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Table S1 Selected experimental and DFT calculated bond distances (Å) and angles (°) of 1n (n = 

+3, +2, +1, 0, -1) 

 X-ray DFT 

       1+ 

(κ-S) 

   1+ 

(κ-S) 

(S=0) 

   12+ 

 (κ-O) 

(S=1/2) 

  13+ 

 (κ-O) 

 (S=1) 

   1 

 (κ-S) 

 (S=1/2) 

   1− 

 (κ-S) 

 (S=1) 

bond distances(Å) 

Ru(1)−O(1) 2.063(2) 2.071 2.012 2.024 2.050 2.082 

Ru(1)−O(2) 2.061(3) 2.071 2.015 2.013 2.051 2.079 

Ru(1)−O(3) - - 2.132 2.047 - - 

Ru(1)−S(1) 2.297(10) 2.375 2.392 2.412 2.374 2.322 

Ru(1)−S(2) 2.294(10) 2.367 2.393 2.409 2.369 2.322 

Ru(1)−S(3) 2.335(10) 2.391 2.363 2.434 2.388 3.153 

Ru(1)−S(4) 2.277(9) 2.328 - - 2.293 2.428 

O(1)−C(7) 1.288(4) 1.294 1.306 1.300 1.334 1.315 

O(2)−C(17) 1.286(4) 1.294 1.305 1.308 1.334 1.315 

S(4)−O(3) 1.483(3) 1.509 1.580 1.614 1.516 1.530 

bond angles(°) 

O(1)−Ru(1)−O(2) 89.54(10) 89.145 87.920 88.383 90.887 88.177 

O(1)−Ru(1)−O(3) - - 92.009 95.099 - - 

O(1)−Ru(1)−S(1) 176.73(8) 176.983 178.168 178.417 175.182 173.160 

O(1)−Ru(1)−S(2) 90.88(7) 90.827 91.150 92.116 89.321 91.102 

O(1)−Ru(1)−S(3) 88.24(8) 88.871 93.302 91.380 87.054 91.276 

O(1)−Ru(1)−S(4) 90.33(8) 91.648 - - 92.217 92.906 

O(2)−Ru(1)−O(3) - - 90.919 96.258 - - 

O(2)−Ru(1)−S(1) 91.00(7) 91.830 93.201 92.632 90.999 91.995 

O(2)−Ru(1)−S(2) 174.66(8) 176.559 178.062 175.350 174.331 171.315 
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O(2)−Ru(1)−S(3) 85.71(8) 88.110 93.337 88.396 85.579 90.881 

O(2)−Ru(1)−S(4) 92.68(8) 91.742 - - 92.424 92.900 

S(1)−Ru(1)−O(3) - - 86.527 86.000 - - 

S(1)−Ru(1)−S(2) 88.28(4) 88.029 87.686 86.774 88.366 87.695 

S(1)−Ru(1)−S(3) 88.59(4) 88.308 88.081 87.436 88.671 81.884 

S(1)−Ru(1)−S(4) 92.87(3) 91.176 - - 92.133 93.914 

S(2)−Ru(1)−O(3) - - 87.414 88.305 - - 

S(2)−Ru(1)−S(3) 88.98(4) 88.449 88.412 86.970 88.775 80.480 

S(2)−Ru(1)−S(4) 92.63(4) 91.698 - - 93.229 95.781 

S(3)−Ru(1)−O(3) - - 173.309 172.116 - - 

S(3)−Ru(1)−S(4) 177.86(4) 179.458 - - 177.860 174.447 
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Table S2 Endocyclic torsion angles of coordinated [9]aneS3 in the crystal of [1]ClO4  

 [1]ClO4 

S(1)−C(1)−C(2)−S(2) -43.05 

C(1)−C(2)−S(2)−C(3) 131.18 

C(2)−S(2)−C(3)−C(4) -67.63 

S(2)−C(3)−C(4)−S(3) -46.23 

C(3)−C(4)−S(3)−C(5) 131.07 

C(4)−S(3)−C(5)−C(6) -66.10 

S(3)−C(5)−C(6)−S(1) -47.07 

C(5)−C(6)−S(1)−C(1) 133.98 

C(6)−S(1)−C(1)−C(2) -70.02 
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Table S3 Composition and energies of selected molecular orbitals of 1+ (κ-S) (S=0) 

