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Additional Methodological Details 

The coordinates of the OEC models were extracted from the crystallographic coordinates (pdb 

files) of each XFEL structure and, subsequently, H atoms were added manually. Geometry 

optimization was performed only for the hydrogen atoms using the charge and multiplicity of the 

S1, S2, and S3 states for the 0F, 1F, and 2F models, respectively. Hydrogen optimizations were 

performed with W2 in its aquo form, and in the high-spin state, therefore the imposed charge and 

multiplicity were (1, 15) for 0F models, (2, 14) for 1F models and (2, 13) for 2F models. For the 

EOS analysis of the XFEL structures in the S0 state, additional hydrogen optimizations were 

performed with protonated O5 or O4 using charge and multiplicity (1, 16).  

Single-point calculations on each model using multiple combinations of charge and multiplicity 

corresponding to different S-states were then performed. Different protonation states of W2 (H2O 

or OH) and O6 (OH or O) were examined. For the calculation of the pairwise Mn-Mn exchange 

coupling constants for the 1F models using the S2 state charge and multiplicity (i.e. 14 for the high-

spin solution), single-point calculations of different spin configurations, i.e. α-α-α-β, α-α-β-α, α-β-

α-α, β-α-α-α, α-α-β-β, α-β-α-β, and α-β-β-α, were carried out. The resulting overdetermined system 

of equations was solved by singular value decomposition to yield the pairwise exchange coupling 

constants, Jij. The complete energy ladder of spin eigenstates was calculated through 

diagonalization of the Heisenberg Hamiltonian: 

𝐻" = 	−2		'𝐽!" 	𝑺"!	𝑺""	
!$"
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Figure S1. Key bond lengths of XFEL models (monomer B) of the S1 and S2 states; Okayama 

models include the 6JLJ (0F) and 6JLK (1F) reported by Suga et al.1 in 2019, and the 7COU (0F) 

and 7CJJ (1F) reported by Li et al.2 in 2021. Berkeley models include the 6DHE (0F) and 6DHF 

(1F) reported by Kern et al. in 2018,3 and 6W1O (0F) and 6W1P (1F) reported by Ibrahim et al.4 

in 2020. 

 

 

Figure S2. RMSD of the inorganic core (Mn4CaO5) of 1F XFEL models from QM models of the 

S1 and S2 states. 
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Table S1. Axial elongation descriptors r1–r3 and r1–r2 for Mn ions of all XFEL models. 

0F  Okayama Berkeley 

  6JLJ 7COU 6W1O 6DHE 

  A B A B A B A B 

Mn1 r1–r3 0.335 0.339 0.320 0.333 0.326 0.448 0.343 0.418 

 r1–r2 0.279 0.272 0.261 0.274 0.214 0.225 0.192 0.203 

Mn2 r1–r3 0.059 0.064 0.026 0.024 0.155 0.049 0.049 0.055 

 r1–r2 0.025 0.035 0.001 0.012 0.047 0.022 0.016 0.015 

Mn3 r1–r3 0.075 0.081 0.059 0.071 0.107 0.068 0.089 0.061 

 r1–r2 0.041 0.035 0.024 0.040 0.057 0.018 0.060 0.020 

Mn4 r1–r3 0.128 0.130 0.135 0.128 0.063 0.226 0.137 0.134 

 r1–r2 0.125 0.120 0.133 0.105 0.035 0.142 0.081 0.074 

 

1F  Okayama Berkeley 

  6JLK 7CJJ 6W1P 6DHF 

  A B A B A B A B 

Mn1 r1–r3 0.331 0.359 0.322 0.342 0.298 0.431 0.295 0.346 

 r1–r2 0.279 0.257 0.271 0.285 0.152 0.231 0.172 0.177 

Mn2 r1–r3 0.033 0.050 0.038 0.038 0.029 0.104 0.020 0.043 

 r1–r2 0.021 0.046 0.013 0.010 0.006 0.089 0.002 0.024 

Mn3 r1–r3 0.060 0.049 0.065 0.066 0.064 0.090 0.060 0.033 

 r1–r2 0.055 0.015 0.025 0.026 0.038 0.077 0.020 0.012 

Mn4 r1–r3 0.143 0.102 0.136 0.105 0.175 0.221 0.104 0.169 

 r1–r2 0.079 0.070 0.096 0.081 0.146 0.153 0.104 0.104 
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Table S2. Bond valence sum Mn OSs for all 0F and 1F XFEL models and for the QM models of 

the S1 and S2 states. 

