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Figure S1: B3LYP optimized geometries of the models investigated in this paper. The hydrogen 

atoms (except those involved in H-bonding) are omitted for clarity.   
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Figure S2: Synthetic model complex containing (-oxo)(-carboxylato)diiron(III) core
1
 (phenyl 

ring were omitted for clarity) b) Superimposed structure of x-ray (structure with orange colour 

bond) and 196M1 (structure with grey colour bond). 

 

 

 

 

 

 

 

 

 

 

Computational methodology: 

The popular B3LYP functional
2
 in conjunction with TZVP basis set for Fe, Mn and SVP basis 
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Fe 
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set for rest of the elements are used for optimisation. The structure optimisation has been carried 

out in solution phase (water) to reliably predict the spectroscopic parameters.  All initial 

coordinates are obtained from the X-ray crystal structure of the oxidized AurF enzyme 
3
 (PDB 

code: 3CHU). An unrestricted DFT (UDFT) methodology is used to model the spin polarization 

efficiently for open shell orbitals of both irons and manganese. This method enables the 

modelling of antiferromagnetic (AF) coupling between the two Fe atoms or between Mn-Fe by 

the use of a broken symmetry (BS) wave function. Geometry optimization is carried out with 

Gaussian 09 software,
4
 whereas all spectroscopic parameters are calculated with the ORCA 2.8 

program package.
5 

The best suitable functional have been chosen based on the property of 

interest as reported earlier. 
6, 7 

Since the prediction of these parameters requires a reasonable 

estimation of spin densities on the metal centres, the employed exchange-correlations functional 

play a crucial role in computing these parameters. The NSP, EPR and Mössbauer parameters 

were calculated using BP86 functional and TZVP basis set.
6
 However the UV spectral 

calculation and the Heisenberg coupling constant J were obtained by employing B3LYP 

functional and TZVP basis set.
7
 The Mössbauer isomer shifts δ are calculated based on ρ(0): 

     
   δ = α ( ρ (0) - A) + C Eq.1 
 
 
where, a and b are constant and ρ(0) is the electron density at the nucleus. 

 

Table S1: B3LYP optimized bond lengths (Å) of the oxidized models with di-iron metal center. 

Bond length M1 196M1 277M1 M1P 196M1P 277M1P X-ray
3
 

Fe1
a
-Fe2

b
 3.355 3.325 3.341 3.566 3.659 3.627 3.503 

Fe1-µO  1.794 1.825 1.827 1.928 1.933 2.070 1.942 

Fe2-µO 1.805 1.774 1.776 1.953 1.981 2.050 1.986 

Fe1-O1 GLU101 1.970 1.941 1.949 1.865 1.875 1.849 2.056 

Fe1-O2 GLU101 3.890 3.500 3.755 3.572 3.694 3.380 4.148 

Fe1-N His139 2.167 2.142 2.145 2.146 2.130 2.118 2.312 

Fe1-N His223 2.090 2.077 2.079 2.116 2.056 2.097 2.275 

Fe2-O Glu227 1.994 2.006 2.121 1.986 1.948 2.099 1.908 

Fe2-N His  230 2.172 2.136 2.136 2.118 2.047 2.080 2.148 

Fe2-O1 GLU196 2.340 2.087 1.970 2.149 2.011 2.098 1.960 

Fe2-O2 GLU196 2.089 3.538 3.416 2.136 3.624 2.107 2.716 

Fe1-O Glu136 (brig) 2.086  2.076 2.064 2.021 2.031 2.016 2.018 
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Fe2-O Glu136(brig) 2.139 2.047 2.052 2.050 1.987 1.976 1.992 

Fe1-O-Fe2 137 135 136 133 134 123 126 

 
a
 site 1, 

b
 site 2 

 

Table S2: B3lyp optimized bond lengths (Å) of the oxidized models with Manganese-iron metal 

center. 

