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Details of the QM/MM modelling 
 
The MoFe protein of the molybdenum nitrogenase is a large α2β2 heterotetramer 
structure and is comprised of over 2000 amino acid residues. The model used in this 
work is derived from a previous study of ours of the resting state of the iron-
molybdenum cofactor (FeMoco) of MoFe protein1. The details of the MM and QM/MM 
model setup is summarized here: 
 
Model preparation 
 
For the initial classical (MM) model the program GROMACS2-4 was used with the 
protein described by a CHARMM36 forcefield5. Atomic charges for FeMoco and the P-
cluster were derived from natural population analysis of the clusters at the BP86/def2-
TZVP level of theory. Lennard-Jones parameters were assigned to the metal-sulfur 
clusters similarly using the CHARMM SM atom type for inorganic sulfides. Atomic 
charges and Lennard-Jones parameters for homocitrate are based on parameters 
available for citrate6. Parameters for imidazole molecules present in the crystal 
structure were taken from CGenFF7. Cysteine residues connected to the metal clusters 
were modelled as deprotonated cysteine residues (CSD residues in CHARMM36). The 
TIP3P model was used for water residues. The 1.0 Å resolution crystal structure of 
molybdenum nitrogenase MoFe protein was used to prepare the model (PDB ID: 
3U7Q)8. Two calcium ions at the interface between the two subunits of the MoFe 
protein were modelled as iron ions9. The protonation states of titratable residues were 
determined mostly by manual inspection i.e. looking for obvious hydrogen bond donor-
acceptor pairs, and with aid from the program PROPKA10-11. All aspartate and 
glutamate were assumed to be deprotonated, except α-153Glu whereas all lysine and 
arginine residue were determined to be protonated, except β-365Lys. Histidine residues 
that are protonated at the epsilon nitrogen α-80His, α-83His, α-195His, α-362His, α-383His, 
α-442His, β-106His, β-193His, β-311His, β-363His, β-392His, β-429His, β-457His, β-477His, β-
478His, β-480His. The histidine residues protonated at the delta nitrogen were α-31His, 
α-196His, α-285His, α-451His, β-185His, β-297His, β-396His, β-519His. Only β-90His was 
doubly protonated at both epsilon and delta nitrogen atoms. All oxygen atoms 
designated as water in the crystal structure were protonated as well. After protonation, 
the model contains 39566 atoms. At this point, the MoFe protein is solvated in a 
90*90*90 Å water box and 39 sodium ions are introduced to neutralize the overall 
negative charge of the protein. The final MM model contains 320829 atoms.  
 
Water molecules and hydrogen atoms were minimized and the system then 
equilibrated by molecular dynamics simulations, using the canonical ensemble with a 
Nosé-Hoover thermostat with chain number of 412-15 and a simulation temperature of 
300 K. Constrained and unconstrained MD simulations were tested. In the constrained 
MD simulation, all heavy atoms of the protein were constrained but hydrogen atoms, 
water molecules and counterions were free to move. At 940 ps of the MD simulation 
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(as can be seen in Figure S1), a snapshot of the model was taken which was used to 
construct the QM/MM model. In the unconstrained simulation (not used in the QM/MM 
modelling) the system was simulated for 5 ns with all atoms allowed to move except 
FeMoco and P-cluster. The average RMSD converged to 0.31 Å after ~1 ns and 
maintained this for the duration of the 5 ns simulation, demonstrating that the forcefield 
is describing the system reasonably well. 

 
Figure S1. The 320 829 atom classical (MM) model of the MoFe protein. The protein 
is dissolved in a box of 93 754 water molecules and contains 39 sodium counterions. 
 
 
A spherical QM/MM model (Figure S2) was prepared by cutting a sphere with a radius 
of 42 Å from the classical model, centered on the carbide of FeMoco in the αβ subunit, 
labelled as chains A and B in the crystal structure. All of chain A and chain B (i.e. a 
whole αβ subunit) were included in the QM/MM model as well as a portion of chain C 
to get a more natural cut. The residues from chain C are residues number 242, 
320−326, 342− 369, 378−392, 410−419, 437−442, 458−469, 476, and 468− 523. 
There is also a thick water shell and the total size of the model is 36989 atoms. 
 
 



 
Figure S2. The QM/MM model. Colored in black is the frozen region of the protein 
that is described by a forcefield, whereas the red-white molecules are frozen waters 
also described by a forcefield. Colored in green is the active region (i.e. atoms that 
can move) that is either described by a forcefield or DFT (i.e. the QM region). At the 
center of the figure is FeMoco shown in a ball-and-stick representation. 
 
QM/MM setup 
Within the QM/MM model, we divide the model into different regions; a frozen region, 
an active region and a QM region. The frozen region is described at the MM level with 
all residues frozen at their positions from the MD snapshot. 
The active region is ~1000 atoms in size (999 atoms for the E0 model) and includes all 
residues within a ~11 Å radius from the central carbide of FeMoco (Figure S3). All 
atoms in the active region are free to move during the QM/MM geometry optimizations. 
Of these ~1000 atoms, most of them are described at the MM level with the exception 



of the FeMoco cluster and close residues which are described at the QM level, defining 
a QM region.  

 
Figure S3. The active region of the QM/MM model consisting of 999 atoms (the 
resting state). E4 models had four protons added and thus 1003 atoms in the active 
region.  
 
Different QM regions were used in the study: 
 
QM-region details for E0 calculations: 
FeMoco and the side chains of residues directly coordinating Femoco (⍺-442His, ⍺-
275Cys). Total of 54 QM atoms. 
 
QM-region details of the large 367 atom E0 model (used in Figure S12): 
FeMoco and the side chain of following residues: ⍺-70Val, ⍺-96Arg, ⍺-191Gln, ⍺-192Ser, 
⍺-195His, ⍺-228Asp, ⍺-234Asp, ⍺-274His, ⍺-277Arg, ⍺-281Tyr, ⍺-359Arg, ⍺-380Glu, ⍺-381Phe, 



⍺-426Lys, ⍺-427Glu, ⍺-442His, ⍺-451His. We included the whole of residue ⍺-275Cys and 
the peptide chain part of ⍺-354Tyr -⍺-355Ile -⍺-356Gly -⍺-357Gly -⍺-358Val -⍺-359Arg as well 
as the peptide chain part of β-424Gly – β-425Ile. 24 water molecules that are in close 
proximity to FeMoco. 
 
 
QM-region details for E4/E4-N2/E4-N2' calculations (Figure S4): 
FeMoco, the side chain of residues directly coordinating Femoco (⍺-442His, ⍺-275Cys), 
the side chain of neighboring charged residues (⍺-96Arg, ⍺-359Arg, ⍺-380Glu), the side 
chain of residues  capable of participating in hydrogen bonding (⍺-195His, ⍺-191Gln, ⍺-
278Ser), as well as the side chain of spatially close residues (⍺-70Val, ⍺-381Phe). 
Total of 132 atoms for an E0 redox state, 136 QM atoms in an E4 redox state. 
 