0F Okayama Berkeley  

 6JLJ 7COU 6W1O 6DHE QM 

 A B A B A B A B S1 

Mn1 3.389 3.406 3.105 3.245 2.649 4.658 3.489 4.113 2.886 

Mn2 3.792 3.733 3.559 3.617 4.506 4.038 4.292 3.988 3.836 

Mn3 3.111 3.160 3.180 3.165 4.248 3.076 3.645 3.605 3.784 

Mn4 1.929 1.917 1.945 2.098 3.513 3.068 3.018 2.867 2.939 

 

1F Okayama Berkeley  

 6JLK 7CJJ 6W1P 6DHF QM 

 A B A B A B A B S2 

Mn1 3.191 3.584 3.098 3.202 3.859 4.262 3.659 3.965 2.929 

Mn2 3.752 3.756 3.621 3.683 4.717 3.688 4.290 4.000 3.819 

Mn3 3.114 3.533 3.228 3.234 4.514 3.402 3.759 3.562 3.885 

Mn4 2.541 2.516 2.499 2.467 3.274 3.725 3.396 3.152 3.738 

 
 
 
Table S3. Bond valence sum Mn OSs for four reported QM models of the S2 state. 
 

 Ref. 5 Ref. 6 Ref. 7 Ref. 8 

Mn1 2.929 3.126 3.184 3.137 

Mn2 3.819 4.087 4.055 4.019 

Mn3 3.885 4.022 4.032 4.138 

Mn4 3.738 3.934 3.923 3.889 
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Table S4. Bond valence sum values calculated using equation (1) in the main text, for a range of 

bond distances (across each row) and for a range of axial distortion degrees, as quantified by the 

ratio of the averaged axial Mn–O bond lengths to the averaged equatorial Mn–O bond lengths. 

Each color represents the predicted Mn oxidation state, i.e. green for Mn(IV), yellow for Mn(III) 

and orange for Mn(II). The first table (a) is computed using the parameters for Mn(III), R0 = 1.823 

Å and B = 0.247 Å and the second table (b) is computed using the parameters for Mn(IV) ions R0 

= 1.750 Å and B = 0.374 Å. 

(a) 

 
!𝑅!

"

!#$

 

A/E 11.4 11.5 11.6 11.7 11.8 11.9 12 12.1 12.2 12.3 12.4 12.5 12.6 12.7 12.8 12.9 13 

0.70 9.34 8.83 8.36 7.91 7.48 7.08 6.70 6.34 6.00 5.68 5.38 5.09 4.82 4.56 4.32 4.09 3.87 

0.72 8.46 7.99 7.55 7.14 6.74 6.37 6.02 5.69 5.38 5.08 4.81 4.54 4.29 4.06 3.84 3.63 3.43 

0.74 7.72 7.28 6.87 6.48 6.12 5.77 5.45 5.14 4.85 4.58 4.32 4.08 3.85 3.64 3.43 3.24 3.06 

0.76 7.08 6.67 6.29 5.92 5.58 5.26 4.96 4.68 4.41 4.15 3.92 3.69 3.48 3.28 3.09 2.92 2.75 

0.78 6.54 6.16 5.79 5.45 5.13 4.83 4.55 4.28 4.03 3.79 3.57 3.36 3.17 2.98 2.81 2.65 2.49 

0.80 6.08 5.72 5.38 5.06 4.75 4.47 4.20 3.95 3.71 3.49 3.28 3.09 2.91 2.73 2.57 2.42 2.27 

0.82 5.70 5.35 5.03 4.72 4.43 4.16 3.91 3.67 3.45 3.24 3.04 2.86 2.69 2.52 2.37 2.23 2.09 

0.84 5.38 5.05 4.74 4.44 4.17 3.91 3.67 3.44 3.23 3.03 2.85 2.67 2.51 2.35 2.21 2.07 1.94 

0.86 5.12 4.80 4.50 4.22 3.95 3.70 3.47 3.26 3.05 2.86 2.68 2.51 2.36 2.21 2.07 1.94 1.82 

0.88 4.91 4.59 4.30 4.03 3.78 3.54 3.31 3.10 2.91 2.72 2.55 2.39 2.24 2.10 1.96 1.84 1.72 

