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Experimental section
Reagents and materials

NiCl,-6H,0, iodine and other reagents are of analytical grade and directly used as
received from commercial source. 1,3-Diethyl-1H-imidazolium bromide (abbr.
[DEIm]Br) and disodium maleonitriledithiolate (abbr. Na,mnt) were prepared
following the procedures published.!

Synthesis of [DEIm][Ni(mnt),] (1)

20 mL H,O solution with Na,mnt (0.37 g, 2 mmol) was added to 10 mL H,O
solution containing NiCl,-6H,0 (0.24 g, 1 mmol). The mixture was stirred for 20 min
to give a wine-red solution. 10 mL H,O solution with [DEIm]Br (0.42 g, 2 mmol) was
added dropwise to the above wine-red solution, and the dark red microcrystals
immediately formed, which were separated by filtration and washed with deionized
H,0 (30 mL three times), and then the microcrystals were collected and dried in an
oven under vacuum at 60 °C for 2 h. and the dried microcrystals were immersed in
20 mL MeOH solution containing I, (0.19 g, 0.75 mmol) and stirred at room
temperature for 1 h, the black microcrystals were collected by filtration, washed with
MeOH (20 mL four times) up to the filtrate colorless, and then dried under vacuum at
room temperature. Yield: ~51 % (the calculation based on the reactant NiCl,-6H,0).
Microanalysis for C;sH3NgNiS, (1; %): C, 38.81; H, 2.82; N, 18.10 and found: C,
38.61; H, 2.91; N, 18.19. Selected infrared (IR) spectroscopy bands (cm™): 3099(w)
is attributed to vcy in imidazole rings; 2987(s) is assigned to both methyl and
methylene; 2209(vs) corresponds to the ve=y of the mnt?~ ligands; 1567(s) arise from
skeleton vibration in imidazole rings; 1160(vs) and 1454(s) are assigned to the vc.g+
ve.c and ve—c of mnt?>~ ligands. The crystalline sample of 1 was examed by Powder X-
ray diffraction (PXRD), and experimental and simulated PXRD patterns are shown in
Figure S1.

Physical measurements

Elemental analyses for C, H and N were performed with an Elementar Vario EL

III analytic instrument. IR spectrum was recorded on a Nicolet iS5 spectrometer with

KBr pellets in 400—4000 cm™'. Room and variable temperature PXRD pattern were
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collected using a SHIMADZU XRD-6100 diffractometer with Cu Ka radiation (A =
1.5418 A), operated at 40 kV and 40 mA, and the 20 angle ranges from 5 to 50° with
a step of 0.01°. Thermogravimetric analysis (TGA) was carried out by a SDT Q600
thermogravimetric analyzer in 20—800 °C (293—1073 K) under nitrogen atmosphere;
The polycrystalline sample was placed in a platinum-pan, the heating rate is 20 °C
min! and the nitrogen flow rate is 100 mL min!. Differential scanning
calorimetry (DSC) was measured on a Pyris 1 power-compensation differential
scanning calorimeter with a warming rate of 10 Kmin™! during the heating-cooling
processes. Photographs were recorded with an ECLIPSE LV100 polarizing optical
microscope equipped with an LINKAM TH-600PM cool and hot stage.

DC magnetic susceptibility was collected for 1 using Quantum Design MPMS-5
superconducting quantum interference device magnetometer in 1.8—400 K with
magnetic field 5000 Oe. Temperature-dependent dielectric and Alternating current
(AC) impedance spectra were recorded on a Concept 80 system (Novocontrol,
Germany). The powdered disc with a thickness of ~1.23 mm and a diameter of 7.0
mm was prepared using 120 mg of the powdered crystalline sample under a static
pressure of 8 MPa for 5 min and sandwiched by platinum electrodes and the AC
frequencies span from 1 to 107 Hz. The chronoamperometry was recorded by a Gamry
Reference 600+ electrochemical workstation. DC resistance was measured by a
Digital multimeter (VC890C+), which was checked at room temperature using a
Standard 100 Ohm Resistor (used for resistance calibration in Concept 80 system).
The powdered sample (260 mg) was filled in a hand-made mould (high temperature
resistance Peek plastic, with an inner diameter of 10 mm and external diameter of 20
mm, see below photos), and pressed under a static pressure of 2 MPa for 5 min, and
then two platinum foils were attached on two opposite surfaces of sample to connect
two hand-made titanium alloy electrodes (see below photos); this sample was used for
measurements of both DC resistance and chronoamperometry. The total resistance of

both cables and titanium alloy electrodes is 0.8 Ohm at ambient temperature.
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Plastic mould Pt foil Plastic mould

