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We investigate for the first time the electronic structure of the biomimetic diiron complex 1 [Fe(IV)2(m-O)2(5-Me3-

TPA)2]4þ (5-Me3-TPA ¼ tris(5-methyl-2-pyridylmethyl)amine) using broken-symmetry hybrid density functional theory

method. According to previous studies, the Fe(IV)2(m-O)2 core of intermediate Q of soluble methane monooxygenase shows

antiferromagnetic coupling between local S ¼ 2 states at each iron site. In contrast to Q, each local Fe(IV) ion of the

synthetic complex does not have an S ¼ 2 but has an S ¼ 1 state based on the calculated geometric parameters and energetic

stability. Our calculation supports the experimental result.

Keywords: DFT; Fe2O2; MMO; magnetic coupling constant

The soluble methane monooxygenase (sMMO) catalyses

the conversion of methane to methanol by activating

dioxygen (1). According to spectroscopic studies, the

high reactive intermediate (Q) is assumed to have the

Fe(IV)2(m-O)2 diamond core (2). The intermediate Q has

been considered as a key intermediate that undergoes

hydroxylation of methane. The Mössbauer study showed

that two Fe(IV) sites are antiferromagnetically (AF) coupled

(J , 230 cm21), indicating that the ground state is Stot ¼ 0

(3). The EXAFS spectra suggested that the Fe(IV)2(m-O)2

core has one short (1.77 Å) and one long (2.05 Å) FeZO

bond. Although both Fe sites are in an oxidation state of IV,

the electronic configuration is still an open question whether

each Fe(IV) has an intermediate spin (IS, S ¼ 1)
1[Fe(IV)(S ¼ 1)(O22)2Fe(IV)(S ¼ 21)] (a) or a high spin

(HS, S ¼ 2) 1[Fe(IV)(S ¼ 2)(O2)2Fe(IV)(S ¼ 22)] (b)

state. Several theoretical studies investigated the possible

spin states of Q by using broken-symmetry (BS) hybrid

density functional theory (DFT) approach (4, 5). These

studies concluded that (b) is more reliable because (a) is

found to be 7.5 kcal/mol higher than (b).

Very recently, Que and co-workers (6) reported the

synthetic complexes, which have the Fe(IV)2(m-O)2

diamond core, namely [Fe(IV)2(m-O)2(5-Me3-TPA)2]4þ

(1) (5-Me3-TPA ¼ tris(5-methyl-2-pyridylmethyl)amine)

and [Fe(IV)2(m-O)2(L)2]4þ (2) (L ¼ tris(3,5-dimethyl-4-

methoxypyridyl-2-methyl)amine). Compound 2 is quite

stable as compared to 1, which has a high self-decay rate. At

present, this is the only synthetic complex proposed for

Q. According to Mössbauer spectroscopy and EXAFS data,

two Fe(IV) ions are AF coupled (J , 240 cm21), and the

FeZFe distance is 2.73 Å. In contrast to Q, the electronic

configuration (a) was assumed to be reasonable. Since there

is no X-ray crystallographic data, the detail is still unclear.

The goal of the present study is to determine whether (a)

is the ground state from a viewpoint of computational

calculation. We compare the geometric parameters and the

magnetic coupling constant values between calculations

and the experiment. To our knowledge, it is the first attempt

to examine the geometric and electronic structure of such

complex.

Since there is no X-ray structure, the initial structure of

the present model was constructed based on the complex

[Fe(IV)2(m-O)(OH)O(L)2]3þ (L ¼ tris(3,5-dimethyl-4-

methoxypyridyl-2-methyl)amine) reported by Martinho

et al. (7). We investigate 1 instead of 2 for simplicity as

depicted in Figure 1.

The magnetic properties of transition metal complexes

are usually predicted with the use of Heisenberg

Hamiltonian. In the present study, we used a two-spin

Heisenberg model approximation,

Ĥ ¼ 22JSFe1:SFe2; ð1Þ

where SFe1 and SFe2 represent spin operators at sites Fe1 and

Fe2, respectively. J is an effective exchange integral. Based

on this notation, (a) and (b) represent SFe1 ¼ 2SFe2 ¼ 1

and SFe1 ¼ 2SFe2 ¼ 2, respectively. J can be determined

by the computational method as well as by magnetic

susceptibility. According to a recent computational

development, a single-point energy calculation by high-

level ab initio methods such as coupled cluster and
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multi-reference methods can be performed for small

chemical systems. However, calculations using these

methods are computationally expensive and it is impossible

to apply them to larger systems. Instead, BS DFT

calculations are suggested to give an alternative way at

lower computational costs with both dynamical and non-

dynamical electron correlation corrections. The BS DFT

approach is a ‘de facto standard’ for calculating electronic

structures of transition metal complexes. It is well known,

however, that the BS method has a fatal flaw called the spin

contamination error. The energy of the BS (Stot ¼ 0) state is

estimated to be incorrect due to HS states. In order to

eliminate the spin contamination error, Yamaguchi et al.

proposed the approximate spin-projection (AP) procedure

by using a simple approximation that the spin contami-

nation in a high spin (HS) state is negligible (8).

