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General Experimental 

All reagents and solvents were obtained from commercial suppliers and used without further 

purification. Reactions were carried out under nitrogen atmosphere using standard Schlenck 

techniques and reported yields refer to purified and spectroscopically pure compounds, unless 

otherwise stated. Concentration under reduced pressure was performed by rotary evaporation 

(25 - 40 °C) at an appropriate pressure. Thin layer chromatography (TLC) was performed 

using Merck Si60 F254 pre-coated TLC aluminium plates and flash column chromatography 

was performed using Merck Geduran Si 60 silica gel (40–63 µm particle size). 
1
H and 

13
C 

nuclear magnetic resonance (NMR) spectra were recorded on Bruker NMR spectrometers 

Avance III 400 and Avance Neo 700 at 298 K. Chemical shifts (δ) are reported in parts per 

million (ppm), using the residual solvent peaks as internal standard. For 
1
H-NMR (δ): CDCl3 

7.26. For 
13

C-NMR (δ): CDCl3 77.16. Coupling constants (J) are given in Hertz (Hz) and spin 

multiplicities denoted as follows: s = singlet, d = doublet, hept = heptet. Mass spectrometry 

data was collected on a Thermo Accela LC/LTQ (EI), Waters LCT Premier QTOF (ESI) and 

Thermo Scientific TRACE 1310 GC (EI/CI) mass spectrometers (ESI). Fourier-transform 

infrared spectra (FTIR) were recorded on a Bruker Platinum ATR with a single reflection 

diamond attachment. 
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Confocal Raman spectroscopy was performed on a Renishaw inVia Raman spectrometer 

coupled to a Leica DM LM microscope at room temperature under ambient conditions. A 785 

nm diode laser was used as the excitation source with a maximum power of 500 mW. 

Thermal stability measurements were conducted with a TA instruments Q500 TGA under 

nitrogen atmosphere. The experiments were performed in platinum crucibles and the samples 

were heated over a range of 293 K to 1073 K at a constant heating rate of 20 K min
-1

. Energy 

dispersive X-ray fluorescence (ED-XRF) was carried out under inert Helium atmosphere with 

a Malvern Panalytical Epsilon 4 spectrometer equipped with a silver (Ag) anode X-ray tube. 

X-ray diffraction (XRD) data was collected on a STOE SEIFERT diffractometer using Mo Kα 

(0.7093 Å) radiation with a detected angular range of 2° < 2θ < 40° and a step size of 0.05° at 

1 s per step. The XRD data was analysed with the MDI Jada 6 software. Field emission 

scanning electron microscopy (FE-SEM) was performed on a Hitachi S-4800 with an 

accelerating voltage of 8.0 kV. The energy dispersive X-ray spectroscope (EDS, Oxford) 

fitted to the SEM was utilized in mapping mode for elemental analysis. 

X-ray photoelectron spectroscopy (XPS) data was recorded using a Thermo Scientific K-

Alpha spectrometer with a monochromated Aluminium (Al) Kα X-ray source (1486.7 eV). 

The binding energy scale was calibrated against the C 1s peak to 284.6 eV. All XPS data was 

analyzed with the CasaXPS processing software. Ultraviolet photoelectron spectroscopy (UPS) 

measurements were recorded on a Thermo Scientific Theta-Probe spectrometer with a helium 

discharge lamp emitting in ultraviolet range (He I = 21.22 eV). 

The electrical conductivity was measured with a 4-point probe on pressed OMCP pellets, at 

room temperature and ambient atmosphere using a Keithley 2636B sourcemeter. The Seebeck 

coefficients were measured with a MMR Technologies Inc. SB100 Seebeck Measurement 

System, with an integrated K20 refrigerated chamber controller, under vacuum (1 × 10
-5

 mbar). 

The measurements were performed on free-standing OMCP pellets and silver paste was used 

to ensure good contact. 
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The thermal conductivities of the samples were determined through single-laser Raman 

thermometry using a Jobin-Yvon LabRam HR800 grating spectrometer combined with a 

confocal microscope. In Raman thermometry, a focused laser beam is used as a heat source, 

while the temperature-dependent Raman spectra are used as means of thermometer. In the 

first step, the shift in the spectral positions of the Raman peaks is recorded as a function of the 

absorbed laser power. In this work, the spectral positions of the Raman peaks around 360 cm
-1

 

and 490 cm
-1

 were measured as a function of the incident absorbed laser power (λ = 633 nm). 

Note that, typically, as the laser power increases, the Raman vibrations exhibit a redshift 

which originates from the local temperature increase. In a second step, the shift in the spectral 

positions of the Raman peaks is recorded as a function of temperature, which is controlled 

externally by a Linkam cryostat in vacuum conditions. This second step constitutes the 

calibration of our “thermometer” since it allows to convert the shift in the spectral positions of 

the Raman peaks into a local temperature rise. 

