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Abstract. The electronic structure and effective exchange integrals (Jab) between two manganese (III) ions
of porphyrin dimer (PPMn(III)–OH–Mn(III)PP) were examined by using unrestricted hybrid DFT
(UHDFT) methods. The dependence of Jab on bond angle between two manganese (∠ Mn–OH–Mn)
is also calculated to elucidate orbital overlap effect for Jab value in the system. Natural orbital analysis
is performed to explain the overlap effect in terms of the instability of the π, σ and δ orbitals by using
diradical character.

PACS. 31.15.Ar Ab initio calculations – 31.15.Ew Density-functional theory

1 Introduction

Manganese complexes and clusters have been one of the
attractive substances in molecular science. Manganese ion
can take various oxidation numbers and can be seen in
various systems such as the photosynthesis, which uses a
cluster of manganese in the cell of plants. This cluster uses
the energy of light to make oxygen from water. The re-
markable points of this reaction are (1) effective exchange
of energy of light and electron (2) efficient transportation
of the energy (3) cleavage of the stable chemical bond of
water under the modest condition. But the detail of the
structure and the reaction of the cluster are still unknown.

On the other hand, porphyrin complexes can be seen
in many biological systems. The most outstanding system
may be hemoglobin which include iron ion. When iron ion
adsorbs an oxygen molecule, the porphyrin ligand change
its structure and iron ion changes its spin state from high
spin state to low spin state.

Naruta et al. reported that a binuclear Mn porphyrin
complex could lead to oxygen evolution from water [1,2].
An essential feature of their proposed mechanism is the
formation of hydroxide and oxide complexes with the man-
ganese porphyrin dimer. Although the electronic struc-
ture and the interaction between manganese centers are
considerably interesting, the synthesis and well-defined
characterization of manganese complexes with simple
bridging ligand systems do not have been reported so
many. Naruta et al. speculated that the reaction undergoes
PPMn–(OH)2–MnPP, PPMn–O–O–MnPP etc. However,
the structures of the intermediates dose not have been
obtained experimentally.
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On the other hand, magnetic properties of manganese
porphyrin complex have been of some interest in the field
of molecular magnetism. The manganese in the complex
have localized spins, so the electron transfer complex such
as PPMn–TCNE–MnPP shows the nature of a molecular
magnet [3]. The magnetic parameters such as Jab are very
sensitive to the electronic structure of the complex. There-
fore, Jab can be the good clue to elucidate the electronic
structure of the complex.

Cheng et al. succeed to obtain µ-hydroxo bridged man-
ganese porphyrin crystal [4]. They measure the Jab values
experimentally and concluded that the complex exhib-
ited antiferromagnetic behavior. This complex may give
good suggestion to the investigation of the intermediates
of Naruta’s reaction. To elucidate the oxygen evolution
reaction, we have calculated the electronic structure of
Cheng’s complex theoretically.

In our previous work [5], however, the reduced model
of Cheng’s complex was studied but the effect of bond
angle and bridged type (O or OH) was not made clear.

In this work, we use µ-hydroxo bridged manganese
porphyrin dimer (PPMn–OH–MnPP) and deduce effec-
tive exchange integrals from ab initio calculation methods
using UHDFT (UB3LYP and UB2LYP [6,7]). By using
the ab initio calculation, we discussed the effect of bridg-
ing angle and bridging species.

2 Theoretical background

2.1 UHDFT

There are mainly two different types of theoretical descrip-
tions in molecular orbital (MO) i.e symmetry-adapted
(SA) [8] and broken-symmetry (BS) approaches [9].
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The former approaches including configuration interac-
tion (CI), CASSCF, and related MR perturbation theories
are desirable for accurate description of strong electron
correlation systems. But their applicability is limited to
small molecular systems because of computing cost. On
the other hand, the latter such as unrestricted Hartree-
Fock (UHF) and spin-polarized DFT (UDFT) can be eas-
ily applied to large systems because of a single Slater
determinant. The Kohn-Sham density functional theory
is one of the most popular approaches in computational
chemistry [10]. The fundamental concept of KS–DFT is
non-interacting picture under the effective potential. The
energy expression is as follows.