0.90 4.74 4.43 4.15 3.88 3.64 3.40 3.19 2.98 2.79 2.61 2.45 2.29 2.14 2.01 1.88 1.76 1.65 

0.92 4.60 4.31 4.03 3.77 3.53 3.30 3.09 2.89 2.70 2.53 2.37 2.21 2.07 1.94 1.81 1.70 1.59 

0.94 4.51 4.22 3.94 3.69 3.45 3.22 3.02 2.82 2.64 2.47 2.31 2.16 2.02 1.89 1.76 1.65 1.54 

0.96 4.44 4.15 3.88 3.63 3.39 3.17 2.97 2.77 2.59 2.42 2.27 2.12 1.98 1.85 1.73 1.62 1.51 

0.98 4.40 4.12 3.85 3.60 3.36 3.14 2.94 2.75 2.57 2.40 2.24 2.10 1.96 1.83 1.71 1.60 1.50 

1.00 4.39 4.11 3.84 3.59 3.35 3.14 2.93 2.74 2.56 2.39 2.24 2.09 1.95 1.83 1.71 1.60 1.49 

1.02 4.40 4.12 3.85 3.60 3.36 3.14 2.94 2.75 2.57 2.40 2.24 2.10 1.96 1.83 1.71 1.60 1.50 

1.04 4.44 4.15 3.88 3.63 3.39 3.17 2.96 2.77 2.59 2.42 2.26 2.12 1.98 1.85 1.73 1.62 1.51 

1.06 4.49 4.20 3.92 3.67 3.43 3.21 3.00 2.81 2.62 2.45 2.29 2.15 2.01 1.88 1.75 1.64 1.53 

1.08 4.56 4.26 3.99 3.73 3.49 3.26 3.05 2.86 2.67 2.50 2.34 2.19 2.04 1.91 1.79 1.67 1.56 

1.10 4.64 4.35 4.07 3.80 3.56 3.33 3.12 2.92 2.73 2.55 2.39 2.23 2.09 1.96 1.83 1.71 1.60 

1.12 4.75 4.44 4.16 3.89 3.64 3.41 3.19 2.99 2.80 2.62 2.45 2.29 2.15 2.01 1.88 1.76 1.65 

1.14 4.86 4.55 4.26 3.99 3.74 3.50 3.28 3.07 2.87 2.69 2.52 2.36 2.21 2.07 1.94 1.81 1.70 

1.16 5.00 4.68 4.38 4.11 3.85 3.60 3.37 3.16 2.96 2.77 2.60 2.43 2.28 2.14 2.00 1.87 1.76 

1.18 5.14 4.82 4.51 4.23 3.96 3.71 3.48 3.26 3.06 2.86 2.68 2.52 2.36 2.21 2.07 1.94 1.82 

1.20 5.30 4.97 4.65 4.36 4.09 3.84 3.60 3.37 3.16 2.96 2.78 2.60 2.44 2.29 2.15 2.01 1.89 

1.22 5.47 5.13 4.81 4.51 4.23 3.97 3.72 3.49 3.27 3.07 2.88 2.70 2.53 2.38 2.23 2.09 1.96 

1.24 5.65 5.30 4.97 4.66 4.38 4.11 3.85 3.62 3.39 3.18 2.99 2.80 2.63 2.47 2.32 2.17 2.04 

1.26 5.84 5.48 5.14 4.83 4.53 4.26 4.00 3.75 3.52 3.31 3.10 2.91 2.74 2.57 2.41 2.26 2.13 

1.28 6.04 5.67 5.33 5.00 4.70 4.41 4.14 3.89 3.66 3.43 3.23 3.03 2.85 2.67 2.51 2.36 2.22 

1.30 6.26 5.88 5.52 5.19 4.87 4.58 4.30 4.04 3.80 3.57 3.35 3.15 2.96 2.78 2.62 2.46 2.31 
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(b) 

 
!𝑅!