The temperature rise in the laser spot region for the case of a semi-infinite medium can be 

written as: 

 

where Pabs is the laser power absorbed by the sample, R is the Gaussian spot radius, and k is 

thermal conductivity of the specimen. In conclusion, the thermal conductivity is obtained 

measuring the temperature rise within the laser spot as a function of the laser power absorbed 

by at sample. In order to obtain a smooth surface, i.e. a quasi-specular reflection, all three 

samples were first polished using fine grained sand paper. Raman imaging of the surface of 

the pellets was performed using a Witec alpha300RA piece of equipment. 
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EPR spectra were measured at 77 K using an EMX X-band (~10 GHz) spectrometer (Bruker, 

Germany) with a cylindrical microwave resonator and a liquid nitrogen Dewar. The 

concentration of unpaired electron was estimated by comparing the area of observed 

absorption peak with that of CuSO4 × 5 H2O standard sample (Cu
2+

, d9, S = 1/2). DC 

magnetization measurements were performed using a MPMS3 magnetometer (Quantum 

Design, USA) for a temperature of 2-300 K and magnetic field of 0 - 7 T. 

The Ni K-edge XANES data were collected at the XAFCA beam line at the Singapore 

Synchrotron Light Source (SSLS), Singapore, which operates at 0.7 GeV. In a typical 

XANES experiment, pellets of the samples were loaded into the sample chamber and the data 

were collected in transmission mode. The data were processed using ATHENA and 

ARTEMIS suite of software. 

The geometries of the free ligands and oligomers were optimised for different spin/charge 

states using the B3LYP density functional
[1]

 combined with Grimme’s D3 dispersion 

correction
[2]

 or the ωB97XD functional and either the def2-SVP or def2-TZVP basis-set.
[3]

 

For selected systems we tested the effect of ignoring the fact that in experiment the oligomers 

are part of an amorphous solid by comparing the predictions for molecules in the gas-phase 

and in the presence of a dielectric screening model (COSMO, εr 10).
[4]

 The stability of all 

closed-shell states with respect to going from a restricted to an un-restricted (open-shell) 

solution was assessed by means of stability analysis. For selected (ground) states of the 

different oligomers the optical gap was also predicted using TD-DFT. These latter 

calculations use the Tamm-Dancoff approximation to avoid stability issues.
[5]

 All (TD-)DFT 

calculations on free ligands and oligomer models were performed using Turbomole 7.4.
[6]

 

Periodic density functional theory (DFT) calculations were performed on Cs2ZrCl6 within the 

Vienna Ab Initio Simulation Package (VASP),
[7]

 using the projector augmented wave (PAW) 

method to describe the interaction between valence and core electrons;
[8]

 all PAW 
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pseudopotentials used are scalar-relativistic, and 3p electrons included as valence for Ni. The 

hybrid functionals HSE06 and PBE0,
[9]

 which incorporate 25% Hartree-Fock exchange in 

addition to 75% exchange and full correlation from the PBE functional,
[10]

 were both used to 

calculate the system, as they counteract the self-interaction and band-gap underestimation 

inherent in standard DFT. HSE06 differs from PBE0 by only including the Hartree-Fock 

exchange at short range, determined by the parameter of 0.11 bohr
-1

,
[11]

 and has been used 

previously to calculate similar conjugated polymers.
[12]

 A plane wave cut-off energy of 600 

eV and k-point mesh of 1 x 3 x 1 were sufficient to converge the total energy to within 1 meV 

per atom. Relaxation of the structure was performed until the forces were below 0.01 eV per 

Å on each atom, and the total energy was converged to within 10
-5

 eV for all calculations. The 

sumo package was used for plotting the electronic density of states and band structure,
[13]

 and 

uses the notation for high-symmetry points in the Brillouin Zone from Bradley and 

Cracknell.
[14]

 

OMCP Pellet Fabrication 

The polymer samples were ball-milled for 15 minutes at 1800 Hz using a Retsch MM200 

mixer mill. In a typical milling procedure, 200 mg of solid OMCP sample and two 7 mm 

stainless steel milling balls were added to a 15 mL stainless steel grinding jar. After milling, 

the obtained powder was compressed (around 2.6 GPa) using a KBr pellet dies into circular 

pellets (15 mm diameter) with an approximate thickness of 0.6 – 0.8 mm, measured with a 

digital calliper (0.01 mm resolution). 
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Synthetic procedures 

[1,3]dithiolo[4,5-d][1,3]dithiole-2,5-dione (1) 

 

Compound 1 was prepared by adapting a previously published procedure.
[15]

 Methyl 2,2-

bis((isopropoxycarbonothioyl)thio)acetate was prepared by addition of methyl dichloroacetate 

5 (1.30 mL, 12.7 mmol) to a suspension of potassium isopropylxanthate (25.6 mmol, 4.45 g) 

in acetone (25 mL) at room temperature. The mixture was stirred for 5h to form an oily slurry. 