The corrected J value is

J ¼
EBS 2 EHS

S2h i
HS
2 S2h i

BS
; ð2Þ

where E (x) and kS2lðXÞ denote the total energy and the

expectation value of total spin angular momentum for the

spin state X, respectively. The corrected BS energy (AP)

using the correct spin state is expressed as

EAP ¼ EBS þ J S2
� �BS

: ð3Þ

In this paper, the magnetic interaction between two Fe(IV)

ions is discussed using Equation (2) by using the Stot ¼ 2

(SFe1 ¼ SFe2 ¼ 1) and Stot ¼ 4 (SFe1 ¼ SFe2 ¼ 2) states as

the HS states corresponding to (a) and (b). All the

calculations were performed by Gaussian 03 (9) at the

UB3LYP level of theory (10). The geometry optimisations

were performed for (a) and (b) together with MIDI þ pd

(53321/5321/411) basis sets (11, 12) for Fe and 6-31G*
basis sets for the other atoms.

First, we compare structural parameters between (a)

and (b). The optimised structural parameters are summar-

ised in Table 1 together with available EXAFS data

measured at 10 K (6).

As listed in Table 1, the parameters of (a) are closer

to the EXAFS data, indicating that each Fe(IV) ion has

S ¼ 1. The FeZFe distance of (b) (2.68 Å) is slightly

shorter than the EXAFS data (2.73 Å), while that of (a)

is in good agreement with it. The average value of the

FeZN distances also supports that (a) is more reliable

than (b).

Next, computed Mulliken spin and charge populations

on the Fe2O2 core of (a) and (b) are summarised in Table 2.

The spin populations on two Fe atoms differ from

their number of unpaired electrons (2 for (a) and 4 for

(b)), suggesting the electron donations from the ligands.

In fact, the obtained charge populations on the Fe atoms are

slightly smaller than their formal value IV. The spin state

of iron atoms for 1 differs from Q of sMMO in the ligand

environment (6). In contrast to 1, which has nitrogen-rich

ligands, oxygen atoms of glutamic acids are also ligated

in Q.

Calculated spin populations on the Fe2O2 core of (a)

are not symmetric because of the asymmetric Fe2O2

core. On the other hand, the optimised Fe2O2 core of (b)

is symmetric. As for Q, the slight asymmetric Fe2O2 core

Table 1. Optimised structural parametersa of (a) and (b)
together with EXAFS data.

Model

Parameters (a) (b) Expt.b

Fe1ZFe2 2.74 2.68 2.73
O1ZO2 2.34 2.38
Fe1ZO1 1.81 1.80 1.77c

Fe1ZO2 1.79 1.78
Fe2ZO1 1.81 1.78
Fe2ZO2 1.80 1.80
/ Fe1ZO1ZFe2 98.3 96.6 101c

/ Fe1ZO2ZFe2 99.6 96.7
Fe1ZN1 2.03 2.02 1.96c

Fe1ZN2 2.07 2.14
Fe1ZN3 2.00 2.21
Fe1ZN4 2.00 2.21
Fe2ZN5 2.05 2.14
Fe2ZN6 2.00 2.01
Fe2ZN7 2.01 2.21
Fe2ZN8 2.01 2.21

aBond lengths, in Å; angles, in deg.
b From Ref. (6).
c The average value.

Figure 1. Calculated model [Fe(IV)2(m-O)(OH)O(5-Me3-
TPA)2]4þ(1) (5-Me3-TPA ¼ tris(5-methyl-2-pyridylmethyl)-
amine).
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is favourable based on previous theoretical studies

(13–16). This is attributed to the asymmetric

ligand environment of Q. Since the ligand of 1 is more

symmetric than Q, it is expected that both geometric and

electronic structures of the Fe2O2 core are symmetric.

However, the Fe1ZO1ZFe2 angle and the Fe1ZO2ZFe2

angle are not equivalent, leading to asymmetric spin

populations on the Fe2O2 core. In our opinion, there are two

reasons for this: (1) the asymmetric Fe2O2 core of (a) can

result from the inadequate approximation. It is difficult

to describe the on-site Coulomb repulsion and transfer

integral properly at the BS DFT level. Nevertheless, the

high-level ab initio methods cannot be applied to such

a large system and (2) the present model is insufficient.

In this study, we do not consider the effect of counterions

(ClO4
2)4 in the model complex because there is

no available information about them. The geometry of

the Fe2O2 core can be variable due to the presence

of the counterion because it affects the charge distribution

(17). This will be discussed in the future work after the

X-ray crystallographic structure is taken. The magnetic

coupling constant (J) values between two Fe(IV) ions

calculated by Equation (2) are summarised in Table 3.

Total energies and expectation values of total spin angular

momentum are also summarised in Table 3.

In this study, we used the kS2lBS
value of the Kohn–

Sham orbital that is expressed by the single Slater

determinant for the non-interacting reference (Kohn–

Sham) system.