"

!#$

 

A/E 11.4 11.5 11.6 11.7 11.8 11.9 12 12.1 12.2 12.3 12.4 12.5 12.6 12.7 12.8 12.9 13 

0.70 5.66 5.45 5.24 4.85 4.67 4.50 4.33 4.16 4.01 3.86 3.71 3.57 3.44 3.31 3.19 3.07 3.07 

0.72 5.40 5.19 4.99 4.61 4.44 4.26 4.10 3.94 3.79 3.65 3.51 3.37 3.24 3.12 3.00 2.89 2.89 

0.74 5.17 4.96 4.77 4.40 4.23 4.06 3.90 3.75 3.60 3.46 3.33 3.20 3.07 2.95 2.84 2.73 2.73 

0.76 4.96 4.76 4.57 4.22 4.05 3.89 3.73 3.58 3.44 3.30 3.17 3.05 2.93 2.81 2.70 2.59 2.59 

0.78 4.78 4.59 4.40 4.05 3.89 3.73 3.58 3.44 3.30 3.16 3.04 2.91 2.80 2.68 2.58 2.47 2.47 

0.80 4.63 4.44 4.26 3.91 3.75 3.60 3.45 3.31 3.17 3.04 2.92 2.80 2.69 2.58 2.47 2.37 2.37 

0.82 4.50 4.31 4.13 3.79 3.64 3.49 3.34 3.20 3.07 2.94 2.82 2.70 2.59 2.48 2.38 2.28 2.28 

0.84 4.39 4.20 4.02 3.69 3.54 3.39 3.25 3.11 2.98 2.85 2.74 2.62 2.51 2.41 2.30 2.21 2.21 

0.86 4.29 4.11 3.93 3.61 3.45 3.31 3.17 3.03 2.91 2.78 2.66 2.55 2.44 2.34 2.24 2.15 2.15 

0.88 4.21 4.03 3.86 3.54 3.39 3.24 3.10 2.97 2.84 2.72 2.61 2.49 2.39 2.29 2.19 2.10 2.10 

0.90 4.15 3.97 3.80 3.48 3.33 3.19 3.05 2.92 2.79 2.67 2.56 2.45 2.34 2.24 2.15 2.05 2.05 

0.92 4.10 3.92 3.75 3.44 3.29 3.14 3.01 2.88 2.75 2.64 2.52 2.41 2.31 2.21 2.11 2.02 2.02 

0.94 4.06 3.89 3.72 3.40 3.25 3.11 2.98 2.85 2.73 2.61 2.49 2.39 2.28 2.18 2.09 2.00 2.00 

0.96 4.04 3.86 3.69 3.38 3.23 3.09 2.96 2.83 2.71 2.59 2.48 2.37 2.26 2.17 2.07 1.98 1.98 

0.98 4.02 3.85 3.68 3.37 3.22 3.08 2.94 2.82 2.69 2.58 2.46 2.36 2.25 2.16 2.06 1.97 1.97 

1.00 4.02 3.84 3.68 3.36 3.22 3.08 2.94 2.81 2.69 2.57 2.46 2.35 2.25 2.15 2.06 1.97 1.97 

1.02 4.02 3.85 3.68 3.37 3.22 3.08 2.94 2.82 2.69 2.58 2.46 2.36 2.25 2.16 2.06 1.97 1.97 

1.04 4.04 3.86 3.69 3.38 3.23 3.09 2.96 2.83 2.70 2.59 2.47 2.37 2.26 2.16 2.07 1.98 1.98 

1.06 4.06 3.88 3.71 3.40 3.25 3.11 2.97 2.84 2.72 2.60 2.49 2.38 2.28 2.18 2.08 1.99 1.99 

1.08 4.08 3.91 3.74 3.42 3.27 3.13 3.00 2.87 2.74 2.62 2.51 2.40 2.30 2.20 2.10 2.01 2.01 

1.10 4.12 3.94 3.77 3.45 3.30 3.16 3.03 2.89 2.77 2.65 2.54 2.43 2.32 2.22 2.13 2.03 2.03 

1.12 4.16 3.98 3.81 3.49 3.34 3.20 3.06 2.93 2.80 2.68 2.57 2.46 2.35 2.25 2.15 2.06 2.06 

1.14 4.21 4.03 3.86 3.53 3.38 3.24 3.10 2.97 2.84 2.72 2.60 2.49 2.38 2.28 2.18 2.09 2.09 

1.16 4.26 4.08 3.91 3.58 3.43 3.28 3.14 3.01 2.88 2.76 2.64 2.53 2.42 2.32 2.22 2.13 2.13 

1.18 4.32 4.14 3.97 3.64 3.48 3.33 3.19 3.06 2.93 2.80 2.69 2.57 2.46 2.36 2.26 2.16 2.16 