The crude mixture was diluted by addition of hexane (50 mL) to precipitate any salts. The 

salts were filtered off and washed with cold acetone. The solvent was removed under reduced 

pressure and the methyl 2,2-bis((isopropoxycarbonothioyl)thio)acetate (6) recovered as a light 

yellow oil (3.36 g, 9.81 mmol), which was used in the next step without further purification. 

50 mL of concentrated sulfuric acid (98%) were added to a 500 mL conical flask equipped 

with a large stirrer bar and cooled to 0 °C in an ice-bath. Diethyl ether (4 mL) were cautiously 

added to the well stirred acid, before methyl 2,2-bis((isopropoxycarbonothioyl)thio)acetate 6 

was added dropwise. After complete addition, the cooling bath was removed, and the reaction 

mixture warmed to room temperature. The acidic reaction mixture was poured onto crushed 

ice (300 mL) to precipitate the crude product 1. The solid was filtered off and washed 

extensively with water and ice-cold diethyl ether (2 × 20 mL). The crude product was 

recrystallized from chloroform to yield the pure title compound 1 as off-white crystalline 

needles (1.70 g, 8.16 mmol, 63 %). 
13

C NMR (700 Hz, CDCl3, δ): 188.1, 111.8. GC-MS (EI, 

m/z) calcd. for C4O2S4 [M]
+
 207.88, 209.87, 208.88; obs. 207.16, 208.15, 208.97. FTIR (neat, 

cm
-1

): 1738 (w), 1650 (s), 966 (m), 964 (m), 915 (m), 728 (s). Raman (neat, cm
-1

): 1700 (w), 
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1682 (w), 1617 (w), 1482 (s), 557 (m), 536 (w), 517 (w), 485 (s), 429 (w), 335 (s), 496 (m), 

476 (m). 

[2,2'-bi[1,3]dithiolo[4,5-d][1,3]dithiolylidene]-5,5'-dione (2) 

Compound 2 was prepared by adapting a previously published procedure.
[16]

 [1,3]dithiolo[4,5-

d][1,3]dithiole-2,5-dione 1 (1.00 g, 4.80 mmol) and triethylphosphite (4.00 g, 24.0 mmol) 

were dissolved in 100 mL of anhydrous toluene and heated to reflux for 15 hours. After 

cooling down, the formed precipitate was filtered off, washed with diethyl ether to yield 

compound 2 as a brown shiny solid (0.75 g, 1.95 mmol, 81%). HRMS (NH3 CI, m/z) calcd. 

for C8HO2S8 [M+H]
+
 384.7737; obs. 384.7736. Anal. calcd for C8O2S8: C 24.99, S 66.69; 

found: C 26.27, S 61.18. FTIR (neat, cm
-1

): 1689 (s), 1016 (m), 966 (m), 878 (m), 845 (m), 

741 (s). Raman (neat, cm
-1

): 1497 (m), 1476 (m), 1116 (s), 951 (m), 496 (m), 476 (m). 

1,2,4,5-tetrakis(isopropylthio)benzene (4) 

Sodium hydroxide (1.24 g, 31.0 mmol) and 1,2,4,5-tetrachlorobenzene 3 (0.88 g, 4.11 mmol) 

were dissolved in 15 mL of anhydrous N,N-dimethylacetamide (DMA). Then, 2-propanethiol 

(2.90 mL, 31.3 mmol) was added dropwise to the solution at room temperature. After 

complete addition, the reaction was heated at 80 ºC overnight. After the brown solution 

cooled down, water was slowly added under stirring until a white solid precipitated. The solid 

was collected by vacuum filtration and re-dissolved in diethyl ether (20 mL). The organic 

phase was washed twice with water (2 × 20 mL) and brine (20 mL). The organic solution was 

dried with magnesium sulfate (MgSO4), filtered and evaporated under reduced pressure. The 

brown oil recovered was precipitated into methanol (10 mL) to yield the title compound 4 as a 

white crystalline solid (1.37 g, 3.66 mmol, 90%). 
1
H NMR (400 Hz, CDCl3, δ): 7.28 (s, 2H), 