E = T0[{ψi}] + Vne [ρ] + Vclmb + EXC [ρ] (1)

where T0, Vne, and Vclmb are the kinetic energy of non-
intersecting electrons, nuclear-attraction energy, and the
classical Coulomb term, respectively. The one of the exten-
sions of KS-DFT is a hybrid type DFT (HDFT) involving
the HF exchange term. EXC is defined as

EXC = C1E
HF
X + C2E

Slater
X + C3E

Becke
X

+ C4E
VWN
C + C5E

LYP
C (2)

where EHF
X , ESlater

X , and EBecke
X are exchange term of HF,

Slater, and Becke [11] respectively. EVWN
C and ELYP

C are
VWN [12] and LYP [13] correlation terms. {Ci}i=1−5 are
the hybrid parameters. B3LYP parameters are given by
0.2, 0.8, 0.72, 1.0, 0.81 and UB2LYP ones are given by 0.5,
0.5, 0.5, 1.0, 1.0, respectively. Here, UB2LYP is a magnetic
effective density functional (MEDF) method [6], of which
the hybrid parameter C1 = 0.5 and it is equivalent to
Becke’s so-called Half and Half LYP method.

2.2 Natural orbital analysis

To obtain a basic picture of MOs, the natural or-
bitals (NOs) of SA and BS solutions were determined by
diagonalizing their spin-traced first-order density matri-
ces γ [14] as

γ(r, r′) =
∑

i

niφi(r)φ∗i (r
′) (3)

where ni denotes the occupation number of an NO φi that
lies in the range 0 ≤ ni ≤ 2. The spin-polarized MOs ψ+

i

and ψ−
i for the up and down spins can be expressed as

ψ±
i = cos θiφi ± sin θiφ

∗
i (i = 1, 2, · · ·N) (4)

where θi is the orbital mixing parameter and N is the
number of bonding natural orbitals. The orbital overlap Ti

between the corresponding orbitals is defined as a measure
of orbital splitting by

Ti = 〈ψ+
i |ψ−

i 〉 = cos 2θi (5)

Fig. 1. Calculated model complex of µ-hydroxo bridged man-
ganese dimer (PPMn–OH–MnPP) is (a) and X-ray structure
of {[Mn(TPP)]2OH}+ (TPP = tetraphenylporphinato) is (b).

where Ti is 1.0 for closed-shell systems (θi = 0) and
0 ≤ Ti < 1.0 for open-shell systems (θi > 0). The occu-
pation number of the bonding and antibonding NOs are
expressed by the orbital overlap Ti [15]:

ni = 1 + Ti, n∗
i = 1 − Ti. (6)

2.3 Effective exchange integrals

The UB2LYP and UB3LYP calculations were performed
to examine a dependency of the effective exchange interac-
tions between Mn(III) ions on the computational methods

H = −2JabSaSb (7)

where Sc (c = a, b) denotes the spin at site c and Jab is
effective exchange integral. The effective exchange inte-
grals (Jab) are calculated from the difference of total en-
ergies and 〈S2〉 between high-spin and low-spin by using
our approximate spin projection (AP) scheme [16]

Jab −
LS 〈Ĥ〉UDFT − HS 〈Ĥ〉UDFT

HS 〈S2〉UDFT − LS〈S2〉UDFT
. (8)

2.4 Reduced model complex

To elucidate the electronic structure of µ-hydroxo bridged
porphyrin dimer, we constructed model complex of
µ-hydroxo bridged manganese dimer (PPMn–OH–MnPP)
as shown in Figure 1a together with X-ray structure of
{[Mn(TPP)]2OH}+ (TPP = tetraphenylporphinato) as il-
lustrated in Figure 1b.

In the model complex, the bond angle θ between two
manganese (∠ Mn–OH–Mn) is verified. To reduce calcu-
lation cost, the eight phenyl groups attached to the por-
phyrin rings were removed.

