286.36

287.30

401.82

198.16

199.76

1022.16

1045.23

x=0.43

[CsCilm]a
[ZnCl]
[Zn,Clg]

285.00

286.47

287.41

401.95

198.48

200.08

199.25

200.85

1022.73

1045.80

x=0.50
[CeCilm]2
[Zn2CI5]

285.00

286.53

287.49

401.97

198.66

200.26

199.35

200.95

1022.90

1045.97

x=0.60
[CeCilm]2
[Zn3Clg]

285.00

286.60

287.54

402.05

198.81

200.41

199.67

201.27

1023.33

1046.40

x=0.67
[CsCilm]2
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7. Results. XPS: Core
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Figure S22. Experimental valence XPS for x = 0.67 [CsC1lm]2[Zn4Cl10] and (15t = top) lone ion SMD calculated valence XPS for
supertetrahedron [Zn,Cls];, (2"9) lone ion SMD calculated valence XPS for supertetrahedron [Zn4Clio]?, (3™) linear [Zn4Clio)?,
and (4th = bottom) 1:1 mix of supertetrahedron [Zn4Cl10]? and linear [Zn4Clio]? (shifted by Eg = -4.67 eV).
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Figure S23. (a) Experimental core Cl 2p XPS for x = 0.00 [CsC31Im]Cl, x = 0.33 [CsC1Im]2[ZnCl4], x = 0.50 [CgC1lm]2[ZNn,Clg], x =
0.60 [CsC1Im]3[Zn3Clg], x = 0.67 [CsCi1lm]2[Zn4Cl1o] (vertically offset for clarity). (b) Lone ion SMD calculated core Cl 2p XPS for
Cl, [ZnCl4]?, [Zn2Cl6)%, [Zn3Clg)%, [ZnaClio)? and [Zn,Cls]- (vertically offset for clarity).
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8. Results. XPS: FWHM

FWHM(Ncation 15) for [CsC1im]* were all the same within experimental uncertainty for all x (Figure 4b),
demonstrating that the FWHM is not dependent on viscosity or any other macroscopic IL property;
FWHM are dependent on the molecular cations and anions present in solution.

Given the above findings about only one halozincate species being present at certain x, it may appear
that there are contradictions in the FWHM data. FWHM(Zn 2ps/;) was larger for x = 0.50 than x = 0.33.
For both x = 0.33 and x = 0.50 one anion was present; for x = 0.50 [Zn,Cls]* has two Zn atoms in each
anion, and the small variations in the [Zn,Clg]* structure in the liquid phase give a larger FWHM. This
effect is not captured by our approach of calculating a single [Zn.Cle]* structure; ab initio molecular
dynamics of [Zn,Clg]* in an SMD would be helpful here to provide more insight. FWHM(Zn 2ps/;) was
larger for x=0.60 than x = 0.50. For x = 0.60 where the single anion was [ZnsClg]?, there are two slightly
different types of Zn atom, one Zn atom bound to four bridging Cl, and two Zn atoms bound to two
bridging Cl and two terminal Cl. Hence, FWHM(Zn 2ps/,) was larger for x = 0.60 than x = 0.50. FWHM(Zn
2ps/2) was the same within experimental uncertainty for x =0.60 x = 0.67. Linear and supertetrahedron
[Zn4Cl10]* have zinc in two and one electronic environments respectively (from our calculations). The
1:1 ratio of linear and supertetrahedron [Zn4Cli]* gives a similar FWHM to [ZnsCls]* which of course
has zinc in two different electronic environments.

FWHM(CI 2ps/2) (and FWHM(CI 2p1/2)) was smaller for x = 0.00 and x = 0.33 than larger x (i.e. x = 0.50,
0.60, 0.67, ESI Table S5). The same observation can be made for FWHM(Br 3ds2) (and FWHM(Br
3ds/2)), with smaller values for x = 0.00 and x = 0.33 than larger x (ESI Table S5). The greater halide core
XPS FWHM values for larger x comes from the larger range of electronic environments for larger x.
There are two origins for this finding. Firstly, for our high symmetry calculated structures for linear
[ZnsHal10]?, where there are four terminal halides and six bridging halides, the six bridging halides can
be placed into two groups (two halides bound only to zinc atoms with only four bridging halides, and
four halides bound to one zinc atom with only four bridging halides and one zinc atom with two
bridging halides and two terminal halides). These relatively small differences can be observed by
comparison of Cl 2p and Br 3d calculated XPS for linear versus supertetrahedron [ZnsHali0]* (Figure
5b and 6b respectively). These differences in the identity of the bridging halides contribute to
broadening for linear [Zns4Halio]?, but not for any other high symmetry structures. Therefore, the
second explanation contributes most to the broadening. For halide core XPS experimental broadening
for larger x (i.e. [Zn,Halg)?, [ZnsHalg)? and supertetrahedron [ZnsHalio])?) is due to nuclear motion in
the liquid phase, essentially halozincate anions with lower symmetry than those in our calculations,
cause by both vibration of individual Zn-Cl bonds and flexing/rotation/larger motion of more than one
Zn-Cl bond.
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Table S5. FWHM for halozincate-based ILs, [CsCilm]Cl and [CsC1Im]Br

