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The electronic and geometrical structures of the ground states and low-lying isomers gfacd@InQ~

have been calculated as a function of spin-multiplicities by using the molecular orbital theory based on
generalized gradient approximation to the density functional formalism. Total energies of isomers are used
for evaluating the energetics of the MipQlecay through various fragmentation channels. Two primary channels
were found depending on the energy of photons. The preferred photofragmentation channel, accessible with
~2 eV photons, is found to involve an initial excitation of the ground-state Mréhion into its peroxo

isomer followed by subsequent excitations into a superoxo form. Photodetachment of an extra electron from
this superoxo isomer anion leads to the formation of a neutral superoxo isomer of, Mhidh, in turn,
dissociates to Mn©+ O,. Excitations of the anion peroxo isomer into biperoxo isomer are also possible
with 3.7 eV, photons and the latter could dissociate spontaneously toa Mh@,. A number of other decay
channels are accessible with low-energy photons, but their intensities are expected to be low because these
require flipping the spin of one or more electrons.

Introduction TABLE 1: Some Possible Channels for Photofragmentation
. . . . of MnO 4~

The permanganate anion, MiQis a very common inorganic - : - -
anion in solutions and solids and is extensively used as an___intermediate final
oxidizing agent Its photochemical decomposition with evolu- MnO;™ + Oz, MNO; + O,~
tion of molecular oxygen in alkaline aqueous solutions was been mn84—++eo M“Q[ - mngw j: 8x S’_‘ = 1,_2,13)2
observed a long time agdubsequent studigéhave confirmed nos nGs ~Mﬂo§?— iy (Xez(xl_ % )
the evolution of @ during the MnQ™ decomposition and — MnOs »+ Oy (x=1,2)
provided order-of-magnitude estimates of its quantum yield. MnO3z + O~ MnOs; — MnOs_x + O, (x=1, 2)

Using isotopic labels, Zimmermanconcluded that all the
molecular oxygen that evolved was derived from the photode-
composition of permanganate and not from the solution. In
addition, he found the quantum yield of molecular oxygen to
depend strongly on the wavelength of the light, slightly on the
temperature at longer yvavele_ngth_s, anq not at all on the process.
composition of the solution or light intensity. . Nearly three decades later, Lee ef gerformed a detailed

A fundamental understanding of the exact mechanism and g4y of the Mn@~ decomposition in different solutions and
process by which MnQ_ photod_e_composnmn Iea<_js_ to the discovered a long-lived (a microsecond lifetime scale) inter-
production of Q has remained a difficult problem, as it involves mediate, which was conjectured to play a key role in photode-
analyzing the energetics of many possible decay channels. Inqmnosition of the permanganate anion. Tentatively, they
Table 1 we list these_c_hannels. A thoro_ug_h study of all _th_ese attributed this intermediate to a peroxo isomer of the anion
channelg IS not a trmal problem, as it |nvqlves obtaining \yhere Mn is bonded to two oxygen atoms in a molecular or
geometries and energies of ground and excited states cormeyqqqciative form and the other two are in an atomic or
sponding to isomers of the Mr@nd MnQ” clusters X = 4) dissociative form. Although the spectroscopy of MnChas
with different multl_pl_lt_:ltles. Klemng_and_ Symorfshave d|s-_ . been studied theoretically by several authors using molecular
cussed the accessibility of several light-induced decomposition orbital calculations based o6, Hartree-Fock, and singles and
channels for Mn@" such as doubles configuration interaction schemes, very little has been
done for understanding the photodecomposition process of the

of MnO,4~ from its ground state through either channel 1 or 2
requires energies in excess of 5 eV. Thus, these direct channels
cannot be accessed with visible light. Because photodecompo-
sition occurs with visible light, one can expect additional
intermediate channels to be involved in the photofragmentation

MnO, +hv—MnGO, +0O, @) anion from a fundamental point of view. The first step toward
_ _ this understanding was undertaken recently by Nakai €t al.,
MnO, + hv —MnO, + O, (2) who studied photodissociation of MgOVvia formation of a
peroxo complex using a symmetry-adapted cluster (SAC)/SAC
MnO, +hv—MnO; +O 3) configuration-interaction (SAC-CI) method. The following path
was considered
MnO, +hv—MnO;+ O (4)