1.20 4.39 4.20 4.03 3.69 3.54 3.39 3.25 3.11 2.98 2.85 2.73 2.62 2.51 2.40 2.30 2.20 2.20 

1.22 4.46 4.27 4.09 3.76 3.60 3.45 3.30 3.16 3.03 2.91 2.78 2.67 2.56 2.45 2.35 2.25 2.25 

1.24 4.53 4.34 4.16 3.82 3.66 3.51 3.36 3.22 3.09 2.96 2.84 2.72 2.61 2.50 2.39 2.29 2.29 

1.26 4.61 4.42 4.24 3.89 3.73 3.58 3.43 3.29 3.15 3.02 2.90 2.78 2.66 2.55 2.45 2.34 2.34 

1.28 4.70 4.50 4.32 3.97 3.80 3.65 3.50 3.35 3.22 3.08 2.96 2.83 2.72 2.61 2.50 2.40 2.40 

1.30 4.78 4.59 4.40 4.05 3.88 3.72 3.57 3.42 3.28 3.15 3.02 2.90 2.78 2.67 2.56 2.45 2.45 
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Table S5. Averaged axial and equatorial bond lengths for the Mn ions of the 0F and 1F XFEL 

structures. 

0F  Okayama Berkeley 

  6JLJ 7COU 6W1O 6DHE 

  A B A B A B A B 

Mn1 A 2.444 2.443 2.438 2.449 2.466 2.463 2.398 2.461 

 E 1.907 1.908 1.929 1.918 1.993 1.874 1.931 1.918 

Mn2 A 1.993 2.007 1.974 1.978 1.921 1.931 1.916 1.954 

 E 1.920 1.920 1.954 1.946 1.868 1.928 1.859 1.893 

Mn3 A 2.006 2.011 2.005 1.997 1.805 2.039 1.874 1.898 

 E 2.011 2.002 1.995 2.005 1.942 2.011 1.977 1.988 

Mn4 A 2.271 2.272 2.280 2.293 2.069 2.297 2.167 2.184 

 E 2.050 2.052 2.046 2.089 1.983 1.975 1.976 2.002 

 

1F  Okayama Berkeley 

  6JLK 7CJJ 6W1P 6DHF 

  A B A B A B A B 

Mn1 A 2.457 2.436 2.453 2.470 2.360 2.490 2.343 2.378 

 E 1.923 1.897 1.934 1.922 1.966 1.910 1.935 1.920 

Mn2 A 1.978 2.004 1.987 1.978 1.864 1.913 1.856 1.871 

 E 1.931 1.920 1.942 1.936 1.848 1.979 1.890 1.926 

Mn3 A 1.978 1.997 2.002 2.002 1.860 2.080 1.874 1.931 

 E 2.022 1.941 1.990 1.990 1.870 1.934 1.961 1.977 

Mn4 A 2.214 2.183 2.227 2.201 2.201 2.193 2.114 2.185 

 E 2.021 2.033 2.024 2.038 1.920 1.865 1.932 1.946 
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Table S6. Bond valence sum Mn OSs derived from equation 1 using the averaged axial and 

equatorial bond lengths. 

0F Okayama Berkeley 

 6JLJ 7COU 6W1O 6DHE 

 A B A B A B A B 

Mn1 3.009 2.994 2.766 2.885 2.157 3.405 2.783 2.878 

Mn2 3.586 3.541 3.416 3.453 4.183 3.720 4.274 3.887 

Mn3 2.998 3.036 3.088 3.056 4.122 2.912 3.618 3.464 

Mn4 2.291 2.278 2.300 2.083 2.997 2.658 2.843 2.666 

 

1F Okayama Berkeley 

 6JLK 7CJJ 6W1P 6DHF 

 A B A B A B A B 

Mn1 2.817 3.132 2.706 2.825 2.467 2.947 2.787 2.911 

Mn2 3.556 3.556 3.457 3.520 4.548 3.462 4.260 3.949 

Mn3 3.021 3.436 3.124 3.126 4.392 3.274 3.714 3.414 

Mn4 2.518 2.507 2.481 2.451 3.141 3.551 3.213 2.995 
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Figure S3. Mn OSs for the 0F XFEL structures derived from bond valence sum analysis using 

the parameters optimized for Mn(III) on Mn1 and Mn4 and the parameters optimized for Mn(IV) 

for Mn2 and Mn3 ions.  
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Table S7. Calculated Mulliken Mn spin populations for the 0F XFEL models assuming the total 

charge and spin multiplicity of the S1 state and for the 1F XFEL models assuming the charge and 

multiplicity of the S2 state. 

