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Abstract

The excitation and ionization spectra of RuOs and OsO, are studied theoretically by the
symmetry-adapted cluster (sac) and sac-ct theories. This is the attempt to assign whole of the
spectra by ab initio claculations including electron correlations. In the ground state, electron cor-
relations work to reduce the polarity of the M—O bond overestimated in the Hartree-Fock cal-
culation. The Os—O bond is stronger than is the Ru—O bond, which is reflected in the
differences of the excitation and ionization spectra of RuO, and OsO,. The excitation energies of
the experimental spectra are well reproduced by the sac-ct theory, though the calculated intensi-
ties of some peaks are very small in comparison with the experiments. The outer-valence ioniza-
tion spectra calculated by the sac-ci theory agree well with the experimental photoelectron
spectra. Some shake-up peaks that are accompanied with an electron-transfers from oxygen to
metal are also calculated.

1. Introduction

It is generally recognized that electron correlations are important for adequate
descriptions of excited states. We have developed cluster expansion-based theo-
ries, called symmetry-adapted cluster (sac) [1] and sac-c1 theories [2], for the
studies of electron correlations in ground, excited, ionized, and electron-attached
states.

Transition-metal complexes are characterized by a variety of absorption spec-
tra in visible and uv regions. Much experimental data have been accumulated for
electronic spectra and photoelectron spectra. However, theoretical studies on the
excited and ionized states of transition-metal complexes are still very limited.
This is probably because transition-metal complexes are sometimes too large for
accurate and reliable calculations for ground, excited and ionized states includ-
ing electron correlations. For example, for MnO; which is one of the most stud-
ied complexes, there is only one spci calculation [3] though five ab initio
Hartree—Fock (HF) calculations [4] and several xa studies [5] have been reported.
On the other hand, the sac/sac-c1 theory is very suitable for the studies of ex-
cited, ionized, and anion states because of the several theoretical reasons [2, 6].
It seems to be more efficient than is an ordinary c1 method.
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In this article, we report the results of the applications of the sac and sac-c1
theories to the ground, excited, and ionized states of RuO4 and OsO,. The exci-
tation spectra of these two complexes are interesting. They are observed in a
wide energy range of 3-11 eV for RuO, and 4-11 eV for OsO, [7]. The first six
peaks in the lower-energy region have been assigned by the pvMm-xa method [8]
and the scr-xa method [9], but no theoretical assignments have been made for
the higher energy peaks. We are interested in the natures of the metal d—d tran-
sitions and the Rydberg transitions of these complexes.

The ionization spectra of these complexes are also interesting. They are ob-
served by the ultraviolet photoelectron spectroscopy (ups) in a gas phase [10]. In
the higher-energy region, the experimental spectra are very broad and the pres-
ence of the shake-up satellites is considered. The shake-up ionization is a two-
electron process and shows a breakdown of the one particle HF model. Electron
correlations play an essential role in the appearance of the shake-up peaks.

2. Calculational Details

Molecular geometries are fixed, in this calculation, to the regular tetrahedron,
and the metal-oxygen bond lengths are taken from the experimental values,
1.706 and 1.711 A for the Ru—O and Os—O bonds [11], respectively.

The relativistic effective core potential method [12] is used for the central
metals, Ru and Os, and the (3s3p4d)/[3s2p3d] and (3s3p3d)/[3s2p3d] ccros for
the ns, np, and (n — 1)d orbitals of Ru and Os, respectively [12]. The basis set of
oxygen is the (63/5) cros [13] contracted to [3s2p], plus two s-type functions
(a = 0.0608, 0.0240) [14] and a p-type function (« = 0.028) [14] for the Rydberg
orbitals. The HF Mos of the ground state are calculated with the program
GAMESS [15].

The electron correlations in the ground state are taken into account by the sac
theory [1]. The HF Mos are used as the reference orbitals. The excited and ionized
states are calculated by the sac-c1 theory [2]. The calculations are carried out
with use of the program SACSS5 [16].

