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Mechanism of photochemical reaction of permanganate ion
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Abstract

The electronic mechanism of the photodecomposition reaction of MnO; was investigated using an ab initio theory,
taking into account electron correlation. The SAC (symmetry adapted cluster)/SAC-CI method was used to calculate the
ground and excited states of the permanganate ion. It was found that to obtain reasonable descriptions of the ground and
excited states of MnQOy, the inclusion of electron correlation is quite important. The experimental absorption spectrum
of MnOj; was well reproduced by the present calculations. All the observed peaks were assigned to the electronic allowed
transitions to the ' T, excited states. We then calculated the potential-energy curves of the ground and excited states of
MnOj along the reaction pathway. The resulting potential-energy curves for the ground and excited states show that the
excited 1'A, state plays a key role in the photochemical reaction. The energy barrier in the 1'A, state determines the
strong wavelength dependence of the quantum yield and the slight temperature dependence at longer wavelengths. The
electronic mechanism clarified by the present ab initio study is consistent with previously reported experimental results
for the photochemical decomposition of MnOy .

1. Introduction evolution of oxygen [19-22]. The quantum yield
for oxygen production was shown to depend
strongly on the wavelength of the light used;
namely, the shorter wavelength (311 nm) band is
much more photoactive than the longer wave-

The permanganate ion MnO,; has been used
extensively as an oxidizing agent. The electronic
structures of the ground and excited states of the :
ion have been studied both experimentally and length (546nm) one. The quantum yield also

theoretically. Since Teltow [1] reported the visible- depends slightly on temperature at the'l'onger
UV spectrum of MnOj in 1938, a great deal of wavelengths, and not at all on the composition of

experimental data have been accumulated on the the solution or on light intensity [20]. It was shown
spectrum [1-7]. On the theoretical side, several that oxygen atoms (O or O”) are not formed by the
calculations have been carried out in order to photodecomposition reaction. Furthermore, due
make spectral assignments [8—18]; the calculated t‘? the lack of an electron spi_n resonance (ESR)
excitation energies did not agree well with the signal corresponding to the O, anion, it was con-

experimental values and several different assign- cluded [21] that the photodecomposition reaction
ments were proposed. proceeds through the formation of a molecular O,

The MnOjy ion in aqueous solution has been species:
shown to be decomposed photochemically with MnOg — MnO; + O, (1)
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Lee et al. [22] examined experimentally the
photodecomposition process of the permanganate
ion in both the presence and absence of organic
substrates. Although the decomposition via Eq.
(1) involves four-electron reduction of the metal,
they showed an existence of a long-lived, highly
oxidative intermediate. A Mn(V) peroxo complex
was proposed as the intermediate. By a qualitative
molecular orbital consideration, they further dis-
cussed the existence of a symmetry barrier, which
prevents the intermediate from rearranging back to
the tetrahedral MnOjy ion and gives it a long life
time.

The main purpose of this study is to clarify the
essential aspects of the electronic processes of the
photodecomposition reaction of the permanganate
ion. We first clarify the nature of the excited states
involved in the electronic spectrum of the MnOy
ion with the use of the SAC (symmetry adapted
cluster) [23]/SAC-CI [24] method, which has been
shown to be very useful for studying excited and
ionized states of molecules [25]. This method has
also been applied to studies of the excited states of
metal complexes [26—30]. Next, we examined the
electronic structures of the ground and excited
states of the MnQOy ion along the reaction pathway
and attempted to clarify the electronic mechanism
of the photodecomposition reaction of MnOy .

2. Electronic spectrum
2.1. Computational method

To calculate the electronic spectrum, the geom-
etry of the MnOy ion was fixed at a regular tetra-
hedron with the experimental metal-oxygen bond
length of 1.629 A [31]. The Gaussian basis set used
for manganese was the (14s8p5d)/[6s2p2d] set
of Huzinaga et al. [32] augmented by two p
(¢ =0.119, 0.039) functions [32] and one d
(¢4 = 0.1281) function [33]. For oxygen we used
the (9s5p)/[4s2p] set of Huzinaga and Dunning
[34, 35].