 
 
 
 

 
Figure S4. The QM-region used in the E4/E4-N2/E4-N2' calculations. Fe. Link-atoms 
(shown in figure) are not counted. In E4 models, 4 H atoms are  added, giving a total 
QM-region of 136 atoms. 
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Coordinates of E4 models 
Cartesian coordinates of the QM region for all QM/MM-optimized E4/E4-N2/E4-N2‘ 
models are available as XYZ files in a compressed archive. 
 
 
Table S1.  Calculated relative TPSSh energies (both polarized QM and QM/MM 
energies are shown) and Mulliken spin populations on the metal ions for all the E4 
models (a-o) investigated in Fig. 2. Only the BS solutions with the lowest energy 
shown. 
Model QM QM/MM Mo Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 
a)-147 31.46 23.67 -0.29 -3.44 2.69 3.18 -3.26 3.12 2.42 -2.81 
b)-247 20.40 17.66 -0.48 3.49 -2.82 1.48 -3.23 3.02 2.63 -3.08 
c)-247 17.14 14.73 -0.46 2.25 -2.77 2.89 -3.32 3.10 2.39 -2.90 
d)-147 16.96 17.58 -0.51 -3.39 3.15 3.39 -2.93 2.57 1.92 -2.77 
e)-147 16.88 11.23 -0.70 -3.46 2.69 3.02 -3.38 3.02 2.13 -1.42 
f)-346 21.80 22.55 -0.86 3.41 0.13 -3.29 -3.32 2.30 -0.15 2.79 
g)-346 17.60 13.02 -0.20 3.42 1.31 -3.26 -2.67 2.38 -2.91 2.84 
h)-247 12.56 11.37 0.27 3.40 -2.51 3.29 -3.22 3.04 -0.88 -2.91 
i)-247 12.55 10.91 -0.32 3.37 -3.14 3.06 -3.14 3.05 1.29 -2.98 
j)-147 4.99 3.35 -0.51 -3.43 2.73 3.21 -3.28 3.00 2.13 -2.46 
k)-147 3.29 1.95 -0.43 -3.42 2.70 3.13 -3.29 2.97 2.15 -2.35 
l)-147 3.75 2.44 -0.49 -3.43 2.53 2.99 -3.30 3.07 2.59 -2.30 
m)-346 2.47 2.04 -0.55 -3.40 2.53 3.13 -3.24 2.97 2.36 -2.43 
n)-346 0.00 0.00 -0.32 3.35 2.22 -3.17 -3.29 3.02 -3.29 2.76 
o)-147 2.48 2.25 -0.26 -3.44 3.00 3.14 -3.28 2.99 1.79 -2.41 

 
 
Table S2.  Calculated relative TPSSh energies (both polarized QM and QM/MM 
energies are shown) and Mulliken spin populations on the metal ions for all 4 broken-
symmetry solutions (235, 346, 247, 147) of E4 models (a-o) in Fig. 2. 

Model QM QM/MM Mo Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 
a)-147 31.46 23.67 -0.29 -3.44 2.69 3.18 -3.26 3.12 2.42 -2.81 
a)-235 35.63 29.53 0.43 3.44 -2.73 -3.17 3.37 -2.72 -1.92 3.06 
a)-247 38.82 33.46 -0.07 3.36 -2.82 3.18 -3.18 3.08 0.35 -2.90 
a)-346 41.63 35.97 -0.50 3.38 2.63 -3.48 -3.31 2.81 -2.68 2.74 
b)-147 21.17 17.98 -0.56 -3.44 2.53 3.23 -3.31 3.01 2.95 -2.85 
b)-235 31.05 27.53 -0.52 2.92 -3.33 -3.36 3.10 -3.12 2.95 2.85 
b)-247 20.40 17.66 -0.48 3.49 -2.82 1.48 -3.23 3.02 2.63 -3.08 
b)-346 25.35 22.19 -0.14 3.40 2.76 -3.44 -3.39 2.87 -3.08 2.65 
c)-147 18.94 16.88 -0.57 -3.41 3.17 3.24 -3.57 3.25 2.45 -2.90 
c)-235 24.85 21.89 -0.39 3.36 -3.46 -3.52 3.32 -3.19 2.38 2.91 
c)-247 17.14 14.73 -0.46 2.25 -2.77 2.89 -3.32 3.10 2.39 -2.90 
c)-346 28.79 22.93 -0.49 3.18 2.04 -3.60 -3.44 3.24 -2.60 2.92 
d)-147 16.96 17.58 -0.51 -3.39 3.15 3.39 -2.93 2.57 1.92 -2.77 
d)-235 19.91 18.28 -0.54 3.39 -3.26 -3.43 2.96 -2.60 1.83 2.69 
d)-247 36.14 35.91 -0.48 3.13 -3.33 3.42 -2.86 2.48 1.71 -2.83 
d)-346 21.84 24.07 -1.51 3.41 2.55 -3.36 -3.11 2.88 -3.15 3.04 
e)-147 16.88 11.23 -0.70 -3.46 2.69 3.02 -3.38 3.02 2.13 -1.42 
e)-235 23.10 17.47 -0.44 3.45 -3.28 -3.20 3.20 -3.16 1.41 2.87 
e)-247 21.58 16.55 0.14 3.18 -3.12 3.18 -3.30 3.09 -2.08 -0.27 
e)-346 24.51 18.95 -0.10 3.39 2.90 -3.36 -3.25 3.01 -1.65 0.04 
f)-147 23.18 19.90 -0.10 -3.39 3.39 3.32 -2.90 2.62 0.74 -2.70 
f)-235 22.87 20.17 -0.17 3.39 -3.14 -3.15 2.95 -2.73 0.85 2.87 
f)-247 22.24 19.07 -0.08 3.38 -3.01 3.26 -3.11 2.34 -0.06 -2.01 
f)-346 21.80 22.55 -0.86 3.41 0.13 -3.29 -3.32 2.30 -0.15 2.79 



g)-147 22.24 16.35 -0.54 -3.39 2.37 3.24 -2.75 2.65 2.62 -2.88 
g)-235 19.67 15.92 -0.26 3.36 -3.41 -3.27 2.67 -1.99 1.35 2.82 
g)-247 30.14 24.57 -0.25 3.12 -3.34 3.08 -2.74 2.60 1.79 -2.83 
g)-346 17.60 13.02 -0.20 3.42 1.31 -3.26 -2.67 2.38 -2.91 2.84 
h)-147 14.55 14.36 -0.20 -3.41 2.74 3.26 -3.15 3.15 1.15 -2.39 
h)-235 13.75 11.16 0.26 3.43 -2.24 -3.17 3.31 -3.08 -1.13 2.78 
h)-247 12.56 11.37 0.27 3.40 -2.51 3.29 -3.22 3.04 -0.88 -2.91 
h)-346 18.31 16.81 -0.72 3.45 -0.26 -3.34 -3.24 2.82 -0.51 2.55 
i)-147 15.15 14.35 -0.44 -3.03 2.78 3.22 -3.19 3.08 1.88 -2.94 
i)-235 12.72 12.83 -0.38 3.10 -3.13 -3.20 3.20 -3.12 1.74 2.89 
i)-247 12.55 10.91 -0.32 3.37 -3.14 3.06 -3.14 3.05 1.29 -2.98 
i)-346 19.64 16.34 -0.41 3.48 -0.44 -3.10 -3.08 3.19 -2.46 3.03 
j)-147 4.99 3.35 -0.51 -3.43 2.73 3.21 -3.28 3.00 2.13 -2.46 
j)-235 6.29 5.35 -0.47 3.39 -3.15 -3.23 3.29 -3.15 1.87 2.39 
j)-247 14.30 13.43 -0.43 3.09 -3.48 3.10 -3.38 2.98 2.16 -2.58 
j)-346 -18.16 -15.24 H2 dissociates 