Photos: Hand-made high temperature resistance Peek plastic mould and titanium

alloy electrodes for DC resistance and chronoamperometry measurements for 1.
X-ray Crystallography

Single crystal X-ray diffraction (SCXRD) data were collected for 1 at 298, 368,
378 and 388 K using Graphite monochromated Mo Ko (A = 0.71073 A) on a Bruker
D8 QUEST Apex III CCD area detector diffractometer. Data reduction and absorption
correction were performed with the SAINT? and SADABS? software packages,
respectively. The structures were solved by direct method using the SHELXL-2018*
software package. The non-hydrogen atoms were anisotropically refined using the
full-matrix least-squares method on F2. All hydrogen atoms were geometrically fixed
and placed in ideal position. The crystallographic data and the refinement parameters
are listed in Table S1 and S2; the selected bond lengths and angles are summarized in
Table S3 and S4, respectively.
Details of crystal structure optimization and total energy calculation of crystal

The geometry optimization of the crystal structure and the calculation of total
energy per unit cell were performed for 1 in the framework of density functional
theory (DFT) using the CASTEP module.>® The non-modelized crystal structures
were taken from X-ray single crystal structure analyses. The generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)’ potentials have been
incorporated for the calculations. The k-points sampling in the Brilliouin zone were
set to be 2x1x1 according to the Monkhorst-Pack scheme.® The plane wave basis set
cut-off at 517 eV and the convergence criterion is 1.0x10~> eV/atom. Other

calculating parameters were set to be the default values in the CASTEP code.
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Table S1: Crystallographic data and refinement parameters of 1 at 298 and 368 K

Chemical formula
Temp. /K
CCDC number
Formula weight
Crystal system
Wavelength/A
Space group
alA

b/A

c/A

o/°

p/e

Y/°

V(AY)/Z
p/gcm
F(000)

0 Ranges

Index range

Goodness-of-fit on F?
aR1, bwR2 [I>26(I)]
R1, wR2 [all data]

C1sH 3NgNiS,
298

2076778
464.26
Triclinic
0.71073

P-1
7.2341(8)
10.6691(11)
14.4650(16)
92.838(3)
103.236(3)
106.554(3)
1033.82(19) / 2
1.491

696
2.91-27.51

—-9<h<09,
—-13<k<13,
-18<1<18
0.924

0.0532, 0.1479
0.0927, 0.1777

CisH3NgNiS,
368

2076779
464.26
Triclinic
0.71073

P-1
7.2492(6)
10.7145(10)
14.8618(13)
77.788(3)
76.691(2)
74.610(2)
1069.04(16)/2
1.496

696
1.43-27.56

-9<h<9,
-13<k <13,
-19<1<19
1.014

0.0871, 0.1906
0.2160, 0.2542

"Ry = X[Fo| = [Fel/Z[Fol; "wRy = {3 [w(Fo ? — Fc ?) 2 [/ [w(Fo ) 2 ]}
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Table S2: Crystallographic data and refinement parameters of 1 at 378 and 388 K

Chemical formula

Temperature/K
CCDC number
Formula weight
Crystal system
Wavelength/A
Space group
a/A

b/A

c/A

o/°

p/°

v/°

V(A3Y)/Z
p/gem
F(000)

0 Ranges

Index range

Goodness-of-fit on F?
Ry, "WR; [I>206(1)]
R;, wR; [all data]