MO Energy/eV Ru L [9]aneS3 dmso 

HOMO−10 -10.704 0.08 0.73 0.17 0.02 

HOMO−9 -10.661 0.07 0.32 0.56 0.04 

HOMO−8 -10.409 0.02 0.02 0.02 0.94 

HOMO−7 -9.974 0.07 0.69 0.24 0.00 

HOMO−6 -9.764 0.11 0.04 0.22 0.63 

HOMO−5 -9.550 0.01 0.97 0.01 0.01 

HOMO−4 -9.315 0.54 0.26 0.15 0.05 

HOMO−3 -9.208 0.59 0.23 0.12 0.06 

HOMO−2 -8.630 0.72 0.15 0.11 0.01 

HOMO−1 -8.478 0.28 0.65 0.04 0.02 

HOMO -8.128 0.30 0.56 0.07 0.07 

LUMO -4.782 0.03 0.94 0.02 0.02 

LUMO+1 -3.693 0.36 0.05 0.33 0.27 

LUMO+2 -3.369 0.36 0.16 0.47 0.02 

LUMO+3 -2.940 0.59 0.04 0.36 0.02 

LUMO+4 -2.795 0.33 0.43 0.22 0.03 

LUMO+5 -2.749 0.23 0.03 0.71 0.04 

LUMO+6 -2.708 0.10 0.04 0.79 0.07 

LUMO+7 -2.382 0.33 0.43 0.19 0.04 

LUMO+8 -2.338 0.45 0.08 0.40 0.07 

LUMO+9 -2.314 0.47 0.28 0.20 0.06 

LUMO+10 -2.244 0.51 0.05 0.42 0.02 
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Table S4 Composition and energies of selected molecular orbitals of 12+ (κ-O) (S=1/2) 

MO Energy/eV Composition 

Ru L [9]aneS3 dmso 

α-spin 

HOMO−10 -13.954 0.04 0.15 0.39 0.42 
HOMO−9 -13.907 0.08 0.36 0.50 0.06 
HOMO−8 -13.833 0.10 0.45 0.43 0.02 
HOMO−7 -13.255 0.05 0.62 0.32 0.01 
HOMO−6 -13.154 0.05 0.03 0.16 0.77 
HOMO−5 -12.668 0.54 0.23 0.18 0.05 
HOMO−4 -12.541 0.06 0.92 0.02 0.00 
HOMO−3 -12.417 0.56 0.17 0.10 0.17 
HOMO−2 -12.390 0.70 0.18 0.09 0.02 
HOMO−1 -11.573 0.21 0.74 0.03 0.03 
SOMO -11.455 0.15 0.79 0.04 0.01 
LUMO -7.934 0.06 0.90 0.04 0.01 
LUMO+1 -7.310 0.41 0.06 0.38 0.15 
LUMO+2 -6.887 0.40 0.20 0.40 0.00 
LUMO+3 -5.880 0.07 0.11 0.80 0.03 
LUMO+4 -5.798 0.08 0.28 0.54 0.09 
LUMO+5 -5.750 0.07 0.17 0.61 0.14 
LUMO+6 -5.632 0.17 0.01 0.80 0.02 
LUMO+7 -5.412 0.23 0.07 0.54 0.16 
LUMO+8 -5.344 0.13 0.69 0.14 0.04 
LUMO+9 -5.254 0.18 0.50 0.18 0.14 
LUMO+10 -5.149 0.14 0.02 0.57 0.28 

β-spin 

HOMO−10 -14.148 0.06 0.58 0.30 0.05 
HOMO−9 -13.897 0.03 0.14 0.41 0.42 
HOMO−8 -13.801 0.07 0.22 0.64 0.07 
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HOMO−7 -13.606 0.08 0.78 0.10 0.03 
HOMO−6 -13.155 0.05 0.18 0.19 0.59 
HOMO−5 -13.144 0.04 0.49 0.28 0.20 
HOMO−4 -12.488 0.01 0.98 0.01 0.00 
HOMO−3 -12.224 0.54 0.22 0.10 0.14 
HOMO−2 -12.145 0.71 0.14 0.10 0.04 
HOMO−1 -11.639 0.29 0.65 0.05 0.01 
HOMO -11.392 0.27 0.66 0.04 0.03 
LUMO -9.667 0.57 0.29 0.12 0.02 
LUMO+1 -7.880 0.06 0.90 0.03 0.01 
LUMO+2 -7.095 0.40 0.05 0.39 0.16 
LUMO+3 -6.682 0.39 0.19 0.42 0.00 
LUMO+4 -5.844 0.07 0.08 0.82 0.03 
LUMO+5 -5.751 0.09 0.20 0.60 0.11 
LUMO+6 -5.699 0.09 0.26 0.54 0.12 
LUMO+7 -5.614 0.18 0.02 0.79 0.01 
LUMO+8 -5.371 0.21 0.07 0.50 0.22 
LUMO+9 -5.296 0.13 0.68 0.13 0.06 
LUMO+10 -5.156 0.08 0.38 0.15 0.39 
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Table S5 Composition and energies of selected molecular orbitals of 13+ (κ-O) (S=1) 