      

k)-147 3.29 1.95 -0.43 -3.42 2.70 3.13 -3.29 2.97 2.15 -2.35 
k)-235 6.93 4.90 0.12 3.41 -2.79 -3.10 3.30 -3.08 0.70 2.21 
k)-247 6.15 5.87 0.09 3.46 -2.79 3.18 -3.16 3.06 -0.71 -2.72 
k)-346 11.90 11.05 -0.47 3.40 2.80 -3.28 -3.27 2.75 -2.64 2.13 
l)-147 3.75 2.44 -0.49 -3.43 2.53 2.99 -3.30 3.07 2.59 -2.30 
l)-235 6.68 5.73 -0.17 3.43 -2.80 -3.02 3.33 -3.04 0.35 2.48 
l)-247 7.03 5.45 0.53 3.44 -2.41 3.28 -3.22 3.11 -2.23 -2.39 
l)-346 12.04 11.68 -0.23 3.45 1.08 -3.19 -3.21 3.02 -2.86 2.76 
m)-147 3.70 1.78 -0.55 -3.40 2.53 3.13 -3.24 2.97 2.36 -2.43 
m)-235 7.29 4.61 0.17 3.40 -2.41 -2.91 3.25 -2.91 2.91 -1.30 
m)-247 12.44 10.88 -0.43 3.15 -2.48 1.24 -3.18 3.02 2.65 -2.83 
m)-346 2.47 2.04 -0.55 -3.40 2.53 3.13 -3.24 2.97 2.36 -2.43 
n)-147 2.67 0.26 -0.52 -3.44 2.68 2.81 -3.34 3.04 2.96 -2.61 
n)-235 5.03 4.13 -0.40 3.12 -3.07 -3.30 3.15 -3.20 2.73 2.44 
n)-247 -5.75 -9.07 H2 dissociates 

      

n)-346 0.00 0.00 -0.32 3.35 2.22 -3.17 -3.29 3.02 -3.29 2.76 
o)-147 2.48 2.25 -0.26 -3.44 3.00 3.14 -3.28 2.99 1.79 -2.41 
o)-235 5.36 5.90 -0.44 3.45 -3.04 -3.16 3.32 -3.03 1.06 2.47 
o)-247 17.25 16.99 -0.51 3.18 -2.26 0.75 -3.19 2.98 2.84 -2.87 
o)-346 6.08 4.78 -0.45 3.42 2.39 -3.11 -3.20 3.02 -3.28 2.44 

 
 
Table S3.  Calculated relative TPSS energies (polarized QM single-point energies on 
TPSSh geometries) and Mulliken spin populations on the metal ions for all 4 broken-
symmetry solutions (235, 346, 247, 147) of E4 models (a-o) in Fig. 2. 