The electron correlations in the ground and
excited states were taken into account by using
SAC/SAC-CI theory; the calculations were done
using the program sacss [36]. The active space

used in the SAC/SAC-CI calculations was
[12 x 41] HF orbital space. The 12 occupied
orbitals are mainly composed of the 3d atomic
orbitals of manganese and the 2p atomic orbitals
of oxygen. The selections of the linked and
unlinked terms was performed by using the
method described previously [37]. The thresholds
used in the selections were 7 x 107> and 1 x 107
hartree for the ground and excited states, respec-
tively. The dimensions of the SAC/SAC-CI calcu-
lations for the ground and excited states of MnOj
were from 2888 to 4529, while those of the SD-CI
calculations were about 30000. By virtue of the
SAC/SAC-CI formalism, the dimensions of the
calculations were small in comparison with those
of the CI method of comparable accuracy.

2.2. Ground state

First we discuss the character of the valence
occupied and unoccupied orbitals, which are
important for the lower excited states calculated
in the present study. The lowest two valence orbi-
tals (5t, and le), are the bonding MOs between the
3d orbitals of manganese and the 2p orbitals of
oxygen, while the unoccupied orbitals (7t, and
2e), are the antibonding MOs between them. The
5t, and 2e MOs have larger amplitudes at the metal
AOs than at the oxygen AOs, whilst the 7t, and le
MOs show the reverse. The excitations, 5t; — 7t;
and le — 2e work to weaken the covalent Mn—O
bonds; the former excitation slightly increases the
ionicity and the latter one reduces it. The 6t, and
1t; MOs are localized on the 2p orbitals of the
oxygen atoms. The 6a; MO is mainly composed
of the 2p orbitals of oxygen and partly of the 4s
orbital of manganese, and is slightly antibonding
between the manganese and oxygen atoms.

The correlation energy for the ground state is
—0.47605 hartree by the SAC method. The net
charges on manganese were calculated to be
+1.246 and +1.035 by the HF and SAC methods,
respectively. Thus the Mn—O bond is calculated to
be more strongly ionic by the HF method than by
the SAC method. The ionic character of the Mn—O
bond is relaxed by including electron correlations,
as is also the case for all other metal complexes
studied previously [26—30].
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Fig. 1. Experimental and theoretical electronic excitation spectra of MnOj .

2.3. Excited states

Figure 1 shows the experimental and theoretical
electronic spectra of the MnOj ion. In Ty sym-
metry, only the transitions to the T, states are
dipole allowed. Table 1 shows a summary of the
present SAC-CI results for the singlet excitation
energy and oscillator strength of the excited state.
We assign the observed four bands to the allowed
transitions to the T, states. The main configura-
tions of all the excited states shown in Table 1 are
singly excited ones from either the 6t,, 1t; or 6a,;
MO to either the 7t, or 2e MO. The 6t,, 1t; and 6a,
MOs are mainly composed of the oxygen AOs,
although the 4s orbital of manganese partly con-
tributes to the 6a; MO. Both the 7t, and 2e MOs
are delocalized all over the ion and have antibond-
ing character between manganese and oxygen.
Therefore, the transitions shown in Table 1 are

all roughly characterized as electron-transfer exci-
tations from the oxygen to the metal.

The lowest excited state was calculated to be the
1'T, state (1t; — 2e), the excitation energy being
2.18eV. As the transition to the 1' T, state is dipole
forbidden, the corresponding transition peak is not
seen in the experimental spectrum of Fig. 1. In the
lithium and barium salts LiMnO,-3H,0O and
Ba(MnOy,), - 3H,0, the corresponding transitions
are observed at 1.71 and 1.77 eV because of the Cs,
and C; symmetries, respectively.

The first strong band observed at 2.27eV is
assigned to the allowed transition to the 1'T,
state (1t; — 2e), the excitation energy of which is
2.57eV. Our assignment for the first band is the
same as those proposed from ASCF [15] and SD-
CI [18] calculations. The corresponding transition
was calculated for the 3'T, or 2!T, state by using
the SE-CI method [12, 13]. We show later that the
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Table 1
Summary of the ground and excited states of MnOjy