C1sH 3NgNiS,
378

2116147
464.26
Triclinic
0.71073

P-1

7.207(6)
10.767(8)
14.526(10)
77.77(2)
78.81(2)
73.07(3)
1043(2)/2
2.250

696
2.66—27.92
-9<h<9,
-13<k< 14,
-16<1<18
1.399

0.6112, 0.8922
0.6361, 0.9057

C1sH 3NgNiS,
388 K
2116214
464.26
Triclinic
0.71073

P-1

7.347(9)
10.848(13)
15.075(18)
77.84(4)
77.71(5)
74.11(4)
1114(2)2
1.572

524
2.80-27.58
9<h<,
14<k<14,
-19<1<19
2.394

0.2828, 0.4674
0.4301, 0.5186

"Ry = XlIFo| — [Fel/X[Fol; "WRy = {¥[w(Fo? — Fc ?) 2 [y [w(Fo?) 2]}
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Table S3: Selected bond lengths and angles in anion and cation of 1 at 298, 368 K

Bond lengths /A

T=298K T=368K

Ni(1)-S(3) 2.1441(17) Ni(1)-S(1) 2.1371(19)
Ni(1)-S(4) 2.1401(18) Ni(1)-S(4) 2.1387(18)
Ni(1)-S(2) 2.1443(18) Ni(1)-S(3) 2.1391(18)
Ni(1)-S(1) 2.1479(18) Ni(1)-S(2) 2.1480(18)
S(1)-C(1) 1.721(7) S(1)-C(1) 1.711(7)
S(2)-C(2) 1.716(7) S(2)-C(2) 1.696(7)
S(3)-C(5) 1.710(7) S(3)-C(5) 1.685(8)
S(4)-C(6) 1.719(7) S(4)-C(6) 1.699(8)
N(2)-C(4) 1.136(9) C(2)-C(1) 1.369(10)
C(6)-C(5) 1.354(10) C(2)-C4) 1.431(10)
C(6)-C(8) 1.434(10) C(1)-C(3) 1.425(10)
C(1)-C(2) 1.355(10) N(3)-C(7) 1.122(9)
C(1)-C(3) 1.417(10) C(3)-N(1) 1.147(9)
C(3)-N(1) 1.144(10) C(6)-C(5) 1.366(10)
C(2)-C4) 1.436(10) C(6)-C(8) 1.456(10)
C(5)-C(7) 1.431(10) N(4)-C(8) 1.146(10)
N(4)-C(8) 1.128(10) C(5)-C(7) 1.448(10)
C(7)-N(3) 1.127(10) C(4)-N(2) 1.132(9)
C(9)-N(6) 1.317(10) N(6)-C(9) 1.292(6)
C(9)-N(5) 1.394(10) N(6)-C(10) 1.292(6)
N(5)-C(11) 1.326(13) N(6)-C(14) 1.31(2)
N(5)-C(12) 1.508(14) C(10)-C(11) 1.292(6)
N(6)-C(10) 1.393(11) C(11)-N(5) 1.292(6)
N(6)-C(14) 1.418(12) N(5)-C(9) 1.292(6)
C(10)-C(11) 1.350(15) N(5)-C(12) 1.46(3)
C(14)-C(15) 1.514(13) C(14)-C(15) 1.48(3)
C(12)-C(13) 1.483(19) C(12)-C(13) 1.43(4)
Bond angles/°