Model QM Mo Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 

a)-147 38.90 -0.15 -3.18 2.33 2.82 -2.81 2.65 2.02 -2.29 

a)-235 37.77 0.25 3.17 -1.77 -2.80 2.94 -2.61 -1.35 2.50 

a)-247 39.25 -0.03 3.06 -2.42 2.76 -2.70 2.57 0.25 -2.49 

a)-346 48.22 -0.20 3.10 2.19 -3.18 -2.84 2.16 -2.14 2.18 

b)-147 25.99 -0.30 -3.15 2.29 2.82 -2.87 2.48 2.44 -2.38 

b)-235 31.86 -0.24 2.19 -2.75 -2.78 2.64 -2.65 2.46 2.37 

b)-247 15.77 -0.15 3.17 -2.11 0.88 -2.74 2.56 1.85 -2.58 

b)-346 32.76 0.00 3.07 2.41 -3.00 -2.95 2.33 -2.65 2.02 

c)-147 47.64 -0.30 -3.12 2.82 2.88 -3.31 2.99 2.05 -2.62 

c)-235 51.28 -0.20 3.05 -3.07 -3.21 3.12 -2.94 1.73 2.59 

c)-247 36.81 -0.27 2.02 -2.46 2.55 -3.01 2.81 2.00 -2.59 

c)-346 48.97 -0.35 2.85 1.80 -3.27 -3.24 2.96 -2.25 2.54 

d)-147 26.12 -0.26 -3.16 2.78 3.09 -2.52 2.22 1.58 -2.38 

d)-235 28.94 -0.24 3.16 -2.88 -3.09 2.56 -2.18 1.17 2.26 

d)-247 44.13 -0.04 3.20 -2.91 3.19 -2.39 2.12 0.06 -2.42 



d)-346 40.53 -0.94 3.15 2.18 -3.07 -2.77 2.38 -2.78 2.67 

e)-147 12.81 -0.36 -3.20 2.46 2.59 -3.12 2.50 0.61 0.29 

e)-235 21.77 -0.05 3.21 -2.64 -2.57 2.96 -2.62 0.47 1.74 

e)-247 18.02 0.02 2.87 -2.78 2.77 -2.94 2.59 -1.53 -0.02 

e)-346 16.28 -0.10 3.13 2.17 -3.04 -2.93 2.42 0.07 -0.73 

f)-147 15.44 -0.09 -3.10 2.98 2.81 -2.47 2.16 0.69 -1.90 

f)-235 10.00 0.12 3.13 -2.52 -2.55 2.87 -2.19 -0.42 2.12 

f)-247 8.15 -0.09 3.05 -2.55 2.82 -2.68 1.81 0.01 -1.48 

f)-346 3.43 -0.38 3.09 -0.25 -2.77 -2.88 1.90 0.03 2.11 

g)-147 12.32 -0.33 -3.10 1.81 2.76 -2.25 2.28 2.21 -2.21 

g)-235 11.68 -0.16 3.07 -2.97 -2.74 2.18 -1.39 0.72 2.33 

g)-247 13.60 0.05 3.18 -2.48 2.83 -2.19 1.44 0.21 -2.21 

g)-346 4.07 -0.05 3.13 0.57 -2.73 -2.25 1.95 -2.24 2.30 

h)-147 6.53 -0.18 -3.11 2.33 2.75 -2.68 2.69 0.95 -1.62 

h)-235 4.91 0.13 3.12 -1.86 -2.69 2.96 -2.58 -0.73 2.07 

h)-247 4.82 0.09 3.07 -2.08 2.84 -2.72 2.49 -0.58 -2.41 

h)-346 2.87 -0.34 3.11 -0.44 -2.95 -2.73 2.30 -0.21 1.94 

i)-147 14.67 -0.22 -2.64 2.49 2.80 -2.83 2.67 1.37 -2.44 

i)-235 12.08 -0.07 3.01 -2.69 -2.69 2.83 -2.63 0.68 2.39 

i)-247 14.50 -0.09 3.07 -2.69 2.63 -2.60 2.57 0.58 -2.48 

i)-346 14.45 -0.26 3.18 -0.68 -2.64 -2.57 2.73 -1.94 2.54 

j)-147 5.67 -0.30 -3.14 2.29 2.76 -2.88 2.60 1.63 -1.76 

j)-235 3.50 0.07 3.10 -2.41 -2.56 2.97 -2.64 0.82 1.35 

j)-247 10.65 0.01 3.20 -2.76 2.65 -2.78 2.59 -0.37 -1.74 

j)-346 -3.41 -1.03 H2 dissociates      
k)-147 1.97 -0.24 -3.13 2.27 2.67 -2.90 2.54 1.67 -1.63 

k)-235 0.37 0.15 3.12 -2.29 -2.58 2.93 -2.59 0.49 1.49 

k)-247 2.95 -0.03 3.16 -2.39 2.72 -2.74 2.56 -0.36 -2.19 

k)-346 9.11 -0.10 3.14 2.41 -2.81 -2.76 2.15 -2.06 1.10 

l)-147 3.41 -0.36 -3.14 2.16 2.50 -2.94 2.62 2.09 -1.51 

l)-235 2.28 -0.03 3.13 -2.38 -2.53 2.96 -2.56 0.26 1.83 

l)-247 4.46 0.18 3.13 -2.17 2.88 -2.81 2.62 -1.72 -1.65 

l)-346 11.02 -0.10 3.11 0.89 -2.71 -2.74 2.52 -2.32 2.21 

m)-147 1.58 -0.36 -3.10 1.99 2.63 -2.82 2.56 1.93 -1.69 

m)-235 0.21 0.05 3.10 -1.89 -2.49 2.85 -2.54 2.40 -1.02 

m)-247 2.77 -0.16 3.08 -1.78 -0.65 -2.65 2.58 2.13 -2.00 

m)-346 12.52 -0.12 3.03 1.77 -2.65 -2.79 2.59 -2.99 2.34 

n)-147 7.06 -0.31 -3.16 2.26 2.19 -2.97 2.67 2.50 -1.86 

n)-235 7.88 0.00 2.61 -2.51 -2.73 2.86 -2.70 2.03 1.55 

n)-247 -0.12 -0.12 H2 dissociates      
n)-346 6.73 -0.13 3.07 1.84 -2.69 -2.85 2.55 -2.82 2.16 

o)-147 0.00 -0.24 -3.15 2.59 2.56 -2.94 2.62 1.38 -1.35 

o)-235 1.02 0.12 3.17 -2.23 -2.58 3.02 -2.46 -0.45 1.79 

o)-247 5.41 -0.22 3.14 -1.61 -1.27 -2.64 2.53 2.34 -1.97 

o)-346 5.51 -0.15 3.12 1.92 -2.53 -2.69 2.54 -2.81 1.65 
 
 



Table S4.  Calculated relative B3LYP energies (polarized QM single-point energies on 
TPSSh geometries) and Mulliken spin populations on the metal ions for all 4 broken-
symmetry solutions (235, 346, 247, 147) of E4 models (a-o) in Fig. 2. 