MnO, + hv —[MnO, (peroxo)]+ hv — MnO, + O,

and speculated that the most probable route for oxygen (5)
formation is channel 1, in agreement with the conjecture of It was concluded that this is the primary channel of the
Zimmermare We will show later that the photofragmentation permanganate ion fragmentation. We will see below that the
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energy required for the formation of a peroxo complex is 2.1 harmonic frequency calculations were performed to confirm that
eV and the subsequent dissociation in réutguires 3.2 eV. optimized geometries correspond to stationary states. To estimate
However, the decomposition of MnOwas observed experi-  the thermodynamic stability of manganese oxide clusters, we
mentally at different photon wavelengths, namely, of 311 nm have evaluated their fragmentation channels with evolution of
(3.99 eV) and 578 nm (2.14 eV). Note that decomposition along O and Q (for MnOy4) as well as O and Q™ (for MnO,~). These
route® cannot proceed with light of 578 nm (2.14 eV) wave- fragmentation energies correspond to the differences in total
length, as the second step requires 3.2 eV of energy. In addition,energies of fragments; formed in a particular decay channel

Nakai et a have obtained a linear geometry for MsiQwith and the total energy of an initial compound M, namely

their SAC/SAC-CI approach, which is in contradiction with

experimental observatiohsf a bent MnQ~ anion. D (M) = ZEtot(Fi) — E(M) (6)
|

Using the density functional theory and the generalized
gradient approximation (DFT-GGA) for the exchange correlation
potential, we had earlier studied the energetics of neutral and  The calculations were carried out for different spin multiplici-
anionic clusters of FeQ(n = 1-4)1%1* The DFT-GGA tjes and possible isomers MgOand MnQ could have.
approach was found to be capable of reproducing the experi- |t should be pointed out that, originally, Kohn and SRam
mental values of electron affinities in the Re€usters within formulated the DFT for the ground states only. It was proven
0.2 eV of the experiment. Similar calculatidhsusing late?223that the DFT can be extended also for the lowest energy
DFT-GGA technique for TiQand TiQ,” (n = 1-3) series are  states in each particular symmetry (spatial and spin) channel.
also in very good agreement with the experimental data. On Thjs is important because isomers of a ground-state polyatomic
the contrary, the HartreeFock-based methotfs'* have not  system may have higher energies and thus could be considered
done so well in treating metal oxide clusters. We should also g5 excited states for which the DFET should not be valid.
emphasize that in previous studis?*°a rather large number  However, isomers with geometries different from the ground-
of isomers for both neutral and charged transition metal oxide state geometry possess different spatial symmetries, and should
clusters were detected. This implies that both Ma@d MnQ™ pe attributed to different electronimuclear symmetry channels
should possess many isomers, and a full account of their gyen if the corresponding electronic configurations have the
existence and energetics is necessary in understanding thegme symmetry labels (e. dA; within Tq, Cay, OF Dyg point-
photodecomposition process. symmetry groups).

The present work, therefore, is aimed at calculating the
energetics of different decay channels of Mn{accessible with Results and Discussion
optical photons, by searching for different isomers of MnO
and MnQ~. We explore several types of MnO decay
channels: (a) decomposition of MgOisomers to MN@~ +
O, within channels conserving the ground-state multiplicity 2
+ 1 = 1; (b) paths related to initial photodetachment of the <
extra electron from one of the isomers of MyCfollowed by and M= 1, 3, 5, ... for Mn@". In addition, all the oxygen
dissociation of the resulting neutral Ma@ MnO; + Oy (c) atoms can bind d|§500|a§|vely (atomic fqrm),.assouatlvely
paths involving the flipping of the spin(s) of one or more (mole_cular form), or in am|xed_ form_(two dissociated and two
electrons at some intermediate configurations with or without @sSociated). In the latter, the orientation of the molecular oxygen
detachment of the extra electron. To estimate fragmentation20nd can also be different. Depending on their orientation, the

energies through different channels, we have to optimize the !