Bond length M2 196M2 277M2 M2P 196M2P 277M2P X-ray
3
 

Mn1
a
-Fe2

b
 3.381 3.380 3.332 3.561 3.633 3.538 3.503 

Mn1-µO  1.768 1.792 1.796 1.894 1.940 1.990 1.942 

Fe2-µO 1.818 1.787 1.790 1.987 1.993 2.131 1.986 

Mn1-O1 GLU101 1.942 1.918 1.918 1.892 1.863 1.871 2.056 

Mn1-O2 GLU101 3.426 3.402 3.450 3.397 3.990 3.392 4.148 

Mn1-N His139 2.193 2.090 2.086 2.062 2.044 2.051 2.312 

Mn1-N His223 2.106 2.192 2.198 2.216 2.195 2.218 2.275 

Fe2-O Glu227 1.991 2.008 2.111 1.978 1.935 2.061 1.908 

Fe2-N His230 2.176 2.131 2.135 2.114 2.045 2.090 2.148 

Fe2-O1 GLU196 2.297 2.065 1.971 2.143 2.005 2.098 1.960 

Fe2-O2 GLU196 2.103 3.549 3.420 2.124 3.635 2.115 2.716 

Fe1-O Glu136 (brig) 1.985 1.986 1.988 1.955 1.959 1.946 2.018 

Fe2-O Glu136(brig) 2.154 2.063 2.057 2.047 1.992 1.982 1.992 

Mn1-O-Fe2 141 138 136 133 135 118 126 

a
 site 1, 

b
 site 2 

 

 

Table S3: B3LYP optimized bond lengths (Å) of the mixed valent models with di-iron metal 

center. 
Bond length M3 196M3 277M3 M3P 196M3P 277M3P X-ray

3
 

Fe1
a
-Fe2

b
 3.297 3.288 3.321  3.603    3.683 3.532  3.503 

Fe1-µO  1.878 1.899 1.901 2.025 2.065  2.170 1.942 

Fe2-µO 1.762 1.752 1.751 1.914 1.912 2.009 1.986 

Fe1-O1 GLU101 2.036 2.049 2.023 2.016 2.002 1.981 2.056 

Fe1-O2 GLU101 4.194 3.379 3.631 3.200 3.061 3.305 4.148 

Fe1-N His139 2.181 2.243 2.237 2.244 2.220 2.177 2.312 

Fe1-N His223 2.262 2.168 2.177 2.168 2.153 2.151 2.275 

Fe2-O Glu227 2.043 2.033 2.178 2.035 2.005 2.150 1.908 
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Fe2-N His230 2.217 2.181 2.166 2.155 2.080 2.106 2.148 

Fe2-O1 GLU196 3.059 2.163 2.023 2.225 2.032 2.116 1.960 

Fe2-O2 GLU196 2.035 3.586 3.398 2.113 3.611 2.134 2.716 

Fe1-O Glu136 (brig) 2.234 2.255 2.214 2.199 2.180 2.220 2.018 

Fe2-O Glu136(brig) 2.099 2.023 2.047 2.011 1.960 1.946 1.992 

Fe1-O-Fe2 129 128 130 123 120 115 126 

a
 site 1, 

b
 site 2 

 

 

Table S4: Relative energy (kcal/mol) between the different protonated models at B3LYP level of 

theory. 

 

 

 

 

 

 

Table S5:  

Calculated and experimental 
8,9

 isomer shift δ (mm/s), quadrupole splitting ΔEq  (mm/s), g-

tensor and Net spin Population (NSP) of oxidized model complexes investigated.

models 196M1 277M1 196M1P 277M1P 196M2 277M2 196M2P 277M2P 196M3 277M3 196M3P 277M3P 

Energy 

 
0.079 0.0 0.00 1.141 0.076 0.0 0.0 3.593 0.0 2.600 0.0 0.061 

Oxidized state 

 M1 277M1 M1P  277M1P M2  277M2 M2P 277M2P Exp 
8,9 

Net Spin Population 

NSP (Fe1/Mn1)  4.165 4.141  4.245 4.269 -3.801 -3.825 -3.912 -3.943  

NSP (Fe2) -4.152 -4.169 -4.229 -4.247 4.169 4.155 4.245 4.260  

NSP(μ-O) -0.032 0.119 -0.000 0.009 0.257 0.347 0.123 0.088  

Spectroscopic parameters 

g-tensor  - - - -  2.028,2.052,2.075 2.029,2.055,2.083 2.036,2.042,2.066 2.036,2.050,  2.070 2.030,2.014,2.015  