Model QM Mo Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 

a)-147 36.83 -0.38 -3.48 2.79 3.29 -3.39 3.28 2.60 -2.98 

a)-235 41.63 0.63 3.49 -2.83 -3.28 3.48 -2.94 -2.26 3.23 

a)-247 51.93 -0.01 3.41 -2.91 3.29 -3.32 3.26 0.19 -3.05 

a)-346 45.17 -0.71 3.42 2.78 -3.52 -3.43 3.02 -2.83 2.97 

b)-147 26.84 -0.68 -3.48 2.67 3.31 -3.41 3.17 3.11 -3.01 

b)-235 35.93 -0.66 3.16 -3.49 -3.50 3.19 -3.28 3.13 3.03 

b)-247 33.94 -0.65 3.55 -3.03 1.71 -3.37 3.15 2.91 -3.21 

b)-346 27.71 -0.25 3.44 2.90 -3.53 -3.49 3.07 -3.22 2.88 

c)-147 2.46 -0.69 -3.47 3.25 3.34 -3.60 3.32 2.67 -3.03 

c)-235 11.06 -0.50 3.41 -3.53 -3.58 3.38 -3.27 2.60 3.06 

c)-247 11.17 -0.56 2.17 -2.88 3.10 -3.39 3.21 2.55 -3.04 

c)-346 18.34 -0.56 3.29 2.18 -3.68 -3.47 3.31 -2.83 3.07 

d)-147 25.02 -0.62 -3.43 3.26 3.42 -3.10 2.75 2.18 -2.95 

d)-235 26.50 -0.65 3.43 -3.38 -3.51 3.10 -2.82 2.22 2.87 

d)-247 42.52 -0.56 3.28 -3.41 3.46 -3.02 2.65 1.95 -3.00 

d)-346 15.70 -1.81 3.43 2.73 -3.42 -3.21 3.05 -3.23 3.16 

e)-147 35.47 -0.81 -3.50 2.79 3.16 -3.45 3.16 2.34 -1.73 

e)-235 34.70 -0.66 3.48 -3.39 -3.34 3.32 -3.30 1.87 3.02 

e)-247 41.38 0.20 3.31 -3.24 3.29 -3.39 3.26 -2.40 -0.24 

e)-346 45.13 -0.03 3.43 3.13 -3.41 -3.37 3.20 -2.09 0.04 

f)-147 43.90 -0.28 -3.43 3.49 3.45 -3.06 2.81 0.96 -2.99 

f)-235 43.19 -0.36 3.43 -3.27 -3.31 3.12 -2.94 1.19 3.08 

f)-247 50.30 0.13 3.44 -3.16 3.39 -3.24 2.64 -0.17 -2.43 

f)-346 53.73 -1.09 3.43 0.77 -3.44 -3.44 2.50 -0.53 3.07 

g)-147 42.86 -0.73 -3.44 2.62 3.39 -2.99 2.68 2.95 -3.11 

g)-235 38.21 -0.30 3.41 -3.51 -3.43 2.81 -2.32 1.74 3.03 

g)-247 50.04 -0.43 3.25 -3.48 3.19 -2.83 2.79 2.15 -3.08 

g)-346 40.00 -0.39 3.44 1.88 -3.42 -2.79 2.59 -3.19 3.05 

h)-147 33.76 -0.26 -3.46 2.82 3.42 -3.29 3.30 1.39 -2.71 

h)-235 35.63 0.42 3.48 -2.39 -3.28 3.41 -3.25 -1.49 3.05 

h)-247 33.04 0.54 3.45 -2.64 3.42 -3.36 3.21 -1.23 -3.08 

h)-346 48.32 -0.62 3.40 0.66 -3.49 -3.42 3.04 -1.31 2.88 

i)-147 29.01 -0.58 -3.20 2.90 3.35 -3.26 3.19 2.18 -3.13 

i)-235 23.37 -0.54 3.26 -3.28 -3.34 3.26 -3.29 2.10 3.05 

i)-247 19.60 -0.51 3.42 -3.31 3.19 -3.32 3.18 1.87 -3.18 

i)-346 37.50 -0.42 3.48 0.03 -3.27 -3.25 3.33 -2.76 3.21 

j)-147 12.34 -0.57 -3.47 2.88 3.29 -3.39 3.12 2.40 -2.75 

j)-235 12.59 -0.79 3.44 -3.34 -3.37 3.40 -3.29 2.26 2.71 

j)-247 17.60 -0.52 3.24 -3.61 3.20 -3.49 3.12 2.48 -2.85 

j)-346 -24.11 H2 dissociates       
k)-147 13.18 -0.51 -3.46 2.84 3.25 -3.40 3.13 2.40 -2.67 

k)-235 23.14 0.05 3.46 -2.93 -3.24 3.39 -3.22 0.77 2.48 

k)-247 19.58 0.42 3.51 -2.92 3.32 -3.25 3.23 -1.24 -2.93 

k)-346 21.12 -0.67 3.44 2.96 -3.36 -3.40 2.97 -2.89 2.54 

l)-147 14.52 -0.48 -3.47 2.67 3.15 -3.40 3.22 2.77 -2.69 



l)-235 22.48 -0.19 3.48 -2.91 -3.15 3.42 -3.19 0.13 2.78 

l)-247 20.04 0.72 3.49 -2.54 3.40 -3.28 3.27 -2.51 -2.69 

l)-346 24.25 -0.30 3.52 1.18 -3.30 -3.33 3.19 -3.06 2.97 

m)-147 11.78 -0.62 -3.45 2.69 3.25 -3.37 3.12 2.58 -2.72 

m)-235 22.60 0.40 3.45 -2.53 -2.99 3.38 -3.03 3.19 -1.93 

m)-247 25.87 -0.53 3.27 -2.63 1.39 -3.28 3.17 2.85 -3.03 

m)-346 0.00 -1.85 3.44 2.98 -3.28 -3.36 3.27 -3.34 3.12 

n)-147 5.56 -0.66 -3.47 2.89 3.01 -3.44 3.14 3.19 -2.93 

n)-235 5.55 -0.67 3.28 -3.21 -3.43 3.22 -3.33 3.00 2.74 

n)-247 -6.56 H2 dissociates       
n)-346 1.40 -0.43 3.41 2.34 -3.29 -3.40 3.18 -3.43 2.98 

o)-147 13.11 -0.35 -3.47 3.11 3.26 -3.40 3.15 2.02 -2.71 

o)-235 16.53 -0.62 3.49 -3.21 -3.25 3.42 -3.20 1.36 2.75 

o)-247 33.50 -0.68 3.29 -2.53 1.12 -3.31 3.16 3.08 -3.10 

o)-346 12.96 -0.57 3.46 2.58 -3.25 -3.33 3.13 -3.41 2.68 
 
Table S5.  Calculated relative M06-2X energies (polarized QM single-point energies 
on TPSSh geometries) and Mulliken spin populations on the metal ions for all 4 broken-
symmetry solutions (235, 346, 247, 147) of E4 models (a-o) in Fig. 2. 