T=298K T=368K

S(3)-Ni(1)-S(4) 92.47(7) S(1)-Ni(1)-S(4) 178.91(7)
S(3)-Ni(1)-S(2) 178.88(7) S(1)-Ni(1)-S(3) 87.13(7)
S(4)-Ni(1)-S(2) 86.87(7) S(4)-Ni(1)-S(3) 92.41(8)
S(3)-Ni(1)-S(1) 87.99(7) S(1)-Ni(1)-S(2) 92.53(7)
S(4)-Ni(1)-S(1) 178.74(7) S(4)-Ni(1)-S(2) 87.95(7)
S(2)-Ni(1)-S(1) 92.69(7) S(3)-Ni(1)-S(2) 178.27(6)
C(1)-S(1)-Ni(1) 103.1(2) C(2)-S(2)-Ni(1) 103.0(3)
C(2)-S(2)-Ni(1) 102.9(2) C(1)-S(1)-Ni(1) 103.5(3)
C(5)-S(3)-Ni(1) 103.2(2) C(6)-S(4)-Ni(1) 102.5(3)
C(6)-S(4)-Ni(1) 103.3(3) C(5)-S(3)-Ni(1) 103.9(3)
C(5)-C(6)-C(8) 123.4(6) C(1)-C(2)-C(4) 120.5(7)
C(5)-C(6)-S(4) 120.1(5) C(1)-C(2)-S(2) 121.2(6)
C(8)-C(6)-S(4) 116.4(6) C(4)-C(2)-S(2) 118.3(6)
C(2)-C(1)-C(3) 121.8(6) C(2)-C(1)-C(3) 122.4(7)
C(2)-C(1)-S(1) 120.1(5) C(2)-C(1)-S(1) 119.7(6)
C(3)-C(1)-S(1) 118.1(6) C(3)-C(1)-S(1) 117.9(6)
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N(1)-C(3)-C(1)
C(1)-C(2)-C(4)
C(1)-C(2)-S(2)
C(4)-C(2)-S(2)
N(2)-C(4)-C(2)
C(6)-C(5)-C(7)
C(6)-C(5)-S(3)
C(7)-C(5)-S(3)
N(4)-C(8)-C(6)
N(3)-C(7)-C(5)
N(6)-C(9)-N(5)
C(11)-N(5)-C(9)
C(11)-N(5)-C(12)
C(9)-N(5)-C(12)
C(9)-N(6)-C(10)
C(9)-N(6)-C(14)
C(10)-N(6)-C(14)
C(11)-C(10)-N(6)
N(6)-C(14)-C(15)
C(10)-C(11)-N(5)
C(13)-C(12)-N(5)

179.6(10)
121.8(6)
121.2(5)
117.1(5)
179.6(8)
121.5(6)
120.9(5)
117.6(6)
179.3(9)
179.4(8)
103.6(7)
113.1(9)
120.5(11)
126.4(10)
109.8(8)
126.9(8)
123.3(9)
108.5(9)
112.7(9)
104.8(10)
115.2(11)

N(1)-C(3)-C(1)
C(5)-C(6)-C(8)
C(5)-C(6)-S(4)
C(8)-C(6)-S(4)
C(6)-C(5)-C(7)
C(6)-C(5)-S(3)
C(7)-C(5)-S(3)
N(3)-C(7)-C(5)
N(2)-C(4)-C(2)
N(4)-C(8)-C(6)
C(9)-N(6)-C(10)
C(9)-N(6)-C(14)
C(10)-N(6)-C(14)
C(11)-C(10)-N(6)
N(5)-C(11)-C(10)
C(11)-N(5)-C(9)
C(11)-N(5)-C(12)
C(9)-N(5)-C(12)
N(5)-C(9)-N(6)
N(6)-C(14)-C(15)
C(13)-C(12)-N(5)

178.3(9)
122.5(7)
121.7(6)
115.8(7)
121.7(7)
119.5(6)
118.7(7)
178.9(11)
179.3(10)
179.8(9)
108.0
138.6(18)
113.1(18)
108.0
108.0
108.0
114.8(16)
135.7(15)
108.0
119(2)
101.8(17)
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Table S4: Selected bond lengths and angles in anion and cation of 1 at 378, 388 K