A. Geometry Optimizations. We first discuss the geometries
of MnO4 and MnQ~. Because they have odd and even numbers
g of electrons respectively, the geometries need to be optimized
for spin multiplicities of M= 2S+ 1 =2, 4, 6, ... for MnQ

isomer is either labeled peroxo or superoxo.

ground states of §0,~, MnO,, and MnQ~ (x = 2—4) clusters. We have perfprmed_an (_e_xhaustive search for the geometries
In the following, we describe our theoretical approach and for the above spin multlpllcmes and oxygen c_onflguratlons. The
discuss the equilibrium geometries, electronic structure, and results of optlmlzatlons are presented in F!gures 1,3“‘,’ 2 for
properties of neutral and anionic Ma@lusters. Finally, we  MnOsand MnQ~, respectively. We label the isomers in Figure
propose several different fragmentation channels for Mrtoat 1 from nl to n10 where n refers to the neutral (there are nine

are accessible with optical energies (ranging from 1.6 to isomers within 2.8 eV from the ground state). Similarly for the
3.7 eV). anion isomers in Figure 2, we choose to label them from al to

al0 where a refers to anions (there are nine isomers within 5.8
eV from the ground state). Harmonic vibrational frequencies
of the isomers are given in the corresponding figure captions.
The calculations are performed using the molecular orbital All these frequencies are real, which indicates that all clusters
theory where a linear combination of atomic orbitals centered correspond to stationary states. Relative energies of both neutral
at various atomic sites constitutes the cluster wave function. and anionic isomers are given in Table 2 with respect to the
The many-electron potential is constructed by using the DFT- total energy of the ground state of MpO
GGA for the exchange correlation functional. We have used The ground state of MnQwas found to have £ symmetry
Becke’s exchandé and PerdewWangs' correlatio® func- representing a distorted tetrahedron with atomically bonded
tionals, referred to as BPW91, in the Gaussian94 softéfare. oxygens andB; electronic configuration (see Figure 1, nl).
For the atomic orbitals we have used the standard 6-&*1 No experimental or theoretical data are available on the structure
basis [Fe: (10s7p4d1f); O: (5s4pld)]. These choices are knownof neutral MnQ clusters, to the best of our knowledge. To check
to yield results in very good agreement with several experi- if there are additional & configurations of MnQ@ with
mentst0.11,19.20 dissociated oxygens, we have optimized geometries for wave
Geometry optimizations of clusters were carried out by functions transforming according to other irreducible representa-
examining the gradient forces at each atomic site and movingtions (A;, B;, and A) of Cy, point-symmetry group. The
the atoms along the path of steepest descent until the forcesgeometry and the total energy of tBB; state converged to
vanish with respect to a threshold value ot 2074, Subsequent those of the’B; state; that is, these two states are degenerate in

Computational Details
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Figure 1. Optimized geometrical configurations of Mp{® the ground
state (the reference state) and its isomers with multiplicities-2S=

2, 4, and 6. Harmonic vibrational frequencies (inéjrare as follows:
nl: a = 263, 390, 829, 925;,b= 343, 867; a= 285; b = 350, 551.
n2: a = 337, 577, 960, 1007;:b= 223, 614; a= 230; b = 254,

1030. n3: a= 106, 148, 202, 283, 308, 475, 962 1038, 1245; n4:
= 311, 360, 806, 850;,5= 345; e(h,by) = 426, 1760. n5: a= 504,

682, 1001, 1009; 2= 358; e(h,bp) = 129, 541. n6: a= 249, 347,
743, 938; h =222, 641; a= 238; b = 275, 971. n7: ‘a= 134, 243,
298, 496, 866, 914, 1081;'a= 107, 241. n8: a= 198, 230, 677,
836; h = 278, 628; a= 238; b = 229, 657. n9: a= 477, 674, 945,
971; @ = 148; e(h,by) = 107, 486. n10: a= 66, 134, 579, 771; b
= 68, 568; a = 133; b = 94, 585. (near J symmetry).

total energy and correspond to mirror-reflected geometrical
configurations in a fixed coordinate frame.