Model QM Mo Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 

a)-147 59.26 -0.68 -3.63 3.15 3.50 -3.77 3.65 3.04 -3.34 

a)-235 63.14 1.00 3.63 -3.16 -3.50 3.83 -3.36 -2.92 3.60 

a)-247 100.83 -0.57 3.59 -3.19 3.54 -3.70 3.65 0.79 -3.30 

a)-346 63.66 -0.90 3.58 3.22 -3.62 -3.79 3.34 -3.34 3.33 

b)-147 60.41 -0.85 -3.62 3.06 3.46 -3.77 3.49 3.52 -3.61 

b)-235 57.97 -0.91 3.53 -3.84 -3.84 3.46 -3.71 3.60 3.41 

b)-247 88.34 -0.95 3.88 -3.32 1.88 -3.67 3.38 3.50 -3.63 

b)-346 47.33 -0.61 3.61 3.28 -3.80 -3.75 3.51 -3.57 3.33 

c)-147 0.00 -0.83 -3.59 3.46 3.53 -3.85 3.56 3.16 -3.33 

c)-235 2.06 -0.74 3.59 -3.61 -3.87 3.60 -3.54 3.07 3.35 

c)-247 40.09 -0.77 1.93 -3.20 3.46 -3.55 3.46 3.01 -3.34 

c)-346 28.84 -0.78 3.54 3.09 -3.97 -3.63 3.54 -3.33 3.36 

d)-147 41.68 -0.81 -3.59 3.38 3.51 -3.44 3.23 3.02 -3.25 

d)-235 43.28 -0.80 3.60 -3.53 -3.83 3.38 -3.32 3.09 3.26 

d)-247 55.06 -0.83 3.58 -3.75 3.53 -3.41 3.25 2.99 -3.27 

d)-346 12.25 -2.49 3.58 3.12 -3.55 -3.43 3.39 -3.43 3.41 

e)-147 96.33 -0.84 -3.63 3.33 3.43 -3.80 3.49 2.35 -2.62 

e)-235 61.35 -1.01 3.62 -3.51 -3.70 3.74 -3.60 2.73 3.30 

e)-247 96.43 0.78 3.55 -3.47 3.55 -3.73 3.59 -3.06 -0.78 

e)-346 107.91 0.01 3.59 3.49 -3.55 -3.68 3.57 -2.72 -0.25 

f)-147 121.03 -0.68 -3.60 3.77 3.75 -3.42 3.35 1.46 -3.51 

f)-235 114.39 -0.88 3.59 -3.43 -3.69 3.44 -3.42 2.13 3.49 

f)-247 146.92 1.09 3.59 -3.41 3.79 -3.53 3.17 -1.18 -3.08 

f)-346 157.39 -2.18 3.56 1.74 -3.75 -3.78 2.92 -0.97 3.55 

g)-147 104.64 -0.95 -3.59 3.11 3.72 -3.64 3.00 3.31 -3.53 

g)-235 113.17 -0.72 3.59 -3.72 -3.74 3.20 -2.88 2.54 3.50 

g)-247 118.43 -0.71 3.52 -3.75 3.46 -3.08 3.40 2.77 -3.53 

g)-346 113.17 -0.73 3.56 2.79 -3.74 -3.11 3.00 -3.67 3.49 

h)-147 99.37 -0.69 -3.61 3.10 3.78 -3.68 3.65 2.30 -3.23 



h)-235 105.60 0.79 3.62 -2.94 -3.43 3.77 -3.61 -2.46 3.56 

h)-247 100.05 0.99 3.59 -2.98 3.82 -3.68 3.59 -2.40 -3.29 

h)-346 141.35 -0.70 3.92 -1.09 -3.46 -3.56 3.33 -2.47 3.37 

i)-147 74.64 -0.93 -3.53 3.18 3.65 -3.46 3.40 2.98 -3.55 

i)-235 62.95 -0.93 3.57 -3.46 -3.63 3.50 -3.65 2.95 3.36 

i)-247 58.24 -0.89 3.60 -3.46 3.48 -3.67 3.44 2.79 -3.59 

i)-346 97.21 -0.66 3.59 0.50 -3.55 -3.49 3.67 -3.32 3.59 

j)-147 41.25 -0.80 -3.61 3.29 3.44 -3.78 3.33 3.19 -3.33 

j)-235 45.16 -1.31 3.60 -3.61 -3.55 3.80 -3.54 2.62 3.18 

j)-247 31.41 -0.79 3.53 -3.90 3.50 -3.79 3.34 3.16 -3.28 

j)-346 -35.61 -2.50 H2 dissociates      
k)-147 57.42 -0.76 -3.60 3.15 3.45 -3.77 3.42 3.04 -3.26 

k)-235 88.19 -1.00 3.60 -3.24 -3.45 3.79 -3.56 1.50 3.22 

k)-247 72.63 0.88 3.60 -3.17 3.76 -3.41 3.61 -2.54 -3.33 

k)-346 57.95 -0.86 3.59 3.38 -3.51 -3.74 3.30 -3.51 3.12 

l)-147 55.05 -0.69 -3.61 3.03 3.45 -3.75 3.62 3.17 -3.25 

l)-235 86.15 -0.92 3.61 -3.17 -3.42 3.78 -3.57 0.79 3.27 

l)-247 64.81 0.99 3.59 -2.99 3.76 -3.45 3.63 -3.07 -3.20 

l)-346 77.42 -0.62 3.89 0.91 -3.50 -3.55 3.56 -3.42 3.29 

m)-147 54.25 -0.82 -3.60 3.16 3.47 -3.73 3.38 3.08 -3.30 

m)-235 75.73 0.77 3.59 -2.76 -3.43 3.71 -3.31 3.73 -2.95 

m)-247 87.20 -0.79 3.52 -3.19 1.74 -3.51 3.60 3.32 -3.41 

m)-346 10.29 -2.51 3.59 3.56 -3.47 -3.68 3.69 -3.56 3.41 

n)-147 18.54 -0.87 -3.61 3.31 3.38 -3.80 3.36 3.36 -3.45 

n)-235 13.89 -1.06 3.54 -3.35 -3.73 3.50 -3.63 3.37 3.21 

n)-247 -0.61 -1.01 H2 dissociates      
n)-346 26.54 -0.70 3.59 2.60 -3.47 -3.73 3.51 -3.78 3.37 

o)-147 57.22 -0.73 -3.61 3.49 3.49 -3.77 3.40 2.73 -3.22 

o)-235 60.66 -1.10 3.61 -3.55 -3.44 3.80 -3.54 2.33 3.22 

o)-247 95.07 -1.04 3.52 -3.26 1.69 -3.44 3.56 3.40 -3.54 

o)-346 44.50 -0.83 3.59 3.40 -3.45 -3.69 3.37 -3.73 3.22 
 
 
Table S6.  Calculated relative TPSSh energies for different BS solutions (both 
polarized QM and QM/MM energies are shown) for E4-l and E4-o models, N2-bound 
models (E4-l-N2 and E4-o-N2) and models after reductive elimination (E4-l-N2’ and E4-
o-N2’). 

Model QM QM/MM Mo Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 
l)-147 1.27 0.20 -0.49 -3.43 2.53 2.99 -3.30 3.07 2.59 -2.30 
l)-235 4.20 3.48 -0.17 3.43 -2.80 -3.02 3.33 -3.04 0.35 2.48 
l)-247 4.55 3.20 0.53 3.44 -2.41 3.28 -3.22 3.11 -2.23 -2.39 
l)-346 9.56 9.43 -0.23 3.45 1.08 -3.19 -3.21 3.02 -2.86 2.76 
o)-147 0.00 0.00 -0.26 -3.44 3.00 3.14 -3.28 2.99 1.79 -2.41 
o)-235 2.88 3.65 -0.44 3.45 -3.04 -3.16 3.32 -3.03 1.06 2.47 
o)-247 14.77 14.74 -0.51 3.18 -2.26 0.75 -3.19 2.98 2.84 -2.87 
o)-346 3.60 2.54 -0.45 3.42 2.39 -3.11 -3.20 3.02 -3.28 2.44 
l)-N2-147 4.42 4.54 -0.15 -3.39 2.63 3.21 -3.01 3.23 0.78 -2.27 
l)-N2-235 0.00 0.00 0.08 3.43 -2.62 -2.87 3.29 -3.08 -0.46 2.58 
l)-N2-247 2.81 2.93 0.29 3.42 -2.66 3.03 -3.18 3.03 -0.74 -2.70 



l)-N2-346 14.27 12.55 -0.97 3.42 0.53 -3.28 -3.23 2.89 0.42 1.44 
o)-N2-147 10.12 9.56 -0.59 -3.36 1.40 3.24 -3.30 3.07 3.06 -2.15 
o)-N2-235 6.02 4.32 0.46 3.39 -1.52 -2.97 3.35 -3.00 -2.07 2.46 
o)-N2-247 8.62 7.90 0.58 3.40 -1.49 3.16 -3.20 3.00 -2.49 -2.60 
o)-N2-346 3.31 4.02 -0.17 3.45 0.18 -3.12 -3.18 3.02 -2.42 2.86 
l)-N2'-147 1.81 0.81 -0.55 -3.39 3.33 3.20 -3.30 2.95 1.64 -2.51 
l)-N2'-235 0.00 0.00 -0.41 3.38 -3.20 -3.25 3.24 -3.12 1.92 2.56 
l)-N2'-247 5.64 5.84 -0.35 3.40 -3.26 2.97 -3.21 2.93 1.63 -2.91 
l)-N2'-346 7.57 7.29 -0.29 3.20 3.20 -3.30 -3.34 2.97 -2.19 0.88 
o)-N2'-147 4.41 1.15 -0.55 -3.42 2.10 3.10 -3.32 3.04 3.00 -2.37 
o)-N2'-235 N2 unbinds          
o)-N2'-247 N2 unbinds          
o)-N2'-346 0.12 -1.74 -0.22 3.38 2.23 -3.24 -3.30 3.00 -3.09 2.80 

 
 
