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Synthesis and Characterization

(P4444)(3-PyrA): Transparent yellowish room temperature liquid. MS (ESI). [C,¢H3¢P]*: Calcd
m/z 259.2556. Found m/z 259.2555, [C4H4NO,]: Caled m/z 122.0247, Found m/z 122.0222. 'H
NMR (400.21 MHz, CDCls), 3(ppm): 9.19-9.20 (m, 1H), 8.47-8.49 (m, 1H), 8.28-8.21 (m,
1H),7.17-7.20 (m, 1H), 2.31-2.36 (m, 8H, P-CH,-), 1.42-1.51 (m, 16H, -CH>-), 0.93-0.96 (t, 3Jun
= 7.1 Hz, 12H, -CH;) ppm. *C NMR (100.64 MHz, CDCl;): 169.88, 151.33, 149.58, 136.97,
135.52, 122.60, 24.17, 24.02, 23.93, 23.88, 19.05, 18.58, 13.56 ppm. 3'P NMR (162.01 MHz,
CDCls): 33.12 ppm.

(P4444)(4-PyrA): White solid, MS (ESI). [C;¢H3¢P]*: Caled m/z 259.2556. Found m/z 259.2562,
[C¢H4NO,]: Caled m/z 122.0247. Found m/z 122.0188."H NMR (400.21 MHz, CDCly), ¥(ppm):
8.52-8.54 (m, 2H), 7.82-7.84 (m, 2H), 2.29-2.36 (m, 8H, P-CH,-), 1.46-1.49 (m, 16H, -CH,-),
0.90-0.93 (t, 3Jyn = 7.1 Hz, 12H, -CH3) ppm. 3C NMR (100.64 MHz, CDCI3): 169.77, 148.16,
123.72, 24.17, 24.02, 23.92, 23.87, 19.04, 18.58, 13.56 ppm. 3'P NMR (162.01 MHz, CDCl3):
33.10 ppm.

(P4444)(2-PyrA): Yellowish gel. MS (ESI). [C¢H36P]": Calcd m/z259.2556. Found m/z 259.2535,
MS (ESI). [C¢H4NO,]: Caled m/z 122.0247, Found m/z 122.0212. '"H NMR (400.21 MHz,
CDCls), 3(ppm): 8.36-8.37 (m, 1H), 7.90-7.92 (m, 1H), 7.42-7.45 (m, 'H), 6.95-6.98 (m, 1H), 2.19-
2.27 (m, 8H, P-CH,-), 1.25-1.34 (m, 16H, -CH,-), 0.72-0.74 (t, 3Jyu = 7.1 Hz, 12H, -CH;) ppm.
13C NMR (100.64 MHz, CDCl;): 170.56, 158.10, 148.48, 135.74, 123.94, 123.10, 24.21,24.12,
24.06, 19.10, 18.63, 13.65 ppm. *'P NMR (162.01 MHz, CDCls): 33.08 ppm.

(P4444)(2,5-PyrA): Transparent yellow room temperature liquid. MS (ESI). [C¢H34P]": Calcd m/z
259.2556. Found m/z 259.2562, MS (ESI). [C¢H4NO,]: Calcd m/z 123.0200, Found m/z

123.0146. '"H NMR (400.21 MHz, CDCls), 3(ppm): 8.52-8.54 (m, 2H), 7.82-7.84 (m, 2H), 2.29-



2.36 (m, 8H, P-CH;,-), 1.46-1.49 (m, 16H, -CH,-), 0.90-0.93 (t, 3Jyy = 7.1 Hz, 12H, -CH3;) ppm.
13C NMR (100.64 MHz, CDCls): 168.78, 152.64, 146.21, 143.81, 143.39, 24.26, 24.10, 24.05,
19.17, 18.70, 13.65 ppm. 3'P NMR (162.01 MHz, CDCl;): 33.19 ppm.

(P4444)(Pyr-2,6-diA): White crystalline solid. MS (ESI). [C;¢H36P]": Calcd m/z 259.2556. Found
m/z 259.2562, [C;H3NO,4]*: Caled m/z 165.10412, Found m/z 166.0146. Found m/z 389.157. 'H
NMR (400.21 MHz, CDCls), 3(ppm): 8.09-8.11 (m, 2H), 7.59-7.61 (m, 1H), 2.21-2.27 (m, 16H,
P-CH,-), 1.36-1.37 (m, 32H, -CH,-), 0.84-0.87 (t, 3Jyg = 7.1 Hz, 24H, -CH3) ppm. 13C NMR
(100.64 MHz, CDCl;): 170.39, 155.85, 135.85, 124.22, 24.02, 23.99, 23.95, 23.87, 18.93, 18.46,

13.65 ppm. 3'P NMR (162.01 MHz, CDCl;): 32.80 ppm.
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Figure S1. "TH NMR spectrum of (P4444)(3-PyrA) in CDCls.
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Figure S2. "TH NMR spectrum of (P444)(2-PyrA) in CDCls.
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Figure S3. "TH NMR spectrum of (P4444)(4-PyrA) in CDCls.
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Figure S4. "TH NMR spectrum of (P4444)(2,5-PyrA) in CDCls.
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Figure S6. 13C NMR spectrum of (P444)(2-PyrA) in CDCls.
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Figure S7. 13C NMR spectrum of (P4444)(3-PyrA) in CDCls.