MO Energy/eV Composition 

Ru L 9S3 dmso 

α-spin 

HOMO−10 -17.331 0.05 0.55 0.39 0.01 

HOMO−9 -17.257 0.04 0.37 0.50 0.08 

HOMO−8 -17.046 0.11 0.17 0.54 0.17 

HOMO−7 -16.786 0.23 0.31 0.25 0.20 

HOMO−6 -16.526 0.05 0.05 0.31 0.59 

HOMO−5 -16.205 0.44 0.19 0.23 0.15 

HOMO−4 -16.15 0.43 0.20 0.23 0.13 

HOMO−3 -16.035 0.05 0.93 0.01 0.01 

HOMO−2 -16.028 0.59 0.18 0.22 0.01 

SOMO2 -15.214 0.10 0.87 0.02 0.01 

SOMO1 -15.011 0.14 0.80 0.05 0.01 

LUMO -11.409 0.03 0.96 0.01 0.00 

LUMO+1 -11.033 0.43 0.06 0.35 0.16 

LUMO+2 -10.604 0.44 0.20 0.36 0.00 

LUMO+3 -9.304 0.02 0.93 0.04 0.01 

LUMO+4 -9.103 0.08 0.07 0.31 0.54 

LUMO+5 -8.899 0.05 0.82 0.09 0.04 

LUMO+6 -8.869 0.04 0.05 0.89 0.02 

LUMO+7 -8.796 0.08 0.67 0.09 0.16 

LUMO+8 -8.565 0.09 0.02 0.80 0.09 

LUMO+9 -8.432 0.08 0.01 0.83 0.08 

LUMO+10 -8.171 0.14 0.01 0.79 0.06 

β-spin 

HOMO−10 -17.545 0.24 0.05 0.56 0.14 

HOMO−9 -17.402 0.06 0.60 0.11 0.23 

HOMO−8 -17.111 0.04 0.30 0.43 0.23 
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HOMO−7 -16.968 0.10 0.18 0.59 0.13 

HOMO−6 -16.892 0.09 0.51 0.29 0.11 

HOMO−5 -16.501 0.05 0.35 0.46 0.13 

HOMO−4 -16.459 0.04 0.14 0.34 0.49 

HOMO−3 -15.85 0.03 0.97 0.01 0.00 

HOMO−2 -15.715 0.71 0.18 0.08 0.04 

HOMO−1 -15.248 0.50 0.34 0.13 0.04 

HOMO -15.068 0.14 0.76 0.04 0.06 

LUMO -13.475 0.36 0.52 0.08 0.04 

LUMO+1 -13.264 0.57 0.26 0.09 0.08 

LUMO+2 -11.102 0.08 0.88 0.03 0.01 

LUMO+3 -10.706 0.43 0.06 0.34 0.17 

LUMO+4 -10.181 0.44 0.20 0.36 0.00 

LUMO+5 -9.084 0.03 0.83 0.06 0.08 

LUMO+6 -9.038 0.10 0.05 0.32 0.53 

LUMO+7 -8.774 0.05 0.04 0.89 0.01 

LUMO+8 -8.637 0.06 0.86 0.07 0.01 

LUMO+9 -8.561 0.13 0.36 0.32 0.19 

LUMO+10 -8.529 0.06 0.16 0.75 0.03 
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SOMO1(α) SOMO2(α) LUMO(α) 
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Table S6 Composition and energies of selected molecular orbitals of 1 (κ-S) (S=1/2) 