We also found an isomer of neutral Ma®vith all four
oxygens bound dissociatively withirplpsymmetry. This isomer,
given in Figure 1 (n4), lies 1.4 eV above the ground state and
has?A; electronic state. ARA, state with By symmetry was
found to be abovéB; and?B, states by 0.04 eV only, but this
state has a doubly degenerate imaginary e frequency 6f(879
— by, by upon reducing By — C,,) and represents a double
saddle point on the potential energy surface.

Similar to that of Fe@924MnQ,4 has a peroxo isomer where
two oxygen atoms are bound to Mn dissociatively, whereas the
other two are bound associatively (n2, see Figure 1). Note that
the distance between peroxo oxygens is 1.41 A, which can be
compared with the bond lengths of 1.21 A in )&~y ground
state of @%5, 1.23 A in the excitedAq state of @26, and 1.36
A 'in the 214 ground state of @ .27 The peroxo isomer is above
the ground state of neutral Mn(y 0.2 eV. Approximately
the same upward shift in total energy was found for a peroxo
isomer of FeQ with respect to its By ground stat¥ as well.

The superoxo isomer of MnQn3 in Figure 1) is flat and is
above the ground state by 1 eV.

To have a qualitative understanding of why the ground state
of MnO,4 and its peroxo isomer are energetically close, we
consider the results of the natural bond analysis (NB@ich
is based on the use of localized orbitals constructed from the
occupancy-weighted symmetric orthogonalized natural atomic
orbitals and provides effective electronic configurations for each
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Figure 2. Optimized geometrical configurations of MpOin the
ground state (the reference energy is the total energy of the ground
state of MnQ) and its isomers with multiplicities 2% 1 = 1, 3, and

5. Harmonic vibrational frequencies (in ci are as follows: al: e
352; £ = 400, 932; a= 873. a2: a= 320, 605, 914, 943;,b= 248,
494; @ = 287; b = 257, 972. a3: 'a= 125, 132, 256, 303, 345, 571,
924, 977, 1160. a4: ;a= 515, 701, 934, 937;,a= 317; e(h,by) =
131, 467. a5: a= 253, 356, 909, 945;,b= 330, 945; a= 269; b =
304, 679. a6: a= 327, 562, 874, 925;4b= 189, 500; a= 165; b =
207, 892. a7: 'a= 107, 137, 241, 243, 298, 496, 866, 913, 1081. a8:
a = 486, 646, 888. 900;,a= 101; e(h,by) = 125, 413. a9: a= 157,
312, 697, 798; b= 152, 601; a= 189; b = 115, 632. al0: a=
296, 525, 817, 882;,b= 139, 436; a= 144; b = 112, 549.

TABLE 2: Energies (in eV) of Different Isomers of MnO,4
and MnO,4~ Relative to Total Energy of Ground State of
MnO, (—1452.02491 hartree) as well as Their Corresponding
Symmetries and Electronic States

MnQO, MnO4~

figurel  symmetry AEqy figure2  symmetry  AEq
nl G, 2By 0.0 al T AL 5.
n2 Gov, ?A4 0.2 a2 Gy, A, -2.9
n3 G, %A’ 1.0 a3 G A -1.9
n4 Dog, 2A1 1.4 a4 Da Az +0.8

n5 Doa, 2A1 2.8
né G, ‘B> 1.4 ab Gy, °B> -34
n7 G, A" 1.6 a6 Gy, °A2 -2.6
n8 G, ‘A 1.6 a7 G cA" —-1.8
n9 Dag, “A2 2.3 a8 D, A, +0.5
nlo Gy, °A; 2.8 a9 Gy, °B; -1.7
alo Gy, °B1 -0.7

a Experimental estimate of 4.8 éMfor the adiabatic electron affinity
of MnO, agrees well with our calculated value of 5.0 eV.

atom in a cluster. In théB, ground state of Mn@(n1 in Figure

1), effective atomic configurations are: Mn 2879, O, ,
(28192p*29), and Q 4 (2s-92p*3%, whereas in peroxo isomer
(n2 in Figure 1) the atomic populations are: Mn¥&8d®-59,