Bond lengths /A

T=378K T=388K

Ni(1)-S(1) 2.100(17) Ni(1)-S(3) 2.152(6)
Ni(1)-S(4) 2.105(17) Ni(1)-S(2) 2.158(5)
Ni(1)-S(3) 2.118(18) Ni(1)-S(4) 2.159(6)
Ni(1)-S(2) 2.138(18) Ni(1)-S(1) 2.168(6)
S(1)-C(1) 1.64(9) S(1)-C(1) 1.740(18)
S(2)-C(2) 1.69(8) S(2)-C(2) 1.723(19)
S(3)-C(5) 1.60(8) S(3)-C(5) 1.72(2)
S(4)-C(6) 1.70(9) S(4)-C(6) 1.69(2)
N(1)-C(3) 1.06(9) N(1)-C(3) 1.15(2)
N(2)-C(4) 1.19(13) N(2)-C(4) 1.12(2)
N(3)-C(7) 1.10(10) N(3)-C(7) 1.12(3)
N(4)-C(8) 1.02(12) N(4)-C(8) 1.14(3)
N(7)-C(21) 1.350(11) C(1)-C(2) 1.37(2)
N(7)-C(17) 1.349(10) C(1)-C(3) 1.45(3)
N(7)-C(18) 1.400(11) C(2)-C4) 1.41(2)
N(8)-C(21) 1.30(2) C(5)-C(6) 1.35(2)
N(8)-C(16) 1.349(11) C(5)-C(7) 1.44(3)
N(8)-C(19) 1.400(13) C(6)-C(8) 1.45(3)
C(16)-C(17) 1.350(12) N(6)-C(9) 1.29(3)
C(1)-C(2) 1.35(11) N(6)-C(11) 1.40(3)
C(1)-C(3) 1.46(11) N(5)-C(9) 1.39(3)
C(2)-C(4) 1.44(14) N(5)-C(17) 1.42(5)
C(5)-C(6) 1.24(10) N(5)-C(16) 1.46(4)
C(5)-C(7) 1.44(10) C(19)-C(22) 1.17(7)
C(6)-C(8) 1.52(13) C(14)-N(7) 1.41(4)
C(9)-C(10) 1.351(11) C(14)-C(15) 1.56(4)
C(9)-N(5) 1.349(10) C(18)-C(17) 1.50(5)
N(5)-C(11) 1.352(11) C(20)-N(7) 1.33(4)
N(6)-C(10) 1.348(11) C(20)-N(8) 1.36(5)
N(6)-C(11) 1.349(13) N(8)-C(10) 1.35(5)
N(6)-C(14) 1.400(11) C(10)-C(21) 1.51(4)
C(12)-C(13) 1.500(15) C(11)-C(16) 1.38(4)
C(22)-C(18) 1.500(11) C(12)-C(13) 1.50(4)
C(14)-C(15) 1.499(14)

C(19)-C(20) 1.501(11)

Bond angles/°

T=378K T=388K

S(1)-Ni(1)-S(4) 178.5(8) S(3)-Ni(1)-S(2) 178.36(19)
S(1)-Ni(1)-S(3) 86.5(7) S(3)-Ni(1)-S(4) 91.8(2)
S(4)-Ni(1)-S(3) 92.9(8) S(2)-Ni(1)-S(4) 88.4(2)
S(1)-Ni(1)-S(2) 93.4(7) S(3)-Ni(1)-S(1) 87.7(2)
S(4)-Ni(1)-S(2) 87.3(7) S(2)-Ni(1)-S(1) 92.112)
S(3)-Ni(1)-S(2) 178.4(7) S(4)-Ni(1)-S(1) 179.02)
C(1)-S(1)-Ni(1) 102(3) C(1)-S(1)-Ni(1) 103.3(7)
C(2)-S(2)-Ni(1) 102(3) C(2)-S(2)-Ni(1) 104.0(7)
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C(5)-S(3)-Ni(1)
C(6)-S(4)-Ni(1)
C(21)-N(7)-C(17)
C(21)-N(8)-C(16)
C(21)-N(8)-C(19)
C(16)-N(8)-C(19)
N(8)-C(16)-C(17)
C(2)-C(1)-C(3)
C(2)-C(1)-S(1)
C(3)-C(1)-S(1)
C(1)-C(2)-C(4)
C(1)-C(2)-S(2)
C(4)-C(2)-S(2)
N(1)-C(3)-C(1)
N(2)-C(4)-C(2)
C(6)-C(5)-C(7)
C(6)-C(5)-S(3)
C(7)-C(5)-S(3)
C(5)-C(6)-C(8)
C(5)-C(6)-S(4)
C(8)-C(6)-S(4)
N(3)-C(7)-C(5)
N(4)-C(8)-C(6)
C(10)-C(9)-N(5)
N(8)-C(9)-N(7)
C(11)-N(5)-C(9)
N(7)-C(17)-C(16)
C(10)-N(6)-C(11)
C(10)-N(6)-C(14)
C(11)-N(6)-C(14)
C(9)-C(10)-N(6)
N(5)-C(11)-N(6)
N(6)-C(14)-C(15)
N(8)-C(19)-C(20)