3.42 (h, J = 6.7 Hz, 4H), 1.31 (d, J = 6.7 Hz, 24H). 
13

C NMR (400 Hz, CDCl3, δ): 136.0, 

132.9, 37.5, 23.0. MS (ESI): calcd. for C18H30S4 [M]
+
 375.13, 376.13, 377.13; obs. 375.13, 

376.13, 377.13. FTIR (neat, cm
-1

): 2959 (w), 2947 (w), 2860 (w), 1634 (w), 1427 (m), 1364 
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(m), 1242 (m), 1180 (m), 1121 (m), 1047 (s), 641 (m). Raman (neat, cm
-1

): 2974 (m), 2963 

(m), 2925 (m), 1543 (s), 1495 (m), 1125 (s), 653 (m). 

Poly(nickel-ethylenetetrathiolate) (Ni-ett) 

Ni-ett was prepared by adapting a previously published procedure.
[17]

 1,3,4,6-

tetrathiapentalene 1 (1.00 g, 4.81 mmol) was reacted with an excess of sodium methoxide 

(1.20 g, 22.2 mmol) in refluxing anhydrous methanol (50 mL) for 24 hours. Nickel acetate 

tetrahydrate (NiAc2 ∙ 4 H2O; 1.20 g, 4.82 mmol) was dissolved in anhydrous methanol (30 

mL). The nickel acetate solution was added dropwise to the refluxing solution and heating 

continued for another 24 hours. After cooling to room temperature, the reaction mixture was 

filtered and the crude black Ni-ett collected. The crude polymer was purified by Soxhlet 

extraction with deionized water for 24 h, followed by methanol for 24 hours. The purified Ni-

ett was dried for 24 hours in vacuum at 100 °C and recovered as a black powder (0.65 g, 3.08 

mmol, 64%). FTIR (neat, cm
-1

): 1622 (m), 1067 (m), 964 (w). Raman (neat, cm
-1

): 1185 (s), 

1157 (s), 496 (m), 363 (m). 

Poly(nickel-[2,2'-bi(1,3-dithiolylidene)]-4,4',5,5'-tetrakis(thiolate)) (Ni-diett) 

Sodium methoxide (0.65 g, 120 mmol) was added to a solution of compound 2 (1.00 g, 2.60 

mmol) in anhydrous methanol and refluxed for 24 hours. Nickel acetate tetrahydrate (NiAc2 ∙ 

4 H2O; 0.65 g, 2.61 mmol), dissolved in 20 mL of anhydrous methanol, was added dropwise 

over 30 minutes to the refluxing solution and heating continued for another 24 hours. The 

mixture was cooled to room temperature, and the formed black precipitate filtered off. The 

crude Ni-diett was further purified by Soxhlet extraction with deionized water, followed by 

methanol (both for 24 hours). The purified Ni-diett was dried for 24 hours in vacuum at 100 

°C and recovered as a black powder (0.75 g, 1.94 mmol, 75%). FTIR (neat, cm
-1

): 1616 (m), 

1167 (m), 1134 (m), 1036 (w), 965 (m). Raman (neat, cm
-1

):1437 (m, broad), 1294 (w), 1250 

(w), 1187 (s), 1157 (s), 495 (m), 363 (m). 
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Poly(nickel-benzene-1,2,4,5-tetrakis(thiolate) (Ni-btt) 

1,2,4,5-tetrakis(isopropylthio)benzene (4) (1.76 g, 4.70 mmol) was dissolved in anhydrous 

N,N-dimethylacetamide (75 mL). Sodium (5.40 g, 235 mmol) was added to the solution and 

the mixture heated to 100 °C for 24 hours, during which a milky orange slurry formed. 15 mL 

of thoroughly degassed water were added to obtain clear orange-brown solution. Nickel 

acetate tetrahydrate (NiAc2 ∙ 4 H2O; 1.17 g, 4.70 mmol) was dissolved in 20 mL of degassed 

water and added dropwise to the reaction mixture over 15 minutes. Over the course of the Ni 

addition, the colour of the reaction mixture gradually deepened to black. After complete 

addition, the mixture was heated to 100 °C for 24 hours. The reaction was cooled to room 

temperature and the black solid collected by centrifugation. The crude Ni-btt was purified by 

Soxhlet extraction with deionized water for 24 h, followed by methanol for 24 hours. The 

purified polymer was dried for 24 hours in vacuum at 100 °C and recovered as a black 

powder (0.60 g, 2.30 mmol, 49%). FTIR (neat, cm
-1

): 1614 (w), 1533 (w), 1463 (w), 1417 

(w), 1110 (m), 1073 (m), 1019(m), 858 (m), 690 (w), 655 (w). Raman (neat, cm
-1

):1490 (m), 

1422 (m), 1300 (w), 1219 (w), 1110 (m), 1075 (w), 357 (vs). 