169.77
_——149.49
——148.16

123.72

T T T T T
180 160 140 120 100 80 60 40 20 ppm

Figure S8. 13C NMR spectrum of (Py444)(4-PyrA) in CDCls.
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Figure S9. 13C NMR spectrum of (P4444)(2,5-PyrA) in CDCl;.
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Figure S10. 13C NMR spectrum of (P4444)(Pyr-2,6-diA) in CDCl;.
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Figure S11.3'P NMR spectrum of (P444)(2-PyrA) in CDCls.
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Figure S13. 3P NMR spectrum of (P444)(4-PyrA) in CDCls.
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Figure S14. 3P NMR spectrum of (P4444)(2,5-PyrA) in CDCl;.
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—I +TOF MS: 0,950 min from Sample 11 (P4444_Pico) of FAIZ_20210924 wiff
a=3,5757 e-004, t0=-3,987 90e+001 R; (Turbo Spray)
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Figure S16. ESI-MS of (P44)(2-PyrA)
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—I +TOF MS: 1,866 min from Sample 6 (P4444_Nico) of FAIZ_20210924. wiff
a=3,57573925068333920e-004, t0=-3,98730232633897690e+001 R; (Turbo Spray)
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Figure S17. ESI-MS of (P4444)(3-PYI'A)
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_I +TOF MS: 0,850 min from Sample 8 (P4444_IsoNico) of FAIZ_20210924 wiff Max. 220,0 counts |
a=3,5757 )e-004, t0=-3 987 001 R; (Turbo Spray)
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Figure S18. ESI-MS of (P444)(4-PyrA)
‘I +TOF MS: 0,633 min from Sample 9 (P4444_Pyra) of FAIZ_20210924 wiff Max. 157,0 counts.
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Figure S19. ESI-MS of (P4444)(2,6-PyrA)
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+TOF MS: 1,600 min from Sample 10 (P4444_DiPya) of FAIZ_20210924.wiff

Max. 306,0 counts.|

Figure S20.

Figure S21. Heating and cooling cycles of the ionic conductivity of (Ps444)(3-PyrA)
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Figure S22. *'P NMR spectra of (a) [(P4444)(2,5-PyrA)] (b) [(Pasas)(3-PyrA)] (c) [(Pasas)(2,5-
PyrA)Jool(Li)(2,5-PyrA)]os and (d) [(Passs)(3-PyrA)]os[(Li)(3-PyrA)]o; and 'Li NMR (e)
[(P4444)(3-PyrA)Joo[ (L1)(3-PyrA) o, and () [(Paaas)(2,5-PyrA)]oo[(Li)(2,5-PyrA)]o, as a function

of temperature.
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Figure S23: Optimized geometries of the various Li*—ion-pairs for: (a) (2-PyrA)-
and (b) (4-PyrA)-, and including coordination bond distances and association

energies.

Table S1. VFT equation parameters and apparent activation energies for ionic conductivity of the
ionic liquids and the electrolytes.

oy BK T,, K Eo,

System mS/cm kJ/(mol)
(P4444) (3-PyrA) 1.218 1381 156 11.4
(P4444) (2,5-PyrA) 0.135 1496 150 12.4
[(P4444)(3-PyrA)]oo [Li(3-PyrA)]o. 2.352 1600 148 13.3
[(P444) (2,6-PyrA)]oo [Li(2,6-PyrA)]o.; 0.216 1626 143 13.5
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Table S2. VFT equation parameters and apparent activation energies for ion diffusivity of the ionic
liquids and the electrolytes.

D0><10‘8 B K Ty, K Ep,

System ion m?/s kJ/(mol)
(Pazss) G-PyrA) G-PyrA)y | 155 | 800 | 213 6.7
+
(Pasaa) 149 | 826 | 211 6.9

[(P4444)(3-PY1‘A)]09 [Ll(3-PyI‘A)]01 (3-PyI'A)' 5.07 1100 200 9.2

(Pagas)” 336 | 1000 | 204 8.3

Lit 646 | 1124 | 205 9.3
(Pasas) (2,5-PyrA) 2.6- 153 | 853 | 210 71
PyrAy 159 | 892 | 207 74

(Paaas)”
[(P4444) (2,5-PyrA)]09 [L1(2,5-PyrA)]01 (2,6- 3.20 990 205 8.2
PyrAy 3.03 998 | 205 8.3

(Paaas)”
350 | 1024 | 205 8.5

Li*

16



Table S3. Anodic and cathodic limits, and electrochemical stability windows (ESWs) of the neat
ionic liquids and the electrolytes at 0.10 mA cm™2 cut-off current density using GC as WE at 293K
vs. Li/Li*.