The active space in the sac/sac-ci calculations consists of 12 higher occupied
orbitals and 38 lower unoccupied orbitals. All single-excitation operators are in-
cluded without selection. The double-excitation operators in the linked term are
selected by the second-order perturbation method [17]. For the ground state, the
double-excitation operators whose perturbation energy with the HF configuration
is larger than 3 X 107° a.u. are included. For the excited states, the threshold of
1 X 107* a.u. is used with respect to the main configurations of the excited
states. For the ionized states, all the double-excitation operators are included for
studying the shake-up peaks. In the sac and sac-ci theories, the triple and
quadruple excitations are considered in the unlinked terms as the products of
the lower excitations. The selections are performed by the method described
previously [17]. Table I shows the dimensions of the sac/sac-c1 calculations for
the ground, excited, and ionized states of RuO, and OsO,. Because of the merit
of the present theories, the dimensions are small in comparison with those of the
ordinary c1 of comparable accuracy.
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TasLe I.  Dimensions of the sac and sac-c1 calculations.

Without
State Symmetry (C2,) RuO,4 050, selection
Ground 4, 2124 2380 (26491)
Excited A4, 6945 8471 (26491)
4, 7081 8514 (25950)
B, 7412 8217 (26106)
Tonized 24, 1396 1396 (1396)
24, 1346 1346 (1346)
2B, 1371 1371 (1371)

3. Results and Discussions
3.1. Ground States

The HF energies and the correlation energies of RuO, and OsOy are given in
Table II. The HF configuration of RuO, is written as

(core)®(le)*(112)*(2t,) S(1ay)X(1t:)® (2€)°(3t2) °(2a,)(41,)°
M+OM+0 O M (0] M-OM-OM O(R)

where M and O denote metal and oxygen Aos, respectively, and M + O means
bonding and antibonding combinations. O(R) refers to the Rydberg orbital of
oxygen. The lowest two valence orbitals, le and 1t,, are the bonding MOs be-
tween d(M) and 2p(O). The highest occupied orbitals 1¢, are the nonbonding
MOs of the 2p(O) character. The virtual orbitals, 2e and 3t,, are the antibonding
MOs between d(M) and 2p(0O). The natures of these MOs are the same as those
of MnO;, which is valence iso-electronic structure with RuO, and OsO,.
The HF configuration of OsO, is

(core) (1) *(112) (1a1)(22) *(111)° (2€)°(32) "(2a1) °(412)°
M+OM+0 M (0] O M-OM-OM OR),
and the ordering of the 1a; and 2¢, Mos is different from that of RuOs. The Mo
natures of OsO, are almost the same as those of RuO,.

It is well known that both RuO,4 and OsO;, are oxidizing agents and RuOy is a
stronger oxidizing agent than is OsO, as seen from the oxidation-reduction po-

TabLE II.  Ground-state energies of RuO, and OsO, calculated by the Hartree-
Fock and sac methods (in a.u.).

Method RuO, 0s0,
Hartree-Fock —315.37754 —313.98366
SAC —0.44360 —0.37086

The correlation energy is given for the sac method.
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tential. This is qualitatively explained as follows. In the orbital model, electron
affinity is estimated from the orbital energy of the lowest unoccupied valence
Mo. In the present calculations, the LuMo energy of RuO, is —4.1 €V and that of
0s0, is —2.9 eV, suggesting that RuO; is more stable than is OsO;. This indi-
cates that RuQ;, is a stronger oxidizing agent than is OsO,.

The net charges of RuO, and OsO, calculated by the HF and sac methods are
given in Table III. The HF solution shows more strongly ionic in the M— O bond
than does the sac solution. The ionic character of the M—O bond is somewhat
relaxed by the inclusion of electron correlations. Table IV shows the occupation
numbers of the natural orbitals. As expected from Table III, the electron correla-
tions work to reduce the occupations from the oxygen localized MOs (2¢, and
1#,) and to increase them in the delocalized M — O (2e and 3¢,) MOs. The natu-
ral orbital occupancies of OsO, are slightly more rapidly convergent than those
of RuQy. In the case of FeO and RuO, Krauss and Stevens have shown that the
occupancies of RuO converge more rapidly than do those of FeO [18].