State SAC/SAC-CI Experimental
Main Excitation Oscillator Excitation Oscillator
configuration energy® strength energy strength®
XA, HF 0.00 - - -
1T, 1t; — 2e 2.18 Forbidden (1.711-1.77)
1T, 1t; — 2e 2.57 (+0.30) 0.0202 2.27 S
2T, 6t, — 2e 3.33 Forbidden
1E 1t; — 7t 3.41 Forbidden
2E 6a; — 2e 3.54 Forbidden
2T, 1t; — 7ty 3.58 (4+0.11) 0.0045 3.47 w
3T, 6t; — 2e 3.72 (-0.27) 0.0136 3.99 S
3T, 1t; - 71, 4.12 Forbidden
1A, 1ty — 7ty 4.46 Forbidden
4T, 6t, — Tty 5.30 Forbidden
2A, 6ty — Tty 5.41 Forbidden
3E 6t, — Tt 5.47 Forbidden
4T, 6t, — Tty 5.82 (4+0.37) 0.0022 5.45 S
631 — 7‘2

#Values in parentheses show the difference from the experimental values.

bs, strong; W, weak.

SE-CI method is totally unreliable for this molecule.
The excitation energy calculated using the ASCF
procedure is about 1.2eV lower than the experi-
mental value, which shows that the correlation
error in the ground state is much larger than that
in the excited state.

The second and third bands are assigned to the
transitions to the 2!T, (It; — 7t,) and 3!T,
(6t, — 2e) states, respectively. The calculated
excitation energies are 3.58 and 3.72eV, respec-
tively. The calculated oscillator strength is smaller
for the former than for the latter, which agrees with
the order of the strengths of the experimental peaks.

The fourth peak observed at 5.45eV is assigned
by the present calculation to the transition to the
4'T, state, which is calculated to lie 5.82eV above
the ground state. The discrepancy from the experi-
mental value is 0.37eV. The main configurations
are the mixtures of 6a; — 7t, and 6t, — 7t,. The
calculated oscillator strength is 2.2 x 1073; thisis a
relatively small value, although the intensity of the
observed peak is strong. We think that the intensity
of this peak does not originate from this transition
only, because it is located at the shoulder of the
higher energy band.

2.4. Electron correlation effects

In the present study we used three different sizes
of active unoccupied space for the SAC/SAC-CI
calculations: 19, 31, and 41 unoccupied orbitals.
The calculation with the [12 x 41] active space
was the most reliable one. The SE-CI calculations
were also carried out within the [12 x 41] active
space. The SE-CI calculation gave the 1t; — 7t,
state as the lowest and the 1t; — 2e state as the
third allowed state at 4.75eV above the ground
state. This result is similar to the previously
reported SE-CI results [12, 13]. However, by
the SAC/SAC-CI method, the lowest transition
is always to the 1t; — 2e state. As the size of
the active unoccupied space increases, the excita-
tion energy decreases and comes closer to the
experimental value. The differences between the
SE-CI and SAC/SAC-CI energies calculated
within the [12 x 41] active space are —2.48 and
+0.61eV to the 1t; — 2e and 1t; — 7t, states,
respectively. We therefore conclude that for a
reasonable and even qualitative assignment of
the excitation spectrum of MnOyg, it is quite
important to include sufficiently large electron
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Fig. 2. Reaction pathway for the decomposition of the perman-
ganate ion into MnO; and O,.

correlations within a large active space. This is
necessary for sufficient relaxation of the valence
electrons.

3. Photochemical decomposition reaction
3.1. Reaction pathway

It has been clarified by experimental studies that
in the photodecomposition reaction of the MnOy
ion only molecular oxygen is generated, and no
atomic oxygen is involved. We therefore assume
the reaction pathway as shown in Fig. 2. In this
reaction path, the O, and Oy, atoms mainly move
and dissociate from the O.—Mn—0Qy system, whilst
the C,, symmetry is maintained. The O, and Oy
atoms are located in the xz plane and the O, and
04 atoms in the yz plane. Over the positions 1 to 9,
the O,—0, distance was changed from 2.80 to
1.21A with the Mn—Oyq) distances kept fixed at
1.629 A, the equilibrium distance of the MnOg

ion [31]. Over positions 7 to 14 the distance
between the manganese atom and the centre of
0O, (Fig. 2) was changed from 1.48 to 5.00 A. The
geometry optimizations of the ground state by the
HF method indicate that the O.—Mn—QO4 angle
and the O,—0O4 distance do not change much
over positions 1 to 9, while the O,—Mn—Oy4
angle changes from a tetrahedral (T,) angle to
linear between positions 7 and 14. Therefore, the
Mn-O, and Mn-O4 distances were fixed at
1.629 A and the O,—Mn—Oy4 angle was fixed at
the T, angle for positions 1 to 9. The optimized
0,—0,, distance at position 10 is 1.39 A, while for
positions 11 to 14 it is close to 1.21 A, the equili-
brium distance of a free O, molecule [38]. We
examined the reactions of the excited states using
the same pathway as the ground state.