 
Table S7.  𝜏4 parameters for all Fe ions in E0, E4, E4-N2 and E4-N2’ models. 𝜏# =
%&'°)(+,-)
%&'°)/0

	where α and β are the two greatest valence angles of the iron and θ is the 
tetrahedral angle, 109.5°, as proposed by Yang, et al. Dalton Transactions 2007, 9, 
955-964. An ideal tetrahedral geometry would have α=β=109.5° and 𝜏4=1, while ideal 
square-planar geometry would have α=β=180° and 𝜏4=0 and an ideal seesaw 
geometry would have α=120, β=180 𝜏4≈0.43. In the case of E4 and E4-N2, as 
reductive elimination removes hydrides coordinating Fe2 and Fe6 resulting in 
distorted tetrahedral geometry, pseudo 𝜏4 parameters (coordination of the hydrides is 
ignored) were calculated giving insight into how much the local geometry changes 
before and after reductive elimination. 
 Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 
E0-235 0.857 0.847 0.848 0.857 0.841 0.882 0.894 
E4-l-147 0.838 0.636* 0.854 0.856 0.847 NA 0.895 
E4-o-147 0.845 NA 0.867 0.848 0.833 0.649* 0.901 
E4-l-N2-235 0.837 0.669* 0.877 0.866 0.853 0.645* 0.892 
E4-o-N2-346 0.845 0.586* 0.886 0.861 0.857 0.673* 0.883 
E4-l-N2'-235 0.820 0.766 0.886 0.858 0.853 0.749 0.894 
E4-o-N2'-346 0.828 0.650 0.890 0.864 0.870 0.825 0.863 

* indicates a pseudo 𝜏4 where coordination of the hydrides is ignored. 
 
 
Table S8.  𝜏4’ parameter for all Fe ions in E0, E4, E4-N2 and E4-N2’ models.𝜏#2 =
-)+
%&'°)0

+	45'°)-
45'°)0

	where β >α, α and β are the two greatest valence angles of the iron 
and θ is the tetrahedral angle, 109.5°, and this formula does distinguish between α 
and β angles as proposed by Okuniewski, et al., Polyhedron 2015, 90, 47-57. An 
ideal tetrahedral geometry would have α=β=109.5° and 𝜏4’=1, while an ideal square-
planar geometry would have α=β=180° 𝜏4’=0 and an ideal seesaw geometry would 
have α=120, β=180 𝜏4’≈0.24. In the case of E4 and E4-N2, as reductive elimination 
removes hydrides coordinating Fe2 and Fe6 resulting in distorted tetrahedral 
geometry, pseudo 𝜏4 parameters (coordination of the hydrides is ignored) were 
calculated giving insight into how much the local geometry changes before and after 
reductive elimination. 



 Fe1 Fe2 Fe3 Fe4 Fe5 Fe6 Fe7 
E0-235 0.844 0.838 0.834 0.851 0.822 0.876 0.881 
E4-l-147 0.834 0.462* 0.835 0.831 0.839 NA 0.861 
E4-o-147 0.824 NA 0.864 0.845 0.825 0.487* 0.869 
E4-l-N2-235 0.827 0.508* 0.861 0.844 0.844 0.489* 0.859 
E4-o-N2-346 0.817 0.389* 0.879 0.845 0.857 0.494* 0.854 
E4-l-N2'-235 0.800 0.641 0.897 0.854 0.843 0.641 0.871 
E4-o-N2'-346 0.811 0.491 0.844 0.859 0.835 0.739 0.825 

* indicates a pseudo 𝜏4’ where coordination of the hydrides is ignored. 
 
 

 
Figure S5. All 35 BS solutions for the E4-l model (optimized geometry with BS-147 
solution). 
 



 
Figure S6. All 35 BS solutions for the E4-o model (optimized geometry with BS-147 
solution). BS-267 is 38 kcal/mol higher in energy than BS-147.  

 
Figure S7. Pipek-Mezey localized orbitals associated with Fe6 in the E4-l model (BS-
147 solution). A qualitative ligand-field diagram is shown based on the interpretation 
of the localized orbitals, suggesting an S=3/2 Fe(III) ion. Mulliken atomic spin 
populations of this state are also shown. 
 
 
 



 
Figure S8. Pipek-Mezey localized orbitals of Fe6 in E4-l-N2 model (BS-235 solution). 
A qualitative ligand-field diagram is shown based on the interpretation of the localized 
orbitals which suggests Fe6 to be a low-spin S=1/2 Fe(III). The increased population 
of backbonding dxz and dyz orbitals should aid dinitrogen binding. Mulliken atomic 
spin populations of this state are also shown. 
 
 
 

 
Figure S9. Pipek-Mezey localized orbitals of Fe6 in E4-l-N2‘ model (BS-235 solution). 
A qualitative ligand-field diagram is shown based on the interpretation of the localized 
orbitals which suggests Fe6 to be an S=3/2 Fe(I). The increased population of 
backbonding dxz and dyz orbitals should aid dinitrogen binding. Mulliken atomic spin 
populations of this state are also shown. 
 



 
E0 geometric comparison 
 
 
 
 

 
Figure S10. Deviation with respect to X-ray crystal structure (PDB ID : 3U7Q) for the 
Mo-Fe1 distance for various functionals calculated with QM/MM models (54 atom QM 
regions) or cluster models. B3LYP cluster model geometry is from Siegbahn (P. E. M. 
Siegbahn, Phys. Chem. Chem. Phys. 2019, 21, 15747-15759.) 
 
 

 



Figure S11. The largest deviation w.r.t. crystal structure for Fe-Fe, Mo-Fe, Fe-C, Fe-
S and Mo-S distances for various QM/MM models (54 atom QM regions) with 
different functionals or a B3LYP cluster model. B3LYP cluster model geometry is 
from Siegbahn (P. E. M. Siegbahn, Phys. Chem. Chem. Phys. 2019, 21, 15747-15759.) 
 
 

 
Figure S12. Root mean square deviations of the [MoFe7S9C] cluster w.r.t. crystal 
structure for various QM/MM models (54 atom QM regions) with different functionals, 
a TPSSh cluster model (54 atoms), a large QM-region (367 atoms) TPSSh-QM/MM 
model and a B3LYP cluster model. B3LYP cluster model geometry is from Siegbahn 
(P. E. M. Siegbahn, Phys. Chem. Chem. Phys. 2019, 21, 15747-15759.). Also shown is a superimposition of the 
TPSSh-QM/MM geometry (colored) and the X-ray crystal structure geometry (black). 
 
 
 
 
Electronic structure of the resting state E0 with different 
functionals 
 
Tables S9-S11 show Mulliken spin populations on the FeMoco cluster atoms with 
various functionals, demonstrating a large change in electronic structure, whether 
using the X-ray geometry (Table S9), TPSSh-QM/MM geometry (Table S10), or an 
optimized geometry at each calculation level (Table S11). Figure S13 shows the 
relationship between atom spin populations (Mo,Fe,S,C) and various distances in the 
cofactor demonstrating e.g. how an increased Mo spin population correlates with 
long Mo-Fe distance. The latter relationship is also shown in Figure S14 with spin 
density isosurfaces shown as well. 
 
 
 
Table S9. Mulliken spin populations of E0 with different functionals calculated on the 
X-ray crystal structure geometry. 