100(3)
100(3)
114(10)
128(10)
162(10)
55(10)
93(10)
116(8)
123(6)
120(7)
121(9)
119(7)
120(7)
169(10)
162(10)
118(7)
126(7)
116(7)
129(8)
121(6)
110(7)
170(10)
170(10)
102(10)
93(10)
105(10)
111(10)
95(10)
130(10)
134(10)
114(10)
111(10)
87(10)
93(10)

C(5)-S(3)-Ni(1)
C(6)-S(4)-Ni(1)
C(2)-C(1)-C(3)
C(2)-C(1)-S(1)
C(3)-C(1)-S(1)
C(1)-C(2)-C(4)
C(1)-C(2)-S(2)
C(4)-C(2)-S(2)
N(1)-C(3)-C(1)
N(2)-C(4)-C(2)
C(6)-C(5)-C(7)
C(6)-C(5)-S(3)
C(7)-C(5)-S(3)
C(5)-C(6)-C(8)
C(5)-C(6)-S(4)
C(8)-C(6)-S(4)
N(3)-C(7)-C(5)
N(4)-C(8)-C(6)
C(9)-N(6)-C(11)
C(9)-N(5)-C(17)
C(9)-N(5)-C(16)
C(17)-N(5)-C(16)
N(7)-C(14)-C(15)
N(6)-C(9)-N(7)
N(7)-C(20)-N(8)
N(6)-C(9)-N(5)
C(10)-N(8)-C(20)
C(21)-N(7)-C(20)
C(21)-N(7)-C(14)
C(20)-N(7)-C(14)
N(8)-C(10)-C(21)
N(7)-C(11)-N(6)
C(16)-C(11)-N(6)
N(7)-C(11)-C(10)
C(16)-C(11)-C(10)
N(6)-C(11)-C(10)
C(11)-C(16)-N(5)
N(5)-C(17)-C(18)

102.4(8)
104.2(8)
123.3(18)
120.1(16)
116.5(15)
119.2(19)
120.4(16)
120.3(16)
176(3)
177(3)
125(2)
121.8(18)
113.3(19)
121(2)
119.6(18)
119.0(18)
174(3)
179(2)
98(3)
132(5)
99(3)
118(5)
99(4)
81(3)
124(5)
122(3)
95(8)
102(4)
135(5)
123(4)
112(8)
79(3)
116(3)
106(6)
143(6)
28(4)
104(4)
105(6)
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Figure S1: Experimental and simulated PXRD patterns of 1. The simulated PXRD

pattern was obtained from the single crystal X-ray diffraction data at 298 K using

Mercury3.1 program.
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Figure S2: TG plot, indicating that 1 starts thermal decomposition around 559 K.

S14



{Exo up Exoup |
(a) } (b) 1st Heating
21 1st Heating _ 1st Cooling
2 1st Cooling = 2nd Heating
= 4] 2nd Heating = 2nd Cooling
= | 2nd Cooling 3
9 2
i [
§ :
$ : TAY
14
210 280 350 420 360 390 420 450
T/K T/K
24 Exoup (¢) 24 Exoup (d)
= f I )
S 1 1 —
2 m | _Cooling 2 N
— T o
5 i _ E@ _g Cooling
L 0 o
3 — - 3
T Heating 1lI I I T —
-1 Heating
: - T : T -1 ‘ ; T
320 360 400 440 480 330 360 390
T/K T/K

Figure S3: DSC plots of (a, b) two sequential thermal cycles and (c, d) the second

thermal cycle for sample-1 in 173—-473 K and their larged views around the phase

transition.