Hyperfine Fe 

Hyperfine Mn  

- 

- 

- 

-  

- 

- 

- 

-  

-579.8,-614.7,-672.5 

234.6, 410.0,689.5 

-554.0,-594.2,-640.2 

196.0,430.2, 631.6 

-641.1,-675.0,-693.3 

159.3,459.9, 528.0 

-615.4,-653.1, -675.1 

163.3,483.2,500.9 

 

210,270,322 (Mn)  

δ (Fe1/Mn1)  0.592 0.607 0.578 0.575 0.633 0.627 0.600 0.616 0.54 

δ (Fe2)  0.548 0.540 0.558 0.556 -  - - - 0.48 

ΔEq  (Fe1/Mn1)    -0.834 -0.890 -0.322 0.330 -2.628 2.579  -0.818 -1.749 0.80   

ΔEq  (Fe2)    -2.192 -1.793 -0.957 0.423 - - - - -1.86 
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Table S6:  Calculated and experimental 
9,10

 isomer shift δ (mm/s), quadrupole splitting ΔEq  

(mm/s), g-tensor and Net spin Population (NSP) of  the mixed valent state complexes 

investigated. 

 

Mixed valence state  

 M3 277M3 M3P 277M3P Exp
9, 10

 

Net Spin Population 

NSP (Fe1)  -3.708 -3.708 -3.789 -3.796  

NSP (Fe2) 4.098 4.073 4.238 4.250  

NSP(μ-O) 0.382 0.458 0.169 0.101  

Spectroscopic parameters 

g-tensor  1.90,1.94,  1.95 1.91, 1.94, 1.95 2.02,2.02,2.03 2.020, 2.02, 2.03 1.94,1.79,1.70  

Hyperfine Fe1 

Hyperfine Fe2  

-74,-77, -87 

19,72,76 

-65,-70,-82 

25,77,80 

-8,-9, -10 

-2,-8,-8 

-7,-9, -10 

-3,-8, -8 

 

δ (Fe1)  0.619 0.979 0.901 0.871 1.24-Fe
2+

 

δ (Fe2)  0.981 0.652 0.676 0.695 0.53-Fe
3+

 

ΔEq  (Fe1)    1.371 2.132 1.807 1.813 +2.74-Fe
2+

 

ΔEq  (Fe2)    1.791 -1.761  -0.412 0.917 -1.93-Fe
3+

 

 

Computation of exchange interaction: 

The magnetic exchange interaction has been computed using the following spin-Hamiltonian.  

 

 

 

The magnetic exchange has been computed as the difference in energy between the high-spin 

state and the broken-symmetry state proposed by Noodleman. 
11

 There are many equations  

(spin-projected, non-spin projected)
12

 advocated to compute the J values and here we are 

employing the methodology advocated by Ruiz and co-workers which has been shown to 

provide good numerical estimate of J values for numerous systems.  

 

 

ˆ ˆ
ij i j

i j

H J S S
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Table S7: Heisenberg coupling constant J (cm
-1

) computed at both B3LYP and BP86 functionals. 

 

Models B3LYP BP86 

M1   -185.6 -356.3 

196M1 -194.6 -381.5 

277M1 -188.1 -273.0 

M1P -47.2 -112.3 

196M1P -28.7 -70.2 

277M1P -12.8 -37.5 

M2 -133.6 -258.2 

196M2 -145.5 -276.6 

277M2 -141.9 -268.5 

M2P -33.0 -70.1 

196M2P -24.6 -63.8 

277M2P -12.5 -27.0 

M3 -200.7 -432.9 

196M3 -198.1 -218.3 

277M3 -* -237.0 

M3P -42.8      -* 

196M3P -15.4 +121.2 

277M3P -16.8          -* 

* SCF convergence to BS solution was not successful. 
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Figure S3: Energies and the contour plot of the 3d orbitals for 196M3 complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The popular B3LYP functional13  in conjunction with TZVP basis set for Fe, Mn and SVP basis set for the rest of the elements 

are used for optimisation (See †ESI for a detailed discussion on  computational methods used). The structure optimisation has 

been carried out in solution phase (water) to reliably predict the spectroscopic parameters.8  All initial coordinates  are obtained 

from the X-ray crystal structure of the oxidized AurF enzyme1b (PDB code: 3CHU). 
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