S2
� �BS

¼
Na 2 Nb

2

Na 2 Nb

2
þ 1

� �
þ Nb

2
XN
i

XN
j

S
ab
ij

��� ���2: ð4Þ

The definition of kS2lBS
(Equation (4)) indicates that when

there is no interaction between two Fe(IV) ions, these

values are 2.0 and 4.0. The obtained kS2lBS
values are

1.9893 and 3.9269 for (a) and (b), respectively.

Calculated J values of (a) and (b) are 238 and

2202 cm21, respectively. These values are comparable to

the results of Q, i.e.259 and2188 cm21 (in our definition)

for SFe1 ¼ 2SFe2 ¼ 1 and SFe1 ¼ 2SFe2 ¼ 2, respectively

(4). In order to consider the orbital–orbital interaction, we

performed natural orbital analysis for (a) and (b). Figures 2

and 3 depict bonding and antibonding NOs of the Fe2O2

core for (a) and (b) corresponding to magnetic orbitals

together with orbital overlap (Ti) values given by their

occupation numbers (ni) of bonding NOs (18).

Ti ¼ ni 2 1: ð5Þ

In the case of (a), the pair of the highest occupied NO 2 1

(HONO 2 1) and the lowest unoccupied NO (LUNO 2 1)

Table 2. Mulliken spin and charge populations on the Fe2O2 core.

Mulliken spin (charge) population

Model Spin state Fe1 Fe2 O1 O2 Ref.

(a) HS 1.84 (1.25) 1.59 (1.23) 0.40 (20.68) 0.35 (20.70) This work
BS 1.94 (1.26) 21.70 (1.22) 20.20 (20.70) 20.06 (20.72) This work

Q1a BS 1.71 21.52 20.57 0.38 (13)
BS 1.6 21.7 20.4 0.4 (14)

(b) HS 3.32 (1.25) 3.32 (1.25) 0.35 (20.74) 0.34 (20.74) This work
BS 3.28 (1.24) 23.28 (1.24) 0.02 (20.72) 0.02 (20.72) This work

Q2b HS 3.44 3.55 0.30 0.44 (15)
BS 3.54 23.49 20.06 20.03 (16)

a SFe1 ¼ 2SFe2 ¼ 1.
b SFe1 ¼ SFe2 ¼ 2 for HS state and SFe1 ¼ 2SFe2 ¼ 2 for BS state.

Table 3. Calculated total energies,a kS 2l values and magnetic coupling constant (J) valuesb for (a) and (b).

BS state HS state

Model E BS kS 2lBS
E HS kS 2lHS

E AP J

(a) 24743.5239 1.9893 24743.5231 6.0744 24743.5242 238
(b) 24743.5152 3.9269 24743.5003 20.1352 24743.5188 2202

a In a.u.
b In cm21.
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represents a p-type interaction through bridging oxo,

leading to the orbital overlap (T ¼ 0.319). Martinho et al.

(7) reported that two Fe spins (S ¼ 1) in the [HOZFe1(IV)-

ZOZFe2(IV) ¼ O(L)2]3þ are ferromagnetically coupled

to yield the ground quintet (Stot ¼ 2) state. According to

their calculations, the J value was predicted to be

þ160 cm21 in our definition (see Equation (1)). They

suggested that inequivalent coordinations at two Fe sites

cause ferromagnetic interactions. On the other hand,

looking at the HONO–LUNO pair, the bridging oxo in the

diamond core of (a) provides the two Fe spins with weak

orbital overlap (T ¼ 0.009), although the dx 22y 2 of Fe1 and

the dxz of Fe2 are orthogonal. Therefore, (a) shows

antiferromagnetic interaction consistent with its negative

J value (238 cm21). Although the obtained J values of

(a) do not quantitatively agree with the experiment

(J , 240 cm21), the corrected BS state (AP state) is

more stable than the HS state by 0.7 kcal/mol, and the result

supports the singlet ground state.

As for (b), the HONO 2 X–LUNO 2 X (X ¼ 3, 2, 1, 0)

pair corresponds to d1, s, p, and d2 interactions with

relatively large T values in comparison with the

Figure 2. Natural orbitals of the Fe2O2 core corresponding to magnetic orbitals for (a).

Figure 3. Natural orbitals of the Fe2O2 core corresponding to magnetic orbitals for (b).
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HONO–LUNO pair of (a). The difference in J values

between (a) and (b) reflects the strength of the orbital

interactions. Finally, we compared the energy between (a)

and (b). The total energy of (a) for the Stot ¼ 0 state is

lower than that of (b) by 3.4 and 5.5 kcal/mol with and

without spin projection. The result also supports that (a) is

a more likely candidate for the biomimetic diiron complex

for Q.

In summary, we investigate the electronic structure of

the diiron complex by using BS hybrid DFT method with

the AP correction. According to previous studies, the

Fe(IV)2(m-O)2 core of intermediate Q of sMMO shows

antiferromagnetic coupling between local S ¼ 2 states at

each iron site. On the other hand, based on the calculated

results, each local Fe(IV) ion of the complex does not have

an S ¼ 2 but has an S ¼ 1 state. The calculated J value

shows antiferromagnetic interaction (Stot ¼ 0). Since there

is no information about the X-ray structure, our calculated

results support the experimental spectroscopic data.
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