2.5 Computational details

The Huzinaga’s MIDI+P basis set (533(21)/53(21)/(41))
was used for Mn(III) ion and the 6–31G* basis set was
used for other atoms [17]. All coordination was taken
from X-ray crystallographic data. All calculation were per-
formed by using Gaussian 98 program package [18].
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Table 1. Total energies and 〈S2〉 values of HS and LS of Mn–OH–Mn, and effective exchange integrals (Jab) values calculated
by UB2LYP, and UB3LYP.

method LS state HS state

Energy, a.u. 〈S2〉 Energy, a.u. 〈S2〉 Jab, cm−1

UB3LYP –4353.93018057 3.9194 –4353.91692796 20.0935 179.8

UB2LYP –4352.57444237 4.0362 –4352.56709347 20.1041 100.4

Table 2. Spin and charge densities calculated by UB2LYP,
and UB3LYP.

spin density charge density

methods LS HS LS HS

UB3LYP

Mn 3.82 3.92 1.24 1.26

O –0.02 0.31 –0.86 –0.90

H 0.00 0.00 0.48 0.48

Mn –3.82 3.90 1.26 1.28

UB2LYP

Mn 3.97 4.01 1.49 1.50

O –0.02 0.26 –1.01 –1.03

H 0.00 0.00 0.51 0.51

Mn –3.95 4.00 1.51 1.52

3 Result and discussion

3.1 Jab value of reduced model

The effective exchange integrals (Jab) of µ-hydroxo model
complex (∠ Mn–OH–Mn = 180) are calculated by using
formula (8) as summarized in Table 1. Total energies and
〈S2〉 of two state (high spin (s = 8/2)) and low spin
(s = 0)) are also presented in the table. In case of Mn–
O–Mn, the Jab value of µ-oxo cases are –290.9 cm−1 for
UB3LYP, and –157.6 cm−1 for UB2LYP, respectively [5].
The absolute value of Jab of PPMn–OH–MnPP is smaller
than that of PPMn–O–MnPP.

On the other hand, the antiferromagnetic interac-
tion between two Mn(III) of {[Mn(TPP)]2OH} (TPP =
tetraphenylporphinato) is reported as –35.5 cm−1 [4].
Therefore, the absolute value of Jab of PPMn–OH–MnPP
is still larger than experimental one. However there is the
tendency that µ-hydroxo bridged type shows weaker anti-
ferromagnetic interaction than µ-oxo one.

3.2 Spin and charge density

Spin and charge densities by two methods, namely
UB3LYP and UB2LYP are shown in Table 2. In the table,
the magnitude for α spin (S = 1/2) and β spin (S = −1/2)
are defined to be 1.0 and –1.0, respectively. Charge and
spin densities are distributed symmetrically according to
the symmetry of the model. The charge density popula-
tions on manganese do not correspond to its formal charge
+3, but about +1.5, which shows the electron donations
from the porphyrin ring.

Fig. 2. The pictures of natural orbitals of Mn–OH–Mn. The
bond angle (∠ Mn–OH–Mn) is 180◦.

Table 3. Occupation number, and T values of LS state calcu-
lated by UB2LYP.

orbital no. occupation number T

193 0.79

192 0.90

191 0.94

190 1.00

189 1.00 0.00

188 1.06 0.06

187 1.10 0.10

186 1.21 0.21

3.3 Natural orbital analysis

To elucidate the orbital interaction schemes in PPMn–
OH–MnPP as illustrated in Figure 2, the natural orbital
analyses of the low-spin UHDFT solutions was carried out.
Table 3 shows their occupation numbers and T values in
case of UB2LYP. From the picture of Figure 2, we found
that NOs of magnetic orbital were localized on Mn–OH–
Mn. This suggests large energy gaps between Mn–OH–
Mn orbitals and PP ring orbital. The shapes and order of
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Fig. 3. The schematic view of bond angle.

Fig. 4. The dependence of Jab on the bond angle. The calcu-
lation method is UB2LYP. The bond angle plotted are 180◦,
167◦, 160◦, 154◦, and 142◦.

NOs of the PPMn–O–MnPP are similar to ones of Mn–
OH–Mn [5]. The occupation numbers show that bonding
interactions are weak even for σ-type magnetic orbitals.
This tendency suggests that spins on Mn(III) ion are al-
most localized.

3.4 Dependence of Jab on bond angle

As mentioned above, the Jab value of µ-hydroxo model
complex (Mn–OH–Mn) became smaller than that of µ-oxo
(Mn–O–Mn). However the Jab value of µ-hydroxo was still
larger than that of experimental one. The model struc-
tures did not consider the effect of the bent angle between
Mn–OH–Mn (expt = 160.7◦) [5]. Figure 3 illustrates the
bent between Mn–OH–Mn.