0F Okayama Berkeley 

 6JLJ 7COU 6W1O 6DHE 

 A B A B A B A B 

Mn1 3.89 3.90 3.92 3.90 3.99 3.79 3.91 3.84 

Mn2 2.93 2.94 3.00 2.96 2.88 2.84 2.93 2.94 

Mn3 3.16 3.14 3.13 3.13 2.83 3.22 3.06 3.13 

Mn4 4.07 4.08 4.06 4.12 3.82 3.88 3.86 3.90 

 

1F Okayama Berkeley 

 6JLK 7CJJ 6W1P 6DHF 

 A B A B A B A B 

Mn1 3.86 3.81 3.86 3.86 3.83 3.81 3.85 3.80 

Mn2 2.98 2.96 3.00 2.99 2.84 3.01 2.94 2.98 

Mn3 3.08 3.02 3.06 3.07 2.84 3.08 2.99 3.05 

Mn4 3.74 3.69 3.81 3.76 3.37 3.13 3.22 3.32 
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Table S8. Calculated QTAIM Mn spin populations for the 0F XFEL models assuming the total 

charge and spin multiplicity of the S1 state and for the 1F XFEL models assuming the charge and 

multiplicity of the S2 state. 

0F Okayama Berkeley 

 6JLJ 7COU 6W1O 6DHE 

 A B A B A B A B 

Mn1 3.61 3.62 3.65 3.63 3.73 3.53 3.64 3.59 

Mn2 2.74 2.75 2.82 2.78 2.70 2.68 2.74 2.76 

Mn3 2.98 2.96 2.96 2.95 2.67 3.04 2.88 2.96 

Mn4 3.85 3.85 3.84 3.90 3.59 3.67 3.65 3.68 

 

1F Okayama Berkeley 

 6JLK 7CJJ 6W1P 6DHF 

 A B A B A B A B 

Mn1 3.58 3.52 3.59 3.58 3.58 3.56 3.58 3.53 

Mn2 2.79 2.78 2.83 2.80 2.66 2.83 2.75 2.79 

Mn3 2.91 2.85 2.90 2.91 2.69 2.90 2.81 2.87 

Mn4 3.51 3.47 3.58 3.53 3.16 2.94 3.03 3.12 
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Figure S4. Calculated Mn QTAIM spin populations of: a) 0F XFEL models in the S1 state, b) the 

1F XFEL models in the S2 state, and c) the QM models in the S1 and S2 states. 
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Figure S5. Calculated Mn OSs and the corresponding R(%) values derived from EOS analysis of 

the crystal structures QABHAC (left) and QABGUV (right).9 
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Table S9. R(%) values for the EOS calculated using combinations of charge and multiplicity 

combinations that correspond to different S-states for the 0F and 1F XFEL structures. 

0F Protonation State 6JLJ 7COU 6DHE 6W1O 

 {W1, W2, O4, O5} A B A B A B A B 

S0 

(III, IV, III, III) 

{H2O, H2O, OH, O} 77.6 75.4 67.5 82.7 59.7 81.8 76.9 77.0 

{H2O, H2O, O, OH} 73.3 70.6 72.2 66.4 81.0 80.1 74.1 81.2 

S1 

(III, IV, IV, III) 

{H2O, H2O, O, O} 60.8 63.5 63.7 66.4 65.9 59.6 77.0 <50a 

{H2O, OH, O, O} 56.6 59.0 62.9 64.2 65.9 59.4 72.2 <50a 

 

1F Protonation State 6JLK 7CJJ 6DHF 6W1P 

 {W1, W2, O4, O5} A B A B A B A B 

S0 

(III, IV, III, III) 

{H2O, H2O, OH, O} 81.1 60.5 79.9 77.7 58.7 60.6 68.4 78.6 

{H2O, H2O, O, OH} 77.6 70.8 71.3 72.3 84.5 83.5 72.7 79.0 

S1 

(III, IV, IV, III) 
{H2O, H2O, O, O} 61.0 75.0 64.7 71.2 69.7 64.4 80.5 66.9 

S2 

(III, IV, IV, IV) 

{H2O, H2O, O, O} <50b <50b <50c <50c 57.4 54.8 55.4 67.6 

{H2O, OH, O, O} 51.7 58.0 56.5 58.4 66.3 64.6 68.4 71.5 

a EOS assignment leads to Mn3(III) and oxyl O5(-1)  
b EOS assignment leads to Mn4(III) and oxyl O5(-1)  
c EOS assignment leads to Mn4(III) and oxyl O4(-1)  
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Table S10. Occupation numbers of frontier EFOs, the last occupied (LO) and first unoccupied 

(FU) EFOs for the EOS calculations, whose R(%) values are given in Table 1 and discussed in the 

main text. 