Table S5: The calculated fusion entropy (AS¢) of reported plastic crystals in literature

OIPCs T net(K) AS{J K-!-mol) Ref.
Me,NDCA 451 13 9
TFSI 338 49 10
[Gdm-H][N{O] 459 18 12
[CoH4N3][n-C4FoSOs] 463 46 13
[C3HsN,][CH5S03] 461 24 14
[H,IM][TA] 466 19 15
[HMIM][T{] 385 16 15
[2-MeHIm][TfO] 334 37 16
[EMIm][Ni(mnt),] 490 26 17
[DEIm][Ni(mnt),] 465 19 This work
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Figure S4: Asymmetric unit of 1 (all displacement ellipsoids of non-hydrogen atoms
are drawn at 50% probability level, and hydrogen atoms are omitted for clarity) at (a)

298 K (b) 368 K and (c) 378 K in phase-III (d) 388 K in phase-II.
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Figure S5: Illustrantion of Ni...Ni distances in the crystal structure of 1 at (a) 298 (b)
368 (c) 378 and (d) 388 K.
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Plane 1B

Figure S6: Definition of mean-molecule-plane in Table S6, i.e., plane 1 is the
imidazole ring, and plane 1A and 1B represent the planes of different imidazole rings,
which contains N5 or N7 atom, respectively; plane 2 is the mean-molecule-plane of

anion, defined by Nil, S1, S2, S3, S4 atoms.

Table S6: Dihedral angles (°) between the typical planes (ref. to Figure S5) and

Ni...Ni distance (A) within an anion stack (ref. to Figure S6) at selected temperatures

Temperature (K) 298 368 378 388
Plane1A-Plane 2 68.9 63.9 65.5 63.3

Plane 1B - Plane 2 - — 58.6 60.9

Plane 1A- Plane 1B — - 8.7 5.4

Ni...Ni distance (A) 3.767/4.532 3.899/4.488 3.982/4.520 3.984/4.517
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Figure S7: Rotation angle between two different imidazole rings in 1 at (a) 378 and
(b) 388 K.
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Figure S8: Variable temperature PXRD patterns in 303—443 K for 1, indicating the
obvious differences between 383 and 398 K as well as between 398 and 408 K, which
respectively corresponds to the phase transition from Phase-III to II as well as from
Phase-II to I. A new diffraction appears at 20~5° in the plastic crystal phase, which is

still observed in the cooled phase-III, owing to slow transformation process.
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Figure S9: Plots of current against time for 1 acquired at DC voltage of 1V and
different temperatures (a) the first measurement at 298 K and cooled down to 298 K
from 353 K (b) in 383—408 K (phase-II) on heating (c) in 368—353 K (phase-II) on
cooling and (d) in 343-298 K (phase-III) on cooling.
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Figure S10: Temperature dependent impedances of 1 (a, b) on heating in 293-453 K

and 293-313 K (¢) on cooling in 453-293 K.
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Figure S11: Experimental and simulated impedance spectra of 1 at 298 K together
with the equivalent circuits (where R; and R. represent the resistances of ion and
electron transport; Ry, corresponds to the inter-grain resistance. Cyeom 1S @ geometrical
capacitance owing to a conductor with a finite dielectric permittivity between two
parallel metallic electrodes, and such type of parallel plate capacitance acts across the
whole configuration, but typically possess very small values. The symbol CPE;y
denotes the interface capacitance, originated from that the excess ionic charge on one
side of the ion-blocking interface is balanced by excess electronic charge in the
adjacent metal electrode. CPEg;; denotes the capacitance arising from the diffusion of
ions), and the impedance spectra are acquired from (a) Gamry Reference 600+

electrochemical workstation and (b) Concept 80 system.
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Table S7: Parameters acquired by fit using the circuit elements (R and CPE) at 298 K