 
MO Energy/eV Composition 

Ru L [9]aneS3 dmso 

α-spin 

HOMO−10 -7.389 0.16 0.55 0.29 0.00 

HOMO−9 -7.231 0.16 0.52 0.11 0.21 

HOMO−8 -6.872 0.11 0.11 0.21 0.56 

HOMO−7 -6.501 0.17 0.67 0.16 0.00 

HOMO−6 -6.066 0.51 0.28 0.14 0.06 

HOMO−5 -5.984 0.58 0.26 0.11 0.06 

HOMO−4 -5.733 0.05 0.92 0.01 0.01 

HOMO−3 -5.354 0.70 0.18 0.12 0.01 

HOMO−2 -5.009 0.17 0.78 0.03 0.03 

HOMO−1 -4.691 0.24 0.62 0.06 0.08 

SOMO -2.414 0.03 0.91 0.03 0.03 

LUMO -0.618 0.36 0.04 0.37 0.23 

LUMO+1 -0.577 0.81 0.00 0.16 0.03 

LUMO+2 -0.267 0.25 0.09 0.62 0.04 

LUMO+3 0.008 0.18 0.02 0.76 0.04 

LUMO+4 0.126 0.22 0.06 0.68 0.04 

LUMO+5 0.289 0.61 0.01 0.35 0.03 

LUMO+6 0.456 0.35 0.01 0.60 0.04 

LUMO+7 0.529 0.57 0.02 0.38 0.03 

LUMO+8 0.647 0.44 0.05 0.44 0.07 

LUMO+9 0.821 0.18 0.43 0.36 0.03 

LUMO+10 0.938 0.58 0.03 0.34 0.06 

β-spin 

HOMO−10 -7.342 0.12 0.61 0.19 0.08 

HOMO−9 -7.329 0.13 0.60 0.22 0.05 
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HOMO−8 -7.095 0.17 0.27 0.15 0.42 

HOMO−7 -6.789 0.15 0.24 0.19 0.42 

HOMO−6 -6.437 0.14 0.69 0.16 0.00 

HOMO−5 -5.93 0.55 0.25 0.13 0.06 

HOMO−4 -5.867 0.57 0.26 0.11 0.07 

HOMO−3 -5.596 0.02 0.97 0.00 0.00 

HOMO−2 -5.334 0.70 0.18 0.11 0.01 

HOMO−1 -4.638 0.13 0.82 0.02 0.03 

HOMO -4.505 0.22 0.64 0.06 0.08 

LUMO -0.785 0.12 0.73 0.11 0.04 

LUMO+1 -0.609 0.37 0.04 0.37 0.22 

LUMO+2 -0.571 0.81 0.01 0.15 0.03 

LUMO+3 -0.248 0.24 0.09 0.64 0.04 

LUMO+4 0.011 0.17 0.02 0.76 0.04 

LUMO+5 0.152 0.22 0.06 0.68 0.04 

LUMO+6 0.294 0.61 0.01 0.35 0.03 

LUMO+7 0.461 0.34 0.01 0.61 0.04 

LUMO+8 0.531 0.58 0.02 0.38 0.03 

LUMO+9 0.672 0.46 0.02 0.45 0.07 

LUMO+10 0.943 0.58 0.03 0.34 0.05 
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SOMO(α) HOMO-1(α) 

  
LUMO(α) LUMO+1(α) 

  
LUMO+3(α) HOMO(β) 

  
HOMO-1(β) HOMO-3(β) 

 
LUMO(β) 
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Table S7 Composition and energies of selected molecular orbitals of 1− (κ-S) (S=1) 