FWHM / eV

Sample

Calkyl
1s

chetero
1s

C21s

Ncatiun

1s

c'free
2p3/2

CIfree
2py2

CIterminal

2p1/2

CIterminal

2p1/2

CIl:vri(:lging
2p32

c'bridging
2py/2

Briree
3ds,2

Briree
3ds,2

Brterminal

3ds,2

Brterminal

3ds,2

Brbridging
3ds,2

Br'bridging
3ds,2

Zn 2p32

Zn 2p1)2

[C3C1Im]CI

1.05

1.21

1.01

1.03

0.90

0.87

x=0.33
[CeCilm]2
[ZnCl4]

1.06

1.17

111

1.04

0.91

0.90

1.23

1.34

x=0.43

[CsCilm]a
[ZnCl]
[Zn,Clg]

1.09

1.18

1.10

1.07

0.99

0.99

0.99

0.99

1.48

1.62

x=0.50
[CeCilm]2
[Zn2CI5]

1.09

1.19

1.14

1.02

0.93

0.93

0.99

0.99

1.31

1.41

x=0.60
[CsCilm]2
[Zn3Clg]

1.11

1.17

1.12

1.08

0.97

0.97

1.08

1.08

1.38

1.53

x=0.67
[CsCilm]2
[Zn4Clyo)

1.11

1.25

1.16

1.07

0.94

0.94

1.05

1.05

1.37

1.50

[CsCilm]Br

1.03

1.19

0.99

1.06

0.85

0.86

x=0.33
[CeCilm]2
[ZnBr4]

1.06

1.16

1.06

1.01

0.87

0.86

1.18

1.31

x=0.50
[CsCilm]2
[anBre]

1.08

1.22

1.22

1.01

0.93

0.93

1.05

1.05

1.26

1.42

x=0.60
[CsCilm]2
[Zn3Brg]

1.09

1.23

1.23

1.04

0.91

0.91

1.01

1.01

1.31

1.42

x=0.67
[CsCilm]2
[Zn4Bryg]

1.10

1.26

1.32

1.08

0.89

0.89

0.98

0.98

1.31

1.43
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Figure S24. (a) Experimental Zn 2ps;, XPS for x = 0.33 [CsCilm];[ZnCl4], for x = 0.50 [CgC1lm],[Zn,Clg], and for x = 0.43
[CsC1lM]4[ZNnCl4][ZNn2Clg] (peak intensity normalised to 1, shifted so all Eg(Zn 2pss) = 1022.16 eV). (b) Experimental Zn 2p1/;
XPS for x = 0.33 [CgCi1Im]2[ZnCls], for x = 0.50 [CsCilm]2[Zn2Clg], and for x = 0.43 [CsC1lm]a[ZnCl4][ZN2Cle] (peak intensity
normalised to 1, shifted so all Eg(Zn 2p1/2) = 1045.23 eV). (c) Experimental XPS FWHM for Zn 2ps/2, Zn 2p1/2, Zn 2p3/2 and Neation
1s for different x for ([CsCilm]Hal)1«(ZnHaly)x from x = 0.00 to x = 0.67.
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9. Results. XPS: Valence
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Figure S25. Experimental valence XPS for: (a) x = 0.33 [CsCilm];[ZnHaly], (b) x = 0.50 [CsCilm]z[ZnyHalg], (c) x = 0.67
[CsC1lmI,[ZnsHalse). Lone ion SMD calculated valence XPS for: (d) [ZnHals)%, (e) [ZnyHalg]?, (f) 1:1 mix of supertetrahedron
[ZnsHal10]? and linear [ZnsHal10]> (FWHM = 0.90 eV).
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10. Results. Calculations: total energies for gas phase calculations

Table S6. Experimental and calculated (using gas phase) speciation for chlorozincate and bromozincate anions. The red text in columns 4 and 5 shows calculations that do not agree with the
experimental speciation

ZnHal, mole fraction, x Reactants Possible anionic species @ AE/klmol? AG/ k) mol?
2 x [ZnCl4)*

0.33 4 x Cl+ 2 xZnCl, 2 x Cl+ 1 x [Zn,Clg]* -187.9 -194.1
2 x CI+ 2 x [ZnCla] -358.2 -418.3
2 x [ZnBry]*

0.33 4xBr+2xZnBr, 2 xBr +1x[Zn;Brg]% -186.1 -195.5
2 x Br + 2 x [ZnBrs] -353.5 -413.5
1 x [ZnClg)% + 1 x [Zn,Clg)*

0.43 4xClF+3%x2ZnCl, 1 xCl+1x[ZnCls] + 1 x [Zn,Clg]* -179.1 -209.1
1 x CI + 3 x [ZnCl3] -349.4 -433.3
2 x [anCIG]Z'