01,2 (28-92p*49), (the shorter bonds), anck@(2s'82p*34) (the
longer bonds). One can see a somewhat larger participation of
2s electrons in peroxo ©0 bonding. It is also interesting to
compare partial populations of the Mn 3d manifold in both cases.
In the ground state, they are determined by the atomic

configuration: 3@,19301/& 1%0@‘ 1313 33 3d;'® whereas the per-
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TABLE 3: Fragmentation Energies [(De), in eV] of MNO 4
and MnO,~, Computed According to eq &

MnO, MnO4~
channel R channel R
MnO4; — MnO; + O, 2.28 MnQ,~ — MnO, +e 4.96
— MnOs;+ O 3.18 — MnO;~ + 0O 4.99
— MnO,;~ +0, 5.30
— MnOs; + O 6.56
— MnO, + O~ 6.86

@ Our computed I of G; and Q~ are 5.83 and 4.64, respectively.
Experimental values are 5.12 and 4.1 eV fera@d Q, respectively?®

12,3d5™ As one can see,

oxo isomer has 3g%3d;;"'3d;"3d;"2
there are no “preferable” d orbitals, which can be responsible
for the interaction with the peroxo oxygens. Hence, some

decrease in participation of the Mn d manifold in bonding in

this isomer has to be considered as compensated by stronge

peroxo G-O bonding.
Quartet states of Mng(n6—n9 in Figure 1) are well above

the ground state, and the first sextet state (n10) is above the

dissociation limit MNQ — MnO, + O, (see Table 3). The
doublet (Bg, 2A;) state is also above this dissociation limit,

but the reasons for the (meta)stability of the latter and the former

Gutsev et al.

disparity between occupations of,8dz and @ orbitals of the
central atom (e components iny ymmetry) and 3d atomic
orbitals arising from the;tmanifold. That is, the extra electron

is localized in the isomer (note that the peroxo group rests inside
theyz plane). As follows from Table 2, the Mn© anion has

at least eight isomers (two singlets, three triplets, and two
septets) that are stable toward autodetachment of an extra
electron.

B. Electron Affinity of MnO 4. The uniqueness of MnO
is that it is one of the most stable anions in the transition metal
oxide cluster series. This is due to the anomalously large amount
of energy MnQ gains after the attachment of an extra electron.
The electron affinity of Mn@, which measures the energy
difference between the ground states of the anion and the neutral,
is found to be rather large (about 5 eV; see Table 2) and agrees
well with the experimental value of 4.80 €¥.This value
pxceeds the electron affinity of ClI (3.62 &), the largest
electron affinity among all atoms in the periodic table, which
puts MnQ into the class of superhalogéhis” with the general
formula of MQ, where the coordination numberfulfills the
requirement 8 = k + 1. Herek is the maximal formal valence
of the central atom. This requirement is fulfilled in MaQince
n =4 andk = 7, and the extra electron fills the lowest

states appear to be different. In the case of the sextet state, therdnoccupied molecular orbital. This does not contain contribu-

are steric obstacles toward decreasing the bond length of an

oxygen—-oxygen pair (to bring it to a peroxo type), whereas
the doublet state is stable toward dissociation to M(E2roxo)
+ O,. This is because the lowest energy peroxo isomer of MnO
is above the ground state of Ma®y about 3 e\2°

The geometry of the ground state of MstOwas found to
have Ty symmetry (see Figure 2, al) with th&, electronic
state, in agreement with experimén®ur calculated MA-O
bond length of 1.620 A and vibrational frequencig®) = 352,
w(t) = 400, 932, andv(a) = 873 cnTt are in good agreement
with the experimental bond length of 1.6290.008 A3 and
frequencies ofv(e) = 348, w(ty) = 390, 910, andv(a;) = 838
cm131 respectively, obtained in salts. The peroxo,(Q\;)
isomer of the anion is above the ground state of iMnBy 2.1

tions from the central atom by symmetry, as the anion has a
tetrahedral ground-state geometry. The resulting ym&nion

has a closed-shell structure and is thermodynamically and
electronically very stable.