3.2. Wavefunctions

The effective core potential was used for the neon
core of the manganese atom and the Gaussian
(5s5p5d)/[4s3p2d] set was used for the valence elec-
trons [39]. For oxygen we used the (9s5p)/[4s2p] set
of Huzinaga and Dunning [34, 35] augmented by
the diffuse s,p functions of ¢ = 0.059 as anion bases
[40].

The potential-energy curve of the singlet ground
state was calculated using the HF and SAC
methods, and those of the singlet excited states
was calculated by using the SAC-CI method. The
active space in the SAC/SAC-CI calculations is
[12 x 29] HF orbital space. The thresholds used
in the selections were 5 x 107> and 1 x 10™* har-
tree for the ground and excited states, respectively.
The potential-energy curves of the singlet, triplet,
and quintet states were calculated using the CI
method at positions 7 to 14. In the CI calcula-
tions, four electron excitations were considered in
the active space of [12 x 2]J; these correspond to the
full excitations.

3.3. Separated system

First, we studied the energy and the electronic
structures of the separated system, O, + MnO;
or O; + MnO,. We performed the SAC/SAC-CI
calculations for the free MnO, and MnO; mol-
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Table 2 Table 3
Total energy of the MnO, species Total energy of the O, species
Structure State Total energy AE? Species State Total energy AE?
(hartree) (kcalmol™") (hartree) (kcalmol ™)
Bent 'A, (anion) —252.813201 0.00 0, 32- —149.599001 0.00
3B, (anion) —252.828420 -9.54 A —149.562924° +22.62°
2
A, (neutral) —252.739623 +46.14 o5 ZHg 149 615171° —10.14¢
Linear 12+ (anion) —252.805555 +4.79
A (anion) —252.832735 —12.25 2Energy difference from the > T, state of the free O, molecule.
3 A (anion) —252.881897 —43.08 YEstimated from the expenmental excitation energy and electron
2A (neutral) —252.740221  +45.76 affinity.
°Ref. 38.
2Energy difference from the ' A, state of the bent MnO, system. dRef. 41.

ecules. The active space used in the calculations
was the [8 x 19] orbital space, and for the config-
uration selection of the linked and unlinked terms
the same thresholds as used in the SAC/SAC-CI
calculations on MnO; were adopted. The
O—Mn-O angle was changed from 90° to 180°
with the Mn—O distance kept fixed at 1.629 A.

The calculated total energies for the lower states
of the MnO, species are shown in Table 2. The
most stable geometries of both the MnO, and the
MnO; molecules are the linear systems, and their
ground states are zAg and 3Ag, respectively. The
ground state of MnOy is much more stable than
that of MnO,. The open-shell ! Agand 3 A, states of
MnO; have formal 3d°4s' conﬁguratlons of man-
ganese and the closed-shell E+ state has a 3d'%4s°
configuration.

We then estimated the total energy of the free O,
molecule. As the SAC/SAC-CI method using the
sacss program does not describe well the ground
328 state of O,, we calculated the ground 2l'I
state of the O; anion as an ionized state of O3~
by using the SAC/SAC-CI method and the total
energy of O, was estimated by using the experimen-
tal electron affinity (EA) of O, (10.14kcalmol™!
[41]). The O—O distance of 1.35A [38], which is
the equilibrium distance of O;, was used for the
SAC/SAC-CI calculations, because the EA of O, is
observed adiabatically. The active space used in the
calculations was the [S x 9] orbital space. The total
energy of the A state of O, was estlmated using
the experimental excﬁatmn energy from 3 ¥ to 1A
[38]. The total energies for the O, spec1es thus
calculated are summarized in Table 3.