1,2,4,5-tetrakis(methylthio)benzene (7) 

 

To verify if the reaction mechanism for the formation of Ni-btt proceeded via a benzene-

1,2,4,5-tetrathiolate intermediate, we dissolved compound 4 (115 mg, 0.31 mmol) in 8 mL of 

N,N-dimethylacetamide (DMA). Sodium (350 mg, 15.2 mmol) was then added and the 

solution immediately turned yellow. The reaction was heated to 100 °C for 20h. The orange 

solution was then cooled down to room temperature and quenched by addition of an excess of 

methyl iodide (0.20 mL, 3.21 mmol). After heating to 50 °C overnight, the reaction was 
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cooled to room temperature and diluted with 10 mL of diethyl ether. The organic phase was 

washed with water ((2 × 10 mL) and brine (10 mL). The organic phase was dried with 

magnesium sulfate (MgSO4), filtered and evaporated under reduced pressure. The recovered 

oil was added to 5 mL of methanol to precipitate 1,2,4,5-tetrakis(methylthio)benzene (7) as a 

slight yellow solid (60.0 mg, 0.228 mmol, 74%).
1
H NMR (400 Hz, CDCl3, δ): 7.10 (s, 2H), 

2.47 (s, 12H). 
13

C NMR (400 Hz, CDCl3, δ) 135.8, 126.6, 16.9. HRMS (ESI) calcd. for 

C10H15S4 [M+H]
+
 263.0057; obs. 263.0062. 

 

Table S1: Summary of the reported elemental analysis of different Poly[Ax(Ni-ett)] and Ni-

tto materials, where A represents the alkali counter cation. The elemental ratios listed were 

either directly reported in the cited references or calculated based on the data provided.  

 S/Ni Ni/A Ref. 

[Kx(Ni-ett)] powder 3.33 3.39 [18] 

[Kx(Ni-ett)] powder - 30.21 [19] 

[Kx(Ni-ett)] film 3.5 45.78 [20] 

[Kx(Ni-ett)] powder 3.51 17.58 [21] 

[Lix(Ni-ett)] powder 4.77 9.02 [21] 

[Nax(Ni-ett)] powder 3.53-5.93 2.57-95.68 [21] 

[Nax(Ni-ett)] powder - 3.61 [19] 

[Nax(Ni-ett)] powder 5.19 7.64 [22] 

Ni-tto powder 4.35 9.39 [18] 
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Figure S1: SEM images of as-prepared Ni-ett (a), Ni-diett (b) and Ni-btt (c) powder, and 

after 15-minutes of ballmilling Ni-ett (d), Ni-diett powder (e) and Ni-btt (f). 

 

 

 

Figure S2: SEM (top left) and EDS spectrum (top right) of the element distribution in 

compressed Ni-ett pellets.  (Bottom row) Element composition maps in the compressed 

pellets of sulfur (S), nickel (Ni) and carbon (C). 
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Figure S3: SEM (top left) and EDS spectrum (top right) of the element distribution in 

compressed Ni-diett pellets.  (Bottom row) Element composition maps in the compressed 

pellets of sulfur (S), nickel (Ni) and carbon (C). 

 

 

Figure S4: SEM (top left) and EDS spectrum (top right) of the element distribution in 

compressed Ni-btt pellets.  (Bottom row) Element composition maps in the compressed 

pellets of sulfur (S), nickel (Ni) and carbon (C). 
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Figure S5: XPS energy survey spectra of pristine (a) and purified Ni-ett (b); Ni 2p core level 

spectrum of pristine (c) and purified Ni-ett (d); S 2p core level spectrum of pristine (e) and 

purified Ni-ett (f); C 1s core level spectrum of pristine (g) and purified Ni-ett (h).



  

14 

 

 

Figure S6: XPS energy survey spectra of pristine (a) and purified Ni-diett (b); Ni 2p core 

level spectrum of pristine (c) and purified Ni-diett (d); S 2p core level spectrum of pristine (e) 

and purified Ni-diett (f); C 1s core level spectrum of pristine (g) and purified Ni-diett (h).



  

15 

 

 

Figure S7: XPS energy survey spectra of purified Ni-btt (a); Ni 2p (b), S 2p (c) and C 1s (d) 

core level spectra of purified Ni-btt. 

 

Table S2: X-ray fluorescence analysis (XRF) of element contents (weight % and atomic %) 

and corresponding atomic S/Ni ratio of Ni-ett, Ni-diett and Ni-btt. 