MO Energy/eV Composition 

Ru L [9]aneS3 dmso 

α-spin 

HOMO−10 -3.984 0.13 0.45 0.29 0.13 

HOMO−9 -3.578 0.10 0.02 0.40 0.48 

HOMO−8 -3.077 0.09 0.76 0.15 0.00 

HOMO−7 -2.898 0.01 0.99 0.00 0.00 

HOMO−6 -2.549 0.17 0.75 0.06 0.02 

HOMO−5 -2.363 0.37 0.53 0.07 0.03 

HOMO−4 -1.659 0.68 0.15 0.16 0.01 

HOMO−3 -1.611 0.56 0.23 0.14 0.07 

HOMO−2 -1.322 0.50 0.29 0.14 0.08 

SOMO2 -0.063 0.50 0.05 0.15 0.31 

SOMO1 0.588 0.05 0.89 0.04 0.03 

LUMO 2.211 0.91 0.00 0.08 0.02 

LUMO+1 2.965 0.39 0.03 0.54 0.03 

LUMO+2 3.099 0.66 0.02 0.28 0.04 

LUMO+3 3.204 0.64 0.03 0.30 0.04 

LUMO+4 3.397 0.41 0.07 0.51 0.01 

LUMO+5 3.537 0.40 0.12 0.45 0.03 

LUMO+6 3.665 0.34 0.27 0.35 0.04 

LUMO+7 3.747 0.36 0.04 0.55 0.04 

LUMO+8 3.825 0.40 0.04 0.51 0.06 

LUMO+9 3.953 0.30 0.19 0.48 0.03 

LUMO+10 4.065 0.09 0.64 0.22 0.05 

LUMO+11 4.092 0.35 0.09 0.54 0.02 

β-spin 

HOMO−10 -4.011 0.11 0.78 0.06 0.05 

HOMO−9 -3.966 0.09 0.62 0.29 0.01 
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HOMO−8 -3.809 0.09 0.10 0.60 0.21 

HOMO−7 -3.448 0.11 0.04 0.27 0.58 

HOMO−6 -2.978 0.07 0.78 0.15 0.00 

HOMO−5 -2.76 0.01 0.99 0.00 0.00 

HOMO−4 -2.139 0.21 0.69 0.06 0.03 

HOMO−3 -2.057 0.33 0.57 0.06 0.04 

HOMO−2 -1.297 0.66 0.14 0.19 0.01 

HOMO−1 -1.143 0.51 0.25 0.16 0.08 

HOMO -0.998 0.50 0.26 0.15 0.09 

LUMO 2.115 0.26 0.62 0.09 0.03 

LUMO+1 2.204 0.90 0.01 0.08 0.01 

LUMO+2 2.818 0.64 0.02 0.27 0.07 

LUMO+3 3.083 0.70 0.02 0.24 0.04 

LUMO+4 3.215 0.42 0.02 0.48 0.08 

LUMO+5 3.262 0.60 0.03 0.31 0.07 

LUMO+6 3.480 0.37 0.05 0.56 0.02 

LUMO+7 3.602 0.45 0.03 0.49 0.03 

LUMO+8 3.799 0.22 0.53 0.22 0.03 

LUMO+9 3.819 0.44 0.04 0.46 0.06 

LUMO+10 3.984 0.30 0.04 0.64 0.02 
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SOMO1(α) LUMO(α) LUMO+2(α) 

   

LUMO+7(α) LUMO+10(α) LUMO+11(α) 

  
 

HOMO(β) HOMO-1(β) HOMO-4(β) 

 
 

 

LUMO(β) LUMO+3(β) LUMO+5(β) 
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Table S8a Energies of DFT optimised structures of 13+ and 1− 

Compound E(S=0) (Hartrees) E(S=1) (Hartrees) ΔE(S=0−S=1)  
13+ (κ-O) -2727.7473029 -2727.7558077 0.0085048 Hartrees 

0.231427 eV 
22.32935 kJ mol−1 

5.33684 kcal mol−1 

1866.5878 cm−1 
1− (κ-S) -2728.6598475 -2728.6695774 0.0097299 Hartrees 

0.2647641911 eV 
25.5458544 kJ mol−1 
6.105605735 kcal mol−1 
2135.466202 cm−1 

 

Table S8b Energies of DFT optimised structures of 13+ and 12+ (both S- and O-bonded dmso) 

Compound E(κ-S) (Hartrees) E(κ-O) (Hartrees) ΔE(κ-S−κ-O) 
13+ (S=1) -2727.7180134 -2727.7558077 0.03779 Hartrees 

1.02831877 eV 
99.2176526 kJ mol−1 
23.7135881 kcal mol−1 
8293.94627 cm−1 

12+ (S=1/2) −2728.1973832 −2728.2146933 0.01731 Hartrees 
0.471029317 eV 
45.4474085 kJ mol−1 
10.8621913 kcal mol−1 
3799.10585 cm−1 
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Fig. S1  ESI-MS(+) of [1]ClO4
 in CH2Cl2 {experimental (top), simulated (bottom)}. 
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Fig. S2(a) 1H NMR spectrum of [1]ClO4 in CDCl3: (i) full, (ii) expanded. 
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Fig. S2(b) 1H-1H COSY NMR spectrum of [1]ClO4 in CDCl3: (i) full, (ii) expanded aromatic 

region.  
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Fig. S2(c) 13C NMR spectrum of [1]ClO4 in CDCl3: (i) full, (ii) expanded. 
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Fig. S2(d) 1H-13C HSQC NMR spectrum of [1]ClO4 in CDCl3: (i) full, (ii) expanded aromatic 

region. 
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Fig. S3  DFT optimised structure of 1+ (κ-S). 
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