0F EFO 6JLJ 7COU 6DHE 6W1O 

  A B A B A B A B 

S0 

(III, IV, III, III) 
LO O5 

(0.677) 
O5 

(0.678) 
O4 

(0.653) 
O2 

(0.707) 
O2 

(0.696) 
O2 

(0.705) 
O5 

(0.679) 
O4 

(0.699) 

 FU Mn4 
(0.401) 

Mn4 
(0.424) 

Mn4 
(0.431) 

Mn4 
(0.380) 

Mn2 
(0.386) 

Mn2 
(0.387) 

Mn3 
(0.410) 

Mn2 
(0.387) 

S1 

(III, IV, IV, III) 
LO O5 

(0.606) 
O5 

(0.622) 
O5 

(0.623) 
O5 

(0.643) 
O5 

(0.626) 
O5 

(0.593) 
O5 

(0.677) 
Mn3 

(0.550) 

 FU Mn3 
(0.498) 

Mn3 
(0.487) 

Mn3 
(0.486) 

Mn3 
(0.479) 

Mn3 
(0.467) 

Mn3 
(0.497) 

Mn3 
(0.407) 

O5 
(0.530) 

 

 

1F EFO 6JLK 7CJJ 6DHF 6W1P 

  A B A B A B A B 

S0 

(III, IV, III, III) 
LO O5 

(0.707) 
O4 

(0.642) 
O1 

(0.697) 
O2 

(0.691) 
O4 

(0.707) 
O2 

(0.705) 
O2 

(0.692) 
O2 

(0.722) 

 FU Mn4 
(0.396) 

Mn4 
(0.434) 

Mn2 
(0.398) 

Mn2 
(0.414) 

Mn2 
(0.362) 

Mn3 
(0.370) 

Mn3 
(0.465) 

Mn1 
(0.432) 

S1 

(III, IV, IV, III) 
LO O5 

(0.606) 
O5 

(0.693) 
O5 

(0.632) 
O5 

(0.677) 
O5 

(0.647) 
O5 

(0.618) 
O2 

(0.691) 
O1 

(0.693) 

 FU Mn3 
(0.496) 

Mn3 
(0.443) 

Mn3 
(0.485) 

Mn3 
(0.465) 

Mn3 
(0.450) 

Mn3 
(0.474) 

Mn2 
(0.386) 

Mn2 
(0.524) 

S2 

(III, IV, IV, IV) 
LO W2 

(0.617) 
O5 

(0.656) 
O5 

(0.656) 
W2 

(0.657) 
O5 

(0.652) 
O5 

(0.667) 
O5 

(0.674) 
O2 

(0.679) 

 FU Mn4 
(0.600) 

Mn4 
(0.576) 

Mn4 
(0.591) 

Mn4 
(0.573) 

Mn4 
(0.489) 

Mn4 
(0.521) 

Mn4 
(0.490) 

Mn3 
(0.464) 
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Table S11. R(%) values for the EOS calculated using combinations of charge and multiplicity that 

correspond to different S-states for reported QM models of the S2 state. When EOS assignment 

does not correspond to the nominal values for the Mn center, the R value is below 50%. 

 
 Ref. 5 Ref. 6 Ref. 7 Ref. 8 

S0 (III, IV, III, III) <50a 55.0 <50b <50b 

S1 (III, IV, IV, III) 50.2 64.1 63.1 <50a 

S2 (III, IV, IV, IV) 78.4 79.4 81.0 75.8 

a EOS assignment leads to Mn2(III) and Mn4(IV) 
b EOS assignment leads to Mn2(III) and Mn3(IV) 

 

 

 

Table S12. Calculated exchange coupling constants Jij (cm-1) and total spins SGS of the ground state 

(GS) and SES for the first excited state (ES), and the energy difference ΔE (cm-1) between these spin 

states. 