Element wt% at% Element wt% at% Element wt% at%

S 61.6% 68.3% S 79.1% 78.4% S 62.5% 67.9%

Ni 37.5% 22.7% Ni 19.7% 10.7% Ni 34.5% 20.5%

Al 0.64% 0.85% Al 0.70% 0.82% P 1.01% 1.14%

Si 0.12% 0.15% P 0.24% 0.24% Si 0.85% 1.05%

Fe 571.8 ppm 363.7 ppm Si 0.12% 0.13% Ca 0.61% 0.53%

Ca 279.6 ppm 247.8 ppm Fe 778.8 ppm 443.1 ppm Zn 0.20% 0.11%

Y 200.9 ppm 80.3 ppm Ca 593.2 ppm 470.3 ppm Er 0.12% 0.03%

Zn 144.7 ppm 78.6 ppm Y 107.0 ppm 38.2 ppm Br 679.4 ppm 296.3 ppm

Zr 53.0 ppm 20.6 ppm Os 45.6 ppm 7.6 ppm I 661.9 ppm 181.8 ppm

Re 37.1 ppm 7.1 ppm Zr 32.0 ppm 11.1 ppm Fe 351.6 ppm 219.4 ppm

Au 22.1 ppm 4.0 ppm Au 19.0 ppm 3.1 ppm Sb 164.0 ppm 46.9 ppm

Ge 7.8 ppm 3.4 ppm Sn 138.8 ppm 40.7 ppm

Te 105.7 ppm 28.9 ppm

Ti 57.0 ppm 41.5 ppm

Ba 30.4 ppm 7.7 ppm

Pb 13.3 ppm 2.2 ppm

As 11.8 ppm 5.5 ppm

Sr 6.4 ppm 2.5 ppm

Se 1.7 ppm 0.75 ppm

Ni-ett Ni-diett Ni-btt

S/Ni = 3.01 S/Ni = 7.33 S/Ni = 3.31
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Figure S8: XPS energy survey spectra of the 18-month old Ni-ett before (a) and after 

purification (b). 

 

 

Figure S9: S 2p core level XPS spectrum and the corresponding atomic percentage of 

oxidized sulfur and coordinated sulfur based on the XPS fitting of various Ni-ett samples (a) 

as-prepared and without purification; (b) 12-month-exposure to ambient conditions; (c) 18-

month exposure to ambient conditions; (d) purified Ni-ett after 12-month air exposure; (e) as-

prepared Ni-ett after purification. 
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Figure S10: S 2p core level XPS spectrum of Ni-ett at the surface (a) and 15 nm beneath (b) 

after 18-month of oxidation. 

 

 

Table S3: Extracted XANES parameters for Ni-ett, Ni-diett and Ni-btt. 

Sample N a σ2 (×10-3) b R (Å) 

Ni-ett 3.39 5.7 2.17 

Ni-diett 3.91 2.8 2.18 

Ni-btt 3.28 2.5 2.16 

a
 number of neighbours; 

b
 mean-squares deviation for a Gaussian distribution of R. 

 



  

18 

 

4000 3500 3000 2500 2000 1500 1000 500

40

50

60

70

80

90

100
T

ra
n

s
m

it
ta

n
c
e

 (
%

)

Wavenumber (cm-1)

 1

 2

 4

 

Figure S11: FTIR spectra of the organic ligands 1, 2, and 4 before polymerisation. The 

spectra have been stacked for clarity. 
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Figure S12: Full FTIR spectra of Ni-ett, Ni-diett and Ni-btt. The spectra have been stacked 

for clarity. 
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Figure S13: Resonance Raman (right) spectra of compounds 1, 2 and 4 with 728 nm 

excitation. The spectra have been stacked for clarity. 
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Figure S14: Powder X-ray diffraction spectra of the three OMCP materials. 
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Figure S15: UPS valence band spectra of the three OMCPs. The enlarged Fermi edge region 

energy region is shown in the inset. 

 

Table S4: Summary of the EPR parameters for Ni-ett, Ni-diett and Ni-btt. μB is the Bohr 

magneton. 

Sample Spin EPR parameters 

Spin 

concentration 

(S = ½) 

Moment/repeat 

unit 

Ni-ett S = 1 

g ~ 2 

 = 0.314 cm
-1

 

 = 0 cm
-1

 

4.0 × 10
22

/mol 0.50 μ
B
 

Ni-diett S = 1/2  

g
1
 = 2.003 

g
2
 = 2.025 

g
3
 = 2.047 

7.0 × 10
20

/mol 0.06 μ
B
 

Ni-btt S = 1/2 

g
1
 = 2.015 

g
2
 = 2.050 

g
3
 = 2.178 

1.3 × 10
21

/mol 0.09 μ
B
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Figure S16: Temperature dependence of magnetic susceptibility (χm) of Ni-ett measured by 

SQUID.  