System EA(V) Ec(V) AE (V)
[(P4444)(3-PY1’A)]09 [L1(3-PyrA)]01 5.03 1.29 3.74
(P4444) (2,5-PyI'A) 4.09 1.27 2.82
[(P4444) (2,5-PyI'A)]().9 [LI(Z,S-PYTA)]OI 4.15 1.02 3.13
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Table S4: Main interacting donor and acceptor NBOs and the second order perturbation energy E
for the (2-PyrA)~anion and its Li* ion-pair.

From To 2-PyrA | Li*—2-PyrA
Donor NBO Acceptor NBO E (kcal/mol)
0 Cl-NI * C4 - C5 42.75 199.20
TC2- C3 0* Cl — NI 33.50 4421
TC2- C3 T*C4 - C5 26.45 25.74
TC4—- C5 0*C1 — NI 21.50 22.73
TC4- C5 T*C2 —C3 29.34 179.32
LP O2 T*Ca -0l 134.73 27.61
0Cl- NI T*Ca -0l 48.80 34.21
T C4- C5 0*C1 — NI 161.29 22.73
TC4- C5 o*C2 —C3 218.62 28.88
LPO1 T*Ca— 02 23.25 99.84
LP Ol 0*Cl —Ca 26.24 15.46
LP O2 0*Cl —Ca 22.65
LP N1 0*C4 - C5 11.31 8.50
LP NI o*C1 —C2 10.70 9.48
o Cl- NI T*C2 -C3 19.69 133.03
0Cl- NI T*Ca—02 34.21
0Cl- NI T*C4 —-C5 42.75 35.24
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Table S5: Main interacting donor and acceptor NBOs and the second order perturbation energy E
for the (3-PyrA)~anion and its Li* ion-pair.

From To 3-PyrA | Li*-3-PyrA
Donor NBO | Acceptor NBO E kcal/mol
0 Cl—-NI1 T*C4 - C5 38.10
gC3-C2 0*C1 — NI 40.42
oC3-C2 T*C4 - C5 28.78
TC4- C5 0*C1 -N1 22.84
TC4-C5 0*C3-C2 27.78
LP Ol m*C2 - Ca 22.86 18.41
LP Ol T*Ca— 02 142.82 18.89
LP O2 T*C2 — Ca 22.97 18.52
LP O2 T*Ca= 01 22.80 19.03
0 Cl-NI1 0*C3 -C2 124.99
0C4-C3 T*Ca— 02 73.94
0C4-C3 0*C3 -C2 92.60
LP NI o*Cl-C2 9.70
LP NI 0*Cl-H 4.61
LP NI 0*Cl1-C5 10.40
LP N1 0*C5-H 5.14
0 C5- NI 0*Cl - C2 210.51
0 C3—NI1 0*C3-C4 242.33
T Cl-C2 o*C5 -NI1 24.35
T Cl-C2 0*C3-C4 33.66
0 C3-C4 o*Cl-C2 23.89
oC3-C4 0*C5- N1 40.90
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Table S6: Main interacting donor and acceptor NBOs and the second order perturbation energy E
for the (4-PyrA)~anion and its Li* ion-pair.

From To 4-PyrA | Li*—4-PyrA
Donor NBO Acceptor NBO E kcal/mol
TCl1-C2 o*C4 - C3 29.99 32.27
TC1-C2 0*C5 —NI1 27.04 28.31
0C4-C3 T*Cl - C2 26.05 25.51
oC4-C3 0*C5 - N1 45.80 36.67
0C5-NI1 T*C1-C2 33.25 34.96
LP O2 0*C3 -Ca 23.22 0.99
LP O2 0*Ca— 01 22.57 18.95
LP O2 LP*Ca 244.22 206.27
LP Ol 0*C3 —Ca 23.22 18.79
LP Ol m*Ca— 02 22.57 18.96
TCl-C2 0*C4 - C3 168.46 3.25
0 C5-NI1 T*Cl - C2 145.58 217.56
oC5- N1 0*C4-C3 90.27 256.64
LP NI T*Cl-C2 9.86 10.22
LP NI 0*Cl-H 4.98 5.15
LP N1 T*C4- C5 9.86 10.22
LP N1 o*C5-H 4.98 5.15
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Table S7: Main interacting donor and acceptor NBOs and the second order perturbation energy E
for the (2,5-PyrA)~anion and its Li" ion-pair.

From To 2,5-PyrA Li*-2,5-PyrA
Donor NBO Acceptor NBO E kcal/mol
0Cl-NI o*C2-N2 25.55 19.85
0Cl-NI1 0% C3 - C4 37.33 31.59
0 C2-N2 0*Cl — NI 22.42 28.30
o C2-N2 T*C3 - C4 33.10 34.08
oC3-C4 0* C1 — NI 24.15 27.60
0C3-C4 0% C2—N2 26.38 26.37
LP O2 0*Cl —Ca 23.08 26.34
LP O2 0*Ca— Ol 136.53 27.69
LP Ol 0*Cl — Ca 26.78 15.92
LP Ol 0*Ca—02 23.23 99.57
0 Cl-NI1 0*Ca— 01 44.14 30.33
0C2-N2 0*C1 — NI 225.77 218.96
TC3-C4 0*Cl — NI 155.98 174.89
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