The dependence of Jab on the bond angle by using
UB2LYP is shown in Figure 4. The bond angle plotted
in the figure are 180◦, 167◦, 160◦, 154◦, and 142◦. As the
bond angle decrease, absolute value of Jab becomes small.
The experimental ∠ Mn–OH–Mn is 160.7◦ and the cal-
culation result of Jab at the plotted point of 160◦ is still
larger than experimental one. However, by considering the
effect of bond angle, calculated Jab value becomes close to
the experimental one.

The natural orbitals in case of 160◦ are depicted in
Figure 5. The tendency of their shapes are similar to those
of reduced model complex such as Mn–O–Mn and Mn–
OH–Mn (bond angle 180◦).

Fig. 5. Natural orbitals in case of 160◦.

3.5 Occupation number and diradical character

Spin source of the system is the d-orbitals in Mn(III).
Occupation numbers of magnetic orbitals show bonding
and non-bonding interactions between the spins on Mn
ions through the O2− and HO−. To clarify the stability
of the magnetic orbitals, diradical character is introduced.
The formula of diradical character is as follows

Yi =
n2

i − 4ni + 4
n2

i − 2ni + 2
(9)

where Yi is diradical character and ni is the occupation
number of each type of natural orbitals (σ, π, and δ) re-
spectively. The diradical character is usually shown in per-
centage. If ni is 1.0, diradical character is 100% (localized
radical) and if ni is 2.0, diradical character is 0% (covalent
bond). Yi indicates the instability of the magnetic orbital
in other words it works as an index of non-bonding char-
acter. If diradical character is large, non-bonding char-
acter of the orbital is strong. Occupation numbers and
diradical characters in case of Mn–O–Mn, Mn–OH–Mn
(∠ Mn–OH–Mn = 180◦), and bent model of Mn–OH–Mn
(∠ Mn–OH–Mn = 160◦) are summarized in Table 4.

As illustrated in Figure 5, π1 orbital is on the OH axis.
The diradical characters of π1, π2, and σ orbitals of Mn–
OH–Mn become larger than those of Mn–O–Mn. However,
diradical characters of δ is constant (100%). The diradi-
cal character of π1 orbital increase drastically. It shows
that the bonding interaction i.e. antiferromagnetic cou-
pling of this π-type orbital at the bridge of Mn–OH–Mn
is weaker than that of Mn–O–Mn. The bridging ligand OH
makes the antiferromagnetic interaction between Mn–X–
Mn weaker. Therefore, absolute value of Jab of Mn–OH–
Mn is smaller than that of Mn–O–Mn. The increase of
diradical character of π and σ orbitals of bent model in
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Table 4. The occupation number and diradical character. The
values in parentheses are diradical character. The calculation
method is UB2LYP. The π1 is π-type orbital which is on the
OH axis.

Mn–O–Mn Mn–OH–Mn Mn–OH–Mn
(180◦) (160◦)

δ 1.00(100%) 1.00 (100%) 1.00 (100%)

π1 1.17 (67%) 1.06 (88%) 1.04 (92%)

π2 1.17 (67%) 1.10 (80%) 1.09 (82%)

σ 1.27 (50%) 1.21 (60%) 1.19 (63%)

comparison with linear model indicates that the absolute
value of Jab of bent model becomes smaller.

4 Conclusions

We examined the electronic structure and magnetic prop-
erty of the model complex of {[Mn(TPP)]2OH}+ using
UHDFT calculation in terms of two points as follows.
One is the chemical species of bridge ligand of PPMn–
X–MnPP (X = O or OH), and the other is the bent an-
gle between Mn–X–Mn. OH bond of bridging ligand and
bent angle decreased the overlap between α and β spins on
two Mn(III) ions. However, calculated Jab values were still
larger than experimental one. Therefore another factor ex-
cept for ligand species and bent angle must be considered
to explain experimental Jab value.

From the results, two Mn(III) ions showed weak inter-
action with HO− or O2− in contrast to Naruta’s complex,
which decompose water to oxygen. Similar to active site
of photosynthesis consisted of Mn cluster, it have been
reported that high valence Mn(V) ion promoted the re-
action. On the other hand, the existence of high valence
Mn(V)–PP complex dose not have been obtained experi-
mentally. Theoretical analyses of the electronic structure
of high valence Mn(V)–PP is now in progress.
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