3.4. Potential-energy curves

Next, we investigated the electronic structure
and the potential-energy curve of the ground
state of the MnOj ion along the reaction path-
way. Figure 3 shows the potential-energy curves
calculated using the HF, CI and SAC-CI methods.

In the bending process from positions 1 to 9,
where only the O,—Mn—O, angle changes, the
ground state of MnOy is in the closed-shell 1A1
state. There are two potential minima on both the
HF and the SAC curves, one at position 2 and the
other at the O,—Mn—0O,, angle of about 55°. The
former minimum is situated at the equilibrium
structure of the permanganate ion. However, in
the latter minimum the O,—O,, distance is about
1.5A. In this state, the parallel 7* orbital of O,
interacts attractively with the d,, orbital of manga-
nese, while the perpendicular 7* orbital is localized
at the oxygen molecule. As these 7* orbitals of O,
are formally occupied by four electrons, this state
corresponds to a peroxo complex.

The HF calculation shows that the peroxo com-
plex is more stable than the T4 permanganate com-
plex, which is not consistent with the experimental
equilibrium geometry of MnOg. However, the
SAC calculation indicates that the permanganate
structure is the more stable one. This result clearly
shows that the inclusion of electron correlation is
quite important even for a qualitative description
of the equilibrium geometry of MnOyj .

In the peroxo complex, the o orbital of O,, which
has a; symmetry, is doubly occupied and has a
slightly antibonding interaction between MnO,
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Fig. 3. Potential-energy curves of the low-lying states of MnOj calculated using the HF, CI and SAC-CI methods.

and O,, while the o* orbital of O, with symmetry
by is unoccupied. In the transformation process
between the permanganate and peroxo com-
plexes, a two-electron transition occurs between
the a; and b, orbitals. The two-electron transition
contributes to the O—O bond formation and
partially to the Mn—O bond breaking. The poten-
tial barrier between them is due to the avoided
crossing of the two A, states and corresponds to
the symmetry barrier pointed out by Lee et al. [22].
As the HF method cannot describe this avoided
crossing well, the potential-energy curve from the
HF calculations has a cusp at the barrier; the SAC
method can describe this avoided crossing and
gives a reasonable potential-energy curve. The bar-
rier heights calculated using the SAC method
are 13 and 34kcalmol™! for the conversions to
the permanganate and the peroxo complexes,
respectively.

In the dissociation process from positions 7 to
14, where the O,—Oy, molecule separates from the
MnO, system, the ground state changes from the
closed-shell ' A; state to the open-shell A, state. All
the 'A| curves obtained from the HF, Cl and SAC-
CI calculations have a barrier at the Mn—0, dis-
tance of 2.5A. The energy barrier obtained from

the SAC-CI calculations is much higher than that
from the HF ones, which shows that the electron
correlations of the peroxo complex are greater than
those of the barrier. They are also greater than
those of the separated system.

However, all the A, curves are repulsive. The CI
results show that the singlet, triplet and quintet A,
curves overlap at Mn—0, distances of 2.5-5.0 A.
This state corresponds to the ground 3Ag state of
MnO; plus the ground 32; state of O,. As the
SAC/SAC-CI method using sacss program does
not describe well this ground state of the separated
system, MnO; + O,, we used the estimated energy
(Tables 2 and 3).

Figure 4 shows the potential-energy curves of the
ground and excited states in the bending process.
The potential-energy curves of the excited states
are rather crowded and close to each other, while
there is a large energy gap of 40 ~ 60 kcal mol~!
between the ground and the lowest excited states.
As the internal conversion between the states with
similar energy levels can easily occur, the vertically
excited state at the T structure would be relaxed to
the 1'T,—1'A, state after internal conversions
among the excited states. This process is certainly
realistic with regard to the Kasha rule, which means
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Fig. 4. Potential-energy curves of the ground and excited states
of MnOyj in the bending process calculated using the SAC-CI
method.

that the photochemical reactions proceed along the
lowest excited states. The 1'A, state is connected
with the 1'T, state, when the symmetry of the ion
changes from T, to C,v. Note that in the 1'A, state
the potential energy at the peroxo structure is lower
than that at the permanganate one, while in the
other states the former energies are higher. This
shows that when the excited ion is relaxed to the
11A2 state it is liable to change its geometry from
the Ty structure to the peroxo one and to separate
the system further, while there is a potential barrier
at position 4. The potential energy of the 1' T, state
is lower than the potential barrier of the 1'A, state,
while that of the 3!T, state is higher.