Model Mon. J12 J13 J14 J23 J24 J34 SGS SES ΔE 

6W1P A -13.54 5.89 23.44 23.65 15.18 12.02 11/2 13/2 3.1 

 B -8.68 6.72 12.50 28.36 4.82 20.21 13/2 11/2 6.5 

6DHF A -20.30 1.75 29.68 14.99 3.78 -45.70 1/2 3/2 45.0 

 B -37.11 -3.51 32.83 13.24 4.56 -34.29 1/2 3/2 59.2 
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Table S13. Spin projection factors, ρi, and calculated projected 55Mn hyperfine coupling constants 

in MHz, for the 6DHF 1F monomers A and B models, and for the QM model of the S2 state. 

Mn ion Model ρi DFT ai,iso ai,aniso 

Mn1 6DHF-A 1.79 -245 -559 -592 -207 84 

 6DHF-B 1.67 -242 -528 -583 -201 88 

 QM, S2 1.81 -67 -370 -408 -125 84 

        

Mn2 6DHF-A –0.99 389 405 410 238 -7 

 6DHF-B -0.97 399 410 431 245 -16 

 QM, S2 -1.00 340 357 385 214 -21 

        

Mn3 6DHF-A –0.93 351 370 433 228 -43 

 6DHF-B -0.98 318 352 420 216 -50 

 QM, S2 -0.93 301 317 358 193 -29 

        

Mn4 6DHF-A 1.13 -404 -467 -480 -267 26 

 6DHF-B 1.28 -390 -440 -482 -259 40 

 QM, S2 1.11 -384 -411 -465 -249 40 

        

 

 

Table S14. Experimental and calculated (TPSSh) projected 14N isotropic hyperfine coupling 

constants (MHz) for the NHis332 ligating to Mn1. 

 |Aiso| (MHz) 

6DHF-A 2.82 

6DHF-B 1.65 

QM, S2 5.98 

Exp.10 7.1 
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Figure S6. Mn OSs for the 2F XFEL structures derived from bond valence sum analysis using the 

parameters optimized for Mn(IV). 

 
 
  

6JLL-A

6JLL-B 6W1V-A
6W1V-B6DHO-A
6DHO-B

6JLL-A
6JLL-B6W1V-A

6W1V-B 6DHO-B
6DHO-A

6JLL-A
6JLL-B

6W1V-A
6DHO-A

6DHO-B

6JLL-A
6JLL-B

6W1V-A 6W1V-B
6DHO-A

OkayamaBerkeley

2F

Mn1

Mn2

Mn3

Mn4
6DHO-B

6W1V-B

MnII

MnIII

MnIV

MnV



 S20 

Table S15. R(%) values and OS assignments by the EOS method, using combinations of charge 

and multiplicity that correspond to state S3 for the 2F XFEL structures. 

 O6 
protonation Mn1 Mn2 Mn3 Mn4 O5 O6 R(%) 

6JLL-A O6H IV IV IV III -1 -1 69.9 

6JLL-B  IV IV IV III -1 -1 70.6 

6DHO-A  IV IV IV IV -2 -1 60.0 

6DHO-B  IV IV IV IV -2 -1 63.6 

6W1V-A  IV IV IV IV -2 -1 68.7 

6W1V-B  IV IV IV IV -2 -1 64.6 

6JLL-A O6 IV IV IV III -2 -1 65.9 

6JLL-B  IV IV IV III -2 -1 64.7 

6DHO-A  IV IV IV III -2 -1 52.2 

6DHO-B  IV IV III III -1 -1 58.5 

6W1V-A  IV IV IV III -2 -1 56.7 

6W1V-B  IV IV IV III -2 -1 62.0 

 

 

 

Table S16. R(%) values for the EOS calculated using combinations of charge and multiplicity that 

correspond to states S0, S1 and S2 for the 2F XFEL structures. 

 6JLL-A 6JLL-B 6DHO-A 6DHO-B 6W1V-A 6W1V-B 

S0
a (III, IV, III, III) 76.2 78.9 81.7 78.6 79.2 76.6 

S1
a (III, IV, IV, III) 66.3 70.8 58.8 <50 65.4 66.9 

S2
a (III, IV, IV, IV) 54.1 <50 60.0 61.6 70.6 62.6 

aThe O6 atom, coordinated to Mn1, was removed from the structures. 
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