 BP86 TPSS TPSSh B3LYP PBE0 
ωB97M-

D3BJ BHLYP M06-2X 

Mo -0.22 -0.25 -0.56 -0.73 -0.85 -0.93 -2.24 -0.16 

Fe1 3.05 3.16 3.45 3.50 3.62 3.59 3.70 3.63 

Fe2 -2.51 -2.70 -3.22 -3.35 -3.52 -3.50 -3.84 -3.84 

Fe3 -2.55 -2.73 -3.23 -3.36 -3.53 -3.50 -3.66 -3.85 

Fe4 2.84 2.97 3.33 3.43 3.60 3.66 3.94 3.85 

Fe5 -2.52 -2.65 -3.15 -3.31 -3.50 -3.50 -3.65 -3.62 

Fe6 2.19 2.35 2.95 3.14 3.34 3.34 3.87 3.33 

Fe7 2.21 2.38 2.96 3.16 3.36 3.37 3.87 3.65 

S1 0.15 0.14 0.16 0.18 0.18 0.17 0.12 0.09 

S2 -0.08 -0.08 -0.10 -0.13 -0.14 -0.15 -0.19 -0.24 

S3 0.13 0.13 0.14 0.16 0.16 0.16 0.17 0.07 

S4 -0.01 0.00 0.00 -0.01 -0.02 -0.03 0.00 -0.07 

S5 0.13 0.12 0.12 0.14 0.14 0.15 0.28 0.26 

S6 -0.01 0.00 -0.01 -0.01 -0.02 -0.03 0.01 0.09 

S7 0.03 0.02 0.01 0.01 0.02 0.02 0.07 -0.17 

S8 -0.01 -0.01 0.00 0.00 0.00 0.02 0.15 0.11 

S9 0.01 -0.01 -0.01 -0.01 0.00 0.02 0.14 -0.08 

C 0.02 0.02 0.01 0.01 0.01 0.02 0.17 -0.15 
 
 
Table S10. Mulliken spin populations of E0 with different functionals calculated on the 
TPSSh-QM/MM geometry. 

 BP86 TPSS TPSSh B3LYP PBE0 
ωB97M-

D3BJ BHLYP M06-2X 

Mo -0.23 -0.25 -0.55 -0.72 -0.86 -0.99 -1.10 -1.05 

Fe1 3.04 3.15 3.44 3.49 3.61 3.58 3.69 3.63 

Fe2 -2.47 -2.67 -3.20 -3.35 -3.53 -3.55 -3.89 -3.75 

Fe3 -2.59 -2.76 -3.24 -3.36 -3.52 -3.46 -3.62 -3.50 

Fe4 2.82 2.94 3.30 3.40 3.57 3.62 3.88 3.81 

Fe5 -2.53 -2.66 -3.12 -3.28 -3.47 -3.44 -3.73 -3.65 

Fe6 2.23 2.40 2.97 3.17 3.36 3.36 3.58 3.43 

Fe7 2.23 2.38 2.92 3.11 3.31 3.33 3.69 3.56 

S1 0.15 0.14 0.16 0.17 0.17 0.16 0.12 0.12 

S2 -0.06 -0.06 -0.09 -0.11 -0.13 -0.14 -0.17 -0.17 

S3 0.12 0.12 0.14 0.16 0.17 0.18 0.21 0.20 

S4 -0.02 -0.01 -0.02 -0.02 -0.03 -0.03 -0.08 -0.06 

S5 0.15 0.13 0.13 0.15 0.15 0.14 0.14 0.18 

S6 -0.01 0.00 0.00 -0.01 -0.01 -0.01 -0.02 0.00 

S7 0.00 -0.01 -0.02 -0.02 -0.01 -0.03 -0.10 -0.10 

S8 0.00 0.00 0.01 0.02 0.02 0.04 0.05 0.03 

S9 0.01 0.00 0.00 0.01 0.03 0.05 0.12 0.12 

C 0.03 0.04 0.04 0.04 0.05 0.07 0.15 0.11 
 
 



Table S11. Mulliken spin populations of E0 with different functionals calculated on the 
QM/MM optimized geometry for each respective functional. Also shown is a single-
point B3LYP/LANL2DZ/6-31G* calculation (approx. same basis set as used by 
Siegbahn) on the B3LYP cluster model geometry from Siegbahn. 
 

 BP86 TPSS TPSSh B3LYP PBE0 
ωB97M-

D3BJ BHLYP M06-2X 
B3LYP cluster 

model 

Mo -0.14 -0.16 -0.55 -0.95 -1.11 -1.74 -1.84 -1.90 -1.48 

Fe1 2.80 2.96 3.44 3.55 3.65 3.62 3.76 3.72 3.60 

Fe2 -2.05 -2.33 -3.20 -3.48 -3.66 -3.63 -4.08 -3.96 -3.53 

Fe3 -2.20 -2.45 -3.24 -3.45 -3.58 -3.54 -3.76 -3.68 3.62 

Fe4 2.65 2.81 3.30 3.51 3.67 3.78 4.06 4.00 -3.47 

Fe5 -2.31 -2.47 -3.12 -3.36 -3.51 -3.50 -3.70 -3.66 3.42 

Fe6 1.84 2.06 2.97 3.33 3.49 3.58 3.75 3.65 3.46 

Fe7 1.95 2.13 2.92 3.26 3.44 3.50 3.99 3.88 -3.40 

S1 0.12 0.13 0.16 0.17 0.16 0.17 0.10 0.12 -0.17 

S2 -0.07 -0.08 -0.09 -0.13 -0.15 -0.11 -0.16 -0.16 0.16 

S3 0.10 0.10 0.14 0.17 0.18 0.21 0.17 0.19 0.16 

S4 -0.02 -0.02 -0.02 -0.02 -0.02 0.05 0.00 0.01 0.19 

S5 0.15 0.14 0.13 0.17 0.17 0.17 0.18 0.22 0.05 

S6 -0.01 -0.01 0.00 0.00 0.00 0.04 0.07 0.09 0.05 

S7 0.03 0.00 -0.02 -0.02 -0.04 0.00 -0.14 -0.14 0.00 

S8 0.00 0.01 0.01 0.03 0.05 0.06 0.13 0.12 0.05 

S9 0.03 0.01 0.00 0.04 0.07 0.07 0.18 0.18 0.09 

C 0.02 0.03 0.04 0.05 0.06 0.18 0.23 0.26 0 
 
 
 

 
Figure S13. Atom spin populations (Mo,Fe,S,C) plotted as a function of various 
distances in the FeMoco cofactor for QM/MM calculations with different functionals. 
 



 
 

 
Figure S14. Mo spin population as a function of the average Mo-Fe distance for 
various QM/MM calculations with different functionals. Also shown are spin density 
isosurfaces with alpha spin colored in blue) and beta spin density colored in red. 
TPSSh calculation is labelled as a) , M06-2X calculation labelled as b), and B3LYP 
cluster calculation labelled as c).  Note the lack of alpha spin density on Mo for 
surfaces in b) and c). 
 
 
 
 
 