Now we investigate the nature of the M—O bonds. In tetrahedral complexes,
the central metal forms d°s hybridization using the s, d,,, d,, and d,, orbitals.
This hybridization is easy when (n — 1)d-ns level splitting is small. Moreover,
when the energy levels of these s and d aos are close to the oxygen 2p level, the
M—O bonds are strongly formed. Figure 1 shows the atomic-energy levels of
Ru, Os, and oxygen. The energy level of the stable configuration (4d)’(5s)" of the
Ru atom is estimated by using its first ionization potential (—&5s) and the d-s
level splitting is taken from the excitation energy to (4d)°(5s)* and (4d)® [19]. The
diagram of the Os atom is similarly made [19]. The (n — 1)d—ns level splittings
are about 0.953-1.172 eV and 0.703 eV for Ru and Os, respectively; i.e., the d’s
hybridization is expected to be formed more easily in OsO4 than in RuO,. Fur-
thermore, the energy levels of the valence s and d orbitals of the Os atom are
closer to the oxygen 2p level than are those in the Ru atom. We therefore con-
clude that the Os—O bond should be stronger than the Ru—O bond. We have
confirmed in the calculational results that the bond-order matrices give the
same result. The experimental force constants for the Ru—O and Os—O
stretching vibrations in the MO, complexes are 6.96 and 8.29 mdyn/A [20], re-
spectively. Thus, the qualitative prediction on the strength of the M—O bond
based on the atomic-energy levels is confirmed. The arguments on metal chemi-
cal shifts based on the atomic-energy levels are reported previously [21]. We will
see in the following sections that this difference in the strength of the M—O
bonds is reflected in the differences of the excitation and ionization spectra of
RuO, and OsO;.

3.2. Excited States of RuO,

Figure 2 shows the electronic spectra of RuO,; the upper one is a spectrum
observed by Foster et al. [7], and the lower one, the theoretical spectrum calcu-
lated in this study. Table V gives the numerical values for the excitation energies,
oscillator strengths, and the second moments of the excited states. We divide the
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TasLe IV. Occupation number of the
natural orbitals of the ground state of
RI.IO4 and 0504.

SAC

MO Hartree-Fock RuO, 0s0,

le 4.0 3.96 3.96
1t 6.0 5.94 5.94
2t, 6.0 5.91 5.92
lay 2.0 1.96 1.97
1t 6.0 5.90 5.89
2e 0.0 0.15 0.15
3t, 0.0 0.16 0.14
2a, 0.0 0.00 0.01
4t, 0.0 0.02 0.02

whole spectra into three regions. Region A is from 3 to 7 €V, region B from 8 to
10 eV, and region C from 10 to 11 eV.

First we discuss region A. In the 7, symmetry, only the transitions to the T,
states are symmetry allowed. The forbidden transition to the 17; state [1t,
(2p(0)) = 2¢(M — O)] is predicted at 2.70 €V by the present calculations,
though it is not observed in the experimental spectrum. In MnO, the first tran-
sition is also assigned to the electronic forbidden transition, 1#(2p(0)) —
2e(M — O) [3,8]. The first observed band that has maximum at 3.22 eV

0.0

(40)5(55)1(5p)! -
5.0 (a8 1.98 eV —————=—(5d)6(65)1(5p)!
\Lo.zz eV

@d)s(5s2~" 0.95 eV 292ev

| @ayrss=” ~— (5d)7(65)!

0.70 eV
£55(-7.364 €V) T (5d)6(65)2
100 1 €6s(-8.7eV)
6.26eV
492eV

exp(-13.62¢€V)

0000000000000000000s mmmm—tesesssssssssssesse

€v) Ru(4d)’(5s)!  O(25)2(2p)*  Os(5d)6(6s)2

Figure 1. Atomic-energy levels of Ru, Os, and oxygen.



EXCITED AND