C. Electronic Absorption Spectra.Experimental electronic
absorption spect?&3® of MnO,~ have been the subject of
numerous theoretical studies in which excitation energies were
estimated in terms of orbital-to-orbital vertical transitigfs!3
Principal features of experimental spectra were summarized by
Dickson and Ziegle® and we give here only a brief summary.
Electronic spectra of Mn© have: (a) a weak band near 1.75
eV; (b) a strong band at 2.25 eV; (c) strong superimposed bands
at 3.10 and 3.75 eV; and (d) strong featureless superimposed
bands starting at about 4.7 eV and having maxima at 5.3 and

eV, in contrast to the neutral case in which the corresponding 5.8 eV. To see if these features are consistent with the energetics

energy difference is only 0.2 eV. Such a big difference in energy
gaps between the ground states of Mra@d MnQ,~ and their

of different isomers of Mn@", we use the results in Table 2.
Adiabatic energies of the low-energy excitations [i.e., differences

peroxo isomers can be related to the spatial distribution of the between total energies of the MgOground state and its lowest

extra electron in anion isomers. In the ground state of WmO

triplet and singlet states (a5 and a2 in Figure 2)] are 1.6 and

the extra electron is delocalized over four oxygen atoms that 2.1 eV, respectively, which are in good agreement with
are equivalent by symmetry, and each oxygen atom has anexperimental values of 1.75 and 2.25 eV, respectively. The

electron affinity of 1.46 e\f2 Because the peroxo isomer
contains a “clamped” oxygen pair with relatively low electron
affinity (0.451+ 0.007 e\#9), the energy gain in attaching an
electron to the peroxo form is much smaller. According to the
NBO analysis, the effective atomic configurations in the ground
state of MNQ~ are: Mn (48237 and O (2&°12p*%9),
whereas in the peroxo isomer they are: M #3d>™9), Oy 2(diss)
(25-912p*9), and Q a(peroxo) (25-82p*49). Thus, this analysis
confirms that the extra electron is localized mainly over two
dissociatively bound oxygen atoms of the isomer, and the
electron affinity of the peroxo isomer (2.9 eV) is larger than
the electron affinity of Mn@ (2.0 eV) by only 0.9 eV, and is
even somewhat smaller than the electron affinity of MnO
3.2 eV

Next we consider the population of Mn 3d orbitals in these
two configurations of Mn@ . In the ground-state configuration
(al, Figure 1) they are 3d%3d;"3d};"3d;;*%,3cl;*® and in the
peroxo isomer (a2, Figure 1) they aregﬁéBcﬂf%oﬁf% 49

2—y2

bands near 3 eV could be tentatively related to excitations
leading to formation of superoxo isomers of MTOThe bands
above 4.8 eV (i.e., above the extra electron autodetachment
threshold) could be related with the formation of metastable
anion states, such as4{P'A;) and (Do, 2Az) embedded in the
photodetachment continuum. Thus, one can assign the optical
excitations near 2 eV to the formation of peroxo and near 3 eV
to the formation of superoxo isomers of MgO Excitations
above 4.8 eV lead to the photodetachment of an extra electron
(and the formation of a neutral isomer). It can also result in the
formation of a metastable anion state, which can then dissociate
into fragment anions or autodetach an extra electron.

D. Photofragmentation Patterns. The fragmentation of
MnO,~ leading to the evolution of § as mentioned earlier,
can proceed in a number of ways. The only process that does
not require any intermediate step involves dissociation of MnO
— MnO,~ + O,. All other processes require intermediate steps.
For example, Mn@™ can first autodetach an electron and then

Bdiz'“. One can see that the isomer possesses a well-expressedissociate, namely
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MnO, + hv—MnO,+e—MnO,+ O, ) SCHEME 1

2.1 1.0 1.9 0.7
Similarly, MnO;~ can also fragment to Mng®r MnOs~, which I. al—»>a2 a3 n7—s MnO3 + O3

can then further dissociate to yield molecular oxygen. Thus, 2.1 11 1; 0.7

calculations of the energies needed for the various dissociative M. al—>a2 st a7 :{"ﬂ —

channels require the knowledge of the ground-state energies of

MnOy and MnQ~ (= 3). We have obtained these values by 1. a1ﬂ>az &36 %.37ﬁ>n7ﬂ,
e

optimizing their ground-state geometries. A detailed account S-T

on the structure of these clusters, together with experimental v 2.1 10, 27 4—» -0.5

photodetachment spectra, will be presented elsewtere. - al—a2 a3—+*a e ns —
Here, we only present the fragmentation energies calculated 2.1 1.0 2.1