by Gamry Reference 600+ electrochemical workstation and Concept 80 system

R; Re Rgp Cacom CPE;-T CPEi-P  CPEyT CPE4i+T
Gamry 1102 74468 3712 3.59x10°!! 1.16x10* 0.07 3.78x10° 1.06
Concept 80 2248 2.71x10° 1.65 4.32x10712 1.38x10* 0.44 2.49x108 0.51
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Figure S12: Comparison of impedances of 1 at the same temperatures in the first and

the second thermal cycles, showing that the resistance is smaller in the second thermal

cycle than in the first one at the same temperature. This is because that the annealed

process across a plastic crystal phase make larger amount of lattice defects, which are

remained in the crystal phase as the sample was cooled and benefit for the ion

transport.
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Figure S13: Packing diagrams of 1 at 378 K projected along (a) a-axis (b) c-axis,
where the red and green balls represent the centers of two crystallographically

different imidazole rings, and are possible cation vacancies in lattice.
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Table S8: High ion conducting plastic crystals or their composites

Compound/Composite o (S cm™) Temperature (K) Ref.
Me,;NDCA 103 420 [9]
TFSI 6.2x1073 333 [10]
[Zn(HPO,)(H,PO4),](ImH5;), 2.6x10* 403 [11]
[Gdm-H][NfO] 2.1x103 458 [12]
[C,H4N;3][n-C4FoSO;5] 1.1x10* 453 [13]
[P1224][PF¢] 1x1073 393-423 [18]
[EMIm][Ni(mnt),] 2.1x10! 453 [17]
[Cympyr][TFSI] 3x1073 - [19]
PY1101[CF3;BF3] 7.7x1073 - [19]
[Cimoxa] [DCA] 1.4x10? 303 [20]
[Cimpyr|[DCA] 1.5x1072 298-343 [21]
TBA,[Ni(mnt),] 2.1x10? 453 [22]
[C3HsN,] [CH;3SOs5] 1.0x10? 458 [23]
PDES/CPE 1.1 x1073 303 [24]
Lil@P, ,I/COF 1.4x10? 423 [25]
P1i444FSI/NaFSI 1.0 x10 303 [26]
[Compyr|[NTH,]/Na[NTH] 3.0x10* 333 [27]
KOACc/PVA/Car-30 4.6x1072 - [28]
NaOAc/PVA/Car-30 4.5%10? - [28]
[DEIm][Ni(mnt),] 1.77 453 This work
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Figure S14: (a) The reproduced plot of magnetic susceptibility versus tempertaure in
1.8-230 K using S = /2 AFM Heisenberg alternating linear spin chain model (b) Plots
Of Ym(chainyZ vs. T, in which ym(chainy Values were obtained using spin-gap model in
2-315 K on heating.

The spin Hamiltonian for a Heisenberg alternating linear chain system has the form in

Eq. (s1)
n
2

H=- 2]2 [S2j_ 15 + @S55; 4 1]
i=1 (s1)

In which J and oJ represent the exchange constant between adjacent spins in the spin
chain, respectively, while J <0 and 0 < o < 1. Based on Eq. (s1), the molar magnetic
susceptibility as temperature function, deduced from the cluster approach, is
expressed as Eq. (s2)
Ng*us A+ Bx + Cx?

kgT 1+ Dx + Ex* + Fx* (s2)

Xchain =

in Eq. (s2), x=|J|/kgT and J < 0, and the parameters A-F are constants, which have
different values corresponding to the cases of 0 < a < 0.4 and 0.4 < a < 1. The
parameters A—F are constants, with different values corresponding to the cases of 0 <
a<0.4 and 0.4 < a < 1.2 Two different sets of A-F parameters were tried to be fit for
the magnetic susceptibility of 1 in 2-230 K, respectively, and the best fit was obtained
when o = 0.165(23), J/kg =—-421(5) K, C=1.92(22)x10 emu K mol'!, 8 =-3.58(51)
K and yy = —-1.40(2)x10* emu mol! (with g = 2.01 fixed, R = 0.992). The
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paramagnetic impurity content in 1 is estimated as 0.5% of S = 2 molar magnetic

susceptibility.
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