 

 
Figure S17: Temperature dependence of magnetic susceptibility (χm) of Ni-diett measured by 

SQUID. 

 

 
Figure S18: Temperature dependence of magnetic susceptibility (χm) of Ni-btt measured by 

SQUID. 
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Supplementary DFT discussion 

DFT calculations on the free ligands (see Table S5) predict that two of the free ligands, ett 

and btt have a closed-shell singlet ground  

 

state for the di-anion. The ground state of the di-anion of diett in contrast predicted to be an 

open-shell singlet. These results are found to be relatively insensitive to increasing the size of 

the basis-set or including a dielectric environment for the ligands. 

 

Table S5 Energy differences between the relaxed singlet and triplet state (ΔES-T) of the ett
2-

, 

diett
2-

 and btt
2-

 di-anions, as well as in the case of diett
2-

 the energy difference between the 

relaxed singlet and open-shell singlet state (ΔES-OSS). All values calculated using B3LYP and 

in eV. 

 
def2-SVP def2-TZVP 

εr 1 (gas) εr 10 εr 1 (gas) εr 10 

ett ΔES-T 0.86 0.82 0.86 0.84 

diett 
ΔES-T -0.25 -0.19 -0.18 -0.08 

ΔES-OSS -0.29 -0.24 -0.24 -0.15 

btt ΔES-T 0.37 0.31 0.38 0.33 

 

DFT calculations on oligomeric chains with composition [Ni4L5]
2-

, i.e. four nickel ions 

bridged by three ligands and with two ligands capping the chain either side, find that in the 

case of [Ni4diett5]
2-

 the lowest spin-state is an open-shell singlet with most of the spin-

polarisation on the ligand (see Table S6). In contrast, the highest possible spin-state with ten 

unpaired electrons, assuming two unpaired electrons per diett
2-

 and that Ni
2+

 has no unpaired 

electrons in a square-planar coordination, lies much higher in energy and ironically ends up 

with significant spin-localisation on the nickel ions. The <S*S> values for the open-shell 
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states suggest that there is a degree of spin contamination, where higher multiplicity spin-

states artificially get mixed in, which is unavoidable when performing unrestricted DFT 

calculations. 

 

Table S6 Multiplicity, relative energies and <S*S> values of different relaxed spin-states of 

the [Ni4diett5]
2-

 oligomer. All values calculated using B3LYP+D3 and relative energies in eV. 

 Multiplicity ΔE <S*S> 

Singlet 0 0 0 

Open-shell singlet 0 -0.37 2.01 

Triplet 3 -0.24 3.25 

Undectet 11 1.17 31.18 

 

In the case of the [Ni4btt5]
2-

 oligomer we were unable to stabilise the open-shell singlet 

solution, which collapsed back to the singlet, even when starting from an open-shell singlet 

initial guess. The spin-state with ten unpaired electrons again lies much higher in energy, 

though the argument for such a spin-state is weaker in the case of [Ni4btt5]
2-

 than for 

[Ni4diett5]
2-

 as, as discussed above, btt
2-

 in contrast to diett
2- 

is predicted to be a closed-shell 

di-anion. The lowest energy spin-state we found for [Ni4btt5]
2-

 is a triplet with the majority of 

the unpaired spin density distributed over the four nickel atoms and the four terminal sulfur 

atoms. It is unclear if the latter polarised electronic solution is an artefact of our 

computational model or would occur experimentally. 

Table S7 Multiplicity, relative energies and <S*S> values of different relaxed spin-states of 

the [Ni4btt5]
2-

 oligomer. All values calculated using B3LYP+D3 and relative energies in eV. 

 Multiplicity ΔE <S*S> 

Singlet 0 0 0 

Open-shell singlet 0 0 0 

Triplet 3 -0.41 3.02 
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Undectet 11 0.58 30.9 

Tables S8-S10 gives the differences in energy between the optimised singlet, open-shell 

singlet and triplet states of neutral oligomeric chains capped with hydrogen terminated ligands, 

e.g. edt-[Ni4ett3]-edt, where edt is 1,2-ethenedithiol. For these neutral oligomers, models of 

chains for which the terminal ligands have been oxidised, the open-shell singlet and triplet 

state lie very close in energy and both are more stable than the closed-shell singlet. 