3.5. Mechanism of photodecomposition reaction

Figure 5 shows the energy diagram for the
photochemical reaction of MnOy calculated in the
present study, and Scheme 1 shows the proposed
reaction. With reference to the energy diagram and

the scheme, the mechanism of the photochemical
reaction can be explained as follows.

MnO,™
1 3
hv 72 4
I

Ml’l04- 5 < Ml‘l02- + 02

Scheme 1.

Absorption of light at the Ty structure is the first
step in the photochemical reaction of MnOy (1 in
Fig. 5 and Scheme 1). The absorption of light
of wavelengths 546 and 311nm is assigned to
the dipole-allowed transitions to the 1'T, and the
3!T, states, respectively. The excitation to the 2'T2
state is not observed in the photodecomposition
experiments, probably because of the smaller tran-
sition probability for this state than for the 1'T,
and 3'T2 states.

The quenching of the photo-excited ion occurs at
the Ty structure and decreases the quantum yield of
the photochemical reaction (2 in Fig. 5).

The photo-excited MnOj then relaxes to the
lowest excited 1'T;—1'A, state, the geometry
changing from the Ty structure to the peroxo
one, and then to the separated system. When this
internal conversion starts from the 1!T), state, the
process must go over the energy barrier, and thus
will depend on the temperature despite the fact that
it is a photochemical process. However, when the
ion is converted from the 3'T, state it has sufficient
energy to go over the barrier. This difference seems
to be the reason for the wavelength dependence of
the quantum yield; that is, the quantum yield
for the shorter wavelength is much larger than
that for the longer one. This process is shown by 3
in Fig. 5.

As the potential-energy curves of the 1'A, and
1'A, states cross in the dissociation process, the
internal conversion from the 1'A, to 1'A; states
occurs there. This conversion leads to the ground
state of the peroxo complex, which is the intermedi-
ate proposed by Lee et al. [22]. This process is
shown by 4 in Fig. 5.

The intermediate can return back to the perman-
ganate ion. While the barrier to this process
is comparatively small, it is the symmetry barrier
as mentioned before. This process, therefore,
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Fig. 5. Energy diagram of the photochemical reaction of MnOy .

is Woodward—Hoffmann forbidden and the
intermediate would have a long life time, which is
observed experimentally. This process is shown by
5 in Fig. 5.

On the basis of experimental observations,
Lee et al. [22] proposed a scheme for the photo-
chemical reaction of MnOj; which involves the
formation of the intermediate. The scheme
agrees with the present mechanism except for the
decomposition process (3 in Fig. 5). They proposed
that the decomposition into MnO; + O, occurs
from the intermediate, while the present study
shows that it occurs directly from the photo-
excited ion.

4. Concluding remarks

In the present study, we have tried to
clarify the electronic mechanism of the photo-
decomposition reaction of MnO,; by using ab
initio theories and including electron correlation.

The SAC/SC-CI method was used to calculate
the potential-energy curves for the ground and
excited states of the permanganate ion along the
reaction pathway.

We used the SAC/SAC-CI method to calculate the
ground and excited states of MnOy . The theoretical
excitation spectrum calculated using the SAC-CI
method reproduces the experimental spectrum well.
The observed four peaks are assigned as being due to
the dipole-allowed transitions to the T, state. We
propose the present SAC-CI assignment as a reliable
one as a sufficient amount of electron correlation was
included, which differs from previous studies (Fig. 2).

In addition, we clarified the electronic mechan-
ism of the photochemical decomposition reaction
of MnQy . Our calculations are consistent with the
previously reported experimental results. In
this reaction, the 11A2 state plays a key role.
Along the potential-energy curve of the 11A2
state the photo-excited ion leads to the separated
system. The energy barrier in the 1'A, curve
determines the strong wavelength dependence of
the quantum yield and the slight temperature
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dependence when the longer wavelength light
was used.

The details of the spectrum of MnO; are dis-
cussed in Ref. 42, and the details of the study on
the photochemical decomposition of MnO, will be
published in the near future [43].
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