0.50 AxClF+4x2ZnCl,  1x[ZnClg? + 1 x [ZnsClg]> 57.6 49.6
4 x [ZnCls] -340.6 -448.4
2 x [Zn,Bre]*

0.50 4xBr+4xZnBr, 1x[ZnBrs]* + 1 x [Zn3Brg]?® 50.4 49.3
4 x [ZnBrs]- -334.9 -436.0
2 x [Zn;CIg]Z'
1 x [Zn,Clg]Z + 1 x linear [Zn4Clio]% 30.1 29.9

0.60 4 x ClI-+ 6 x ZnCl, 1 x [Zn,Clg]* + 1 x supertetrahedron [Zn,Clyo]* 7.4 22.4
2 x [ZnCl3]" + 1 x supertetrahedron [Zn4Cly0]% -160.1 -195.6
2 x [ZnCl3]- + 1 x linear [Zn4Clyo)? -137.3 -188.1
2 x [Zn3Brs)*

0.60 4xBr+6xZnBr, 1x[ZnyBrg]? + 1 x linear [ZngBrio]? 30.1 29.9
1 x [Zn,Bre]% + 1 x supertetrahedron [Zn4Brig]* 7.4 22.4
1 x linear [Zn4Clyo)*

0.67 2xCl+4x2ZnCl; 1 xsupertetrahedron [Zn,Clyo]* -28.87 -19.0
2 x [Zn,Cls] -82.3 -128.3

1 x linear [ZngBryo]?>
1 x supertetrahedron [Zn,Br)* -22.76 -7.6
@ Experimental speciation given in bold in this column

0.67 2xBr +4 xZnBr;
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11. Results. XPS: halometallates with one halide electronic environment

As well as the halozincates, a large number of other halometallate-forming ILs gave one macroscopic
halide electronic environment and therefore one halometallate anion: x = 0.33 gave [MHal]* for M =
Zn*, Ni**, Co?*, Fe?* and Hal = Cl, Br (Figure 2 and ESI Figure S26 and ESI Figure S27); x = 0.50 gave
[InHals]” for Hal = Cl and Br (ESI Figure S26 and ESI Figure S27); x = 0.50 gave [SnHals]" for Hal = Cl and
Br (ESI Figure S26 and ESI Figure 527). Halometallate anions such as [CoCls]* have been known to be
T4 since the 1960s.> Our results point to these four coordinate halometallate anions all forming T4
symmetry, with relatively little contribution from M-Hal bond vibration; [SnHals] gives Csy, symmetry
(which can be thought of as a distorted tetrahedral) given the stereochemically active lone pair.®
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s — [Zn,Clgl || & = [Zn,Cl]
Z 8- 2
— [ZnCl,]" — [CoCl,]
. 2- 2.
[NiCl,] = [FeCl,] —_ [ZnCI4]2'
1 —
0—t = —— 0t -
T I T I T I T I T I T I T I T L} I T I T | T I T I L} I T I
202 201 200 199 198 197 196 199 198 197 196 195 194 193
Electron Binding Energy, Eg / eV Electron Binding Energy, Eg / eV

Figure S26. (a) Experimental core Cl 2p XPS for x = 0.00 [CsC1Im]Cl, x = 0.33 [C3C1lm]2[ZNnCl4], x = 0.33 [CsC1lm];[NiCls], x =0.33
[C3C1|m]2[COC|4], x = 0.33 [CgCllm]z[FeCI4], x = 0.50 [CgCllm]z[ZnZCIG], x = 0.50 [CgCllm][Snclg], x = 0.50 [CgCllm][InCI4],
(vertically offset for clarity). (b) Lone ion SMD calculated core Cl 2p XPS for ClI, [ZnCl4]%, [Zn2Clg]? (vertically offset for clarity).
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Figure S27. (a) Experimental core Br 3d XPS for x = 0.00 [CgC;1Im]Br, x = 0.33 [CgC1lm]2[ZnBr4], x = 0.33 [CgC1lm],[CoBr4], x =
0.50 [CgCilm],[Zn,Bre], x = 0.50 [CsCilm][SnBrs], x = 0.50 [CsCilm][InBr4], (vertically offset for clarity). (b) Lone ion SMD
calculated core Br 3d XPS for Br, [ZnBr,)%, [Zn,Bre]? (vertically offset for clarity).
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12. Results. Effect of basis set on calculated Cl 2p XPS
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Figure S28. (a) Experimental core Cl 2p XPS for x = 0.00 [CsC31Im]Cl, x = 0.33 [CgC1Im]2[ZnCl4], x = 0.50 [CgC1lm]2[ZNn,Clg], x =
0.60 [CsC1Im]3[ZNn3Clg], x = 0.67 [CsCi1lm]2[Zn4Cl1o] (vertically offset for clarity). (b) Lone ion SMD calculated core Cl 2p XPS for

Cl, [ZnCla)%, [Zn2Cl6]?, [ZnsClg]?- and [ZnaClio]% (vertically offset for clarity) for different basis sets: QZVPP (solid lines) and
TZVPP (dashed lines).
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13. Results. Effect of solvation environment on calculated Cl 2p XPS
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and [Zn4Cly0)% (vertically offset for clarity), all with the QZVPP basis set.
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