—» N2 —»

e

using eq 6. Some of these results are given in Table 3. Note V. a1=—» a2
that the dissociation of Mng that could yield Q directly or
through any intermediate steps would require energies in excess VI. g1 16 a5 34, n4 LA
of 5 eV. This is clearly beyond the visible range. The fact that ST e
light of wavelengths of 311 nm (3.99 eV) and 578 nm (2.14
eV) can photodecompose MyOsuggests that the anion must SCHEME 2
be excited to higher isomers before fragmentation. This is where 2.1 3.7 05 -
a detailed understanding of the energies of different isomers of VIl a1~ a2 == a4 =~ MnOj + Og
MnO4~ and MnQ is useful. From the data presented in Table 16 0.8 0.8 1.4 1.0
3 and Figures 1 and 2, we can construct all possible channelsVill. al— a5 ;>a6'—>a7ma1 0—
of fragmentation that are accessible with visible light. ST

We outline 10 such channels, from which six channels require x  212% 32 235 3622, 291% 31010
energies of less than 3.5 eV and yield Mn@ O, after ST ~"T-Gn
photodetachment of the extra electron from the permanganate
anion. Four other channels require energies of less than 3.8 eV X.
and yield MnQ~ + O,. Each of these channels proceeds in
multiple steps in which the Mn© anion is first excited to a
higher energy isomer before fragmentation. We first discuss the
channels leading to decomposition of MyTGlo MnO;, + Os.
These are listed in Scheme 1. Note that in the abdviadeates
the electron photodetachment, anetSindicates a singlet

0.3 ) 1.0 -0.
a12l a2 ;;asﬁ»w—» a8 22

highly unlikely, as it involves two spin-flips when going from
al to a5 and a7 to al0 in Figure 2.

We should emphasize that our analysis of the photodecom-
position channels of Mng is based solely on the energies of
triplet electronic excitation the products. For a more detqiled description, one needs to

) address such complicated questions as the barrier heights toward

In channel |, the ground state of MgO(al in Figure 2) i ansformations of isomers into each other, lifetimes of isomers,
excited to its peroxo isomer (a2 in Figure 2) with an energy of yangjtion probabilities given at the first order by Frasck

2.1eV. With a further excitgtion of _1'0 _eV, the pero>r<]p anion Condon factors, and vibrational excitatiedeexcitation pro-

converts into a superoxo anion (a3 in Figure 2). At this stage, eqges. A detailed consideration of such subtle questions would
the superoxo anion autodetaches its extra electron with the helprequire the use of advanced quantum dynamic time-dependent
of a photon of energy 1.9 eV. The resulting superoxo neutral methods and is out of the scope of the present work on the

MnO, (n7 in Figure 1), then, needs 0.7 eV to dissociate 0 MNO s of the BorrOppenheimer (BO) approximation. However,
+ Oz Thus, the entire photodecomposition in channel | can e pejieve that the main features in photofragmentation patterns
happen with photon energies of less than 2.1 eV. This, We ot he MnQ,~ could be described within the BO approximation,

believe, is the most preferable channel. N and stationary states obtained for Mn&hd MnQ~ would be
In channels Il and Ill, although the photodecomposition can 5 ,seful guide for more quantitative studies.

take place with energies less than 2.1 eV, it involves transitions

from a singlet anion (a2 in Figure 2) to triplet anions (a6 or a7 ;

I ) o ; " Conclusion

in Figure 2), respectively. Because this will require additional

processes for conserving the total momentum, we expect these Using the DFT-GGA corrections we have obtained the ground
channels to be less preferred. More preferable than channels listates of Mn@Qand MnQ~ and nine other isomers each of these
and Il will be channels IV and V, even though the latter require species corresponding to different spin multiplicities. Total
higher energy photons, as they do not involve any spin-flip energies of isomers are used in evaluating the energetics of the

process. MnO,~ decay through various fragmentation channels. The
Other channels that compete with channels I, IV, and V are anion is thermodynamically more stable than its neutral parent,
channels involving the dissociation MGO— MnO,~ + O,. MnO,, and possesses at least eight isomers stable toward