Calculations for selected chains with a larger basis-set (def2-TZVP) and another density 

functional (the long-range corrected ωB97XD functional), suggest that the effect of increasing 

the basis-set is small and that switching functionals primarily changes the prediction by how 

much the open-shell states are stabilised relative to the closed-shell states. The <S*S> values 

for the open-shell states suggest that there is a degree of spin contamination, where higher 

multiplicity spin-states artificially get mixed in, which is unavoidable when performing 

unrestricted DFT calculations. The degree of spin contamination appears worse for the 

ωB97XD calculations relative to those performed using B3LYP+D3, as well worse for the 

diett and btt chains relative to their ett counterparts. 

 

Table S8 Multiplicity, relative energies and <S*S> values of different relaxed spin-states of 

the hydrogen terminated [Ni4ett5] oligomer. Values calculated using B3LYP+D3/def2-SVP, 

B3LYP+D3/def2-TZVP and ωB97XD/def2-SVP respectively. Relative energies in eV. 

 Multiplicity ΔE <S*S> 

Singlet 0 0 0 

Open-shell singlet 0 -0.43/-0.44/-1.98 1.03/1.04/1.05 

Triplet 3 -0.42/-0.43/-1.98 2.03/2.03/2.05 
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Table S9 Multiplicity, relative energies and <S*S> values of different relaxed spin-states of 

the hydrogen terminated [Ni4diett5] oligomer. Values calculated using B3LYP+D3/def2-SVP 

and ωB97XD/def2-SVP respectively. Relative energies in eV. 

 Multiplicity ΔE <S*S> 

Singlet 0 0 0 

Open-shell singlet 0 -0.25/-1.71 2.10/3.52 

Triplet 3 -0.13/-1.84 3.27/5.94 

 

 

Table S10 Multiplicity, relative energies and <S*S> values of different relaxed spin-states of 

the hydrogen terminated [Ni4dibtt5] oligomer. All values calculated using B3LYP+D3/def2-

SVP. Relative energies in eV. 

 Multiplicity ΔE <S*S> 

Singlet 0 0 0 

Open-shell singlet 0 -0.02 0.71 

Triplet 3 -0.10 2.13 

 

Just as for the dianonic oligomers, the majority of the spin in these capped neutral oligomers 

is localized on the ligands rather than the nickel. In the case of the neutral Ni-ett oligomer, the 

spin localizes near the end of the chain, for the neutral Ni-btt oligomer on the centre of the 

oligomer, while in the case of neutral Ni-diett oligomer the spin is delocalized over the whole 

chain. 

 

Table S11 shows the optical gap for the different oligomers as approximated by the energy of 

the lowest excited state. All oligomers are predicted to have optical gaps in the infrared and it 

is likely that if we would consider even longer chain these values would shift further into the 
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infrared. These small optical gaps are in line with the black colour of the samples and the 

experimentally measured UV-vis spectra. 

Table S11 Optical gap values for the different oligomers as predicted by TD-B3LYP+D3. All 

values in eV. For [Ni4ett5]
2-

 both the lowest excitation energy and lowest dipole allowed 

excitation are given. 

 Optical gap 

[Ni4ett5]
2-

 0.70*/0.86 

[Ni4diett5]
2-

 0.55 

[Ni4btt5]
2-

 -triplet 0.31 

[Ni4btt5]
2-

 -singlet 0.46 

[Ni4ett5]Hterm 0.76 

[Ni4diett5]Hterm 0.66 

[Ni4btt5]Hterm 0.32 

* dipole disallowed transition, 

 

 

Figure S19: Electronic band structure and density of states of Ni-diett, calculated with 

HSE06. 
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Figure S20: TGA spectra of Ni-ett (a), Ni-diett (b) and Ni-btt (c) recorded in nitrogen. 
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Figure S21: Optical images (top) of Ni-ett (Left), Ni-diett (Center) and Ni-btt (Right). The 

red boxes represent the Raman scan area (middle and bottom). The Raman spectra are 

analysed to show clusters, i.e. similar types of spectra throughout the sample. 

 

 

Figure S22: Average Raman spectra for the different regions of Ni-ett (a), Ni-diett (b) and 

Ni-btt (c).The colours correspond to those in the images of Figure S17. 
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Figure S23: Histograms of first Raman peak (around 360 cm
-1

) positions for the Ni-ett (a), 

Ni-diett (b) and Ni-btt (c) samples.  

 

 

 

Figure S24: Photograph of OMCPs compressed into circular pellets, from left to right Ni-ett, 

Ni-diett and Ni-btt. 
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Figure S25: Photographs of typical impurities extracted during the Soxhlet purification of the 

OMCP materials.  

 

 

 

Figure S26: 
1
H NMR of compound 4. 
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Figure S27: 
13

C NMR of compound 4. 

 

 

Figure S28: 
1
H NMR of compound 7. 
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Figure S29: 
13

C NMR of compound 7.  
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