In Scheme 2, we list these channels: Here T-Qn indicates aautodetachment of the extra electron.

triplet—quintet excitation. The most favored channel in this ~ We have identified 10 possible channels requiring photon
process is channel VII. The Mn©O anion (al in Figure 2) is energies of less than 3.8 eV by which Mpn@an photofragment
first excited to its peroxo isomer (a2 in Figure 2) and then to a to produce molecular oxygen. All channels require the anion
state where the oxygen atoms bind molecularly (biperoxo isomer to be excited before fragmentation if the photon energies lie in
a4 in Figure 2). This requires photons of 3.7 eV energy. The the optical range. Among these, two channels are considered
resulting isomer is above the dissociation threshold of MNO  to be preferable. The one requiring energies of less than 2.2 eV
+ O,. The a4 decay process is exothermic and releases an energinvolves the excitation of the permanganate anion to its peroxo
of 0.5 eV as the photodecomposition proceeds. Channel VIII, isomer, which is further excited to its superoxo isomer form.
although requiring photons of the least energl (6 eV), is At this stage, the electron is detached, leaving the neutral in its
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superoxo isomer of Mn© An energy of only 0.7 eV is needed (12) Walsch, M. B., King, R. A., and Schaefer, H. F. Ul.Chem. Phys.

g e 1999 110, 5224.
for this isomer to dissociate to M@ O,. The second channel (13) Johansen, HMol. Phys.1983 49, 1209,

requires energies of up to 3.7 gV .but fevyer steps. As in the (14) Buijse, M. A.. Baerends, E. J. Chem. Phys199Q 93, 4129,
above channel, the Mn© anion is first excited to its peroxo (15) Veliah, S.; Xiang, K. H.; Pandey, R.; Recio, J. M.; Newsam, J. M.
form, which then can be excited to its biperoxo form (that J. Phys. Chem1998 102 1126.

contains two molecular oxygen pairs bound to Mn). This form ~ (16) Becke, A. DPhys. Re. A 1988 38, 3098.
(17) Perdew, J. P.; Wang, Yhys. Re. B 1991, 45, 13244.

d!ssoc!atgs spontaneously to Mﬁ(}'_ O as it lies al?o"e the . (18) Gaussian 94, Résion B.1, Frisch, M. J.; Trucks, G. W.; Schlegel,
dissociation threshold. The other eight channels either requiren. B.: Gill, P. M. W.: Johnson, B. G.: Robb, M. A.; Cheeseman, J. R.:

higher energies, larger number of intermediate steps, or spin-KIeith,h T; Petersson,k G. Ai<; Montgomery, J. A.; Raghavachari, K.;
; ; it Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.;
flips during the photodecomposition process and are thus Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,

considered less “!‘el}ﬁ ) C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
It may be possible to photodecompose Mn@nore easily S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;

by using polarized light, which can couple to the spin-flip Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc., Pittsburgh, PA, 1995.

transition in isomers during the decomposition process..Such (19) Gutsev, G. L.: Rao, B. K.. Jena, P., Wang, X. B.: Wang, L. S.
experimental studies are encouraged. We should emphasize thathem Phys. Letin press.
the analysis presented here does not take into account other (20) Gutsev, G. L.; Reddy, B. V.; Khanna, S. N.; Rao, B. K.; Jena, J.

issues such as energy barriers and lifetimes that may be relevanthys. Re. B 1998 58, 14131.
(21) Kohn, W.; Sham, L. JPhys. Re. 1965 140, A1133.

for a quantitative calculation of the quantum y!eld. Nevertheless, (22) Gunnarsson, O.; Lundqvist, B.J. Chem. Phys1976 13, 4274.
this analysis is by far the most exhaustive study of the (23) Gross, E. K. U.; Oliveira, L. N.: Kohn, WBhys. Re. A 1988 37,

photodecomposition of Mng from a theoretical point of view  2809.
(24) Chertihin, G. V.; Saffel, W.; Yustein, J. T.; Andrews, A.; Neurock,

performed thus far. J .
M.; Ricca, A.; Bauschlicher, C. W. Jd. Phys. Chem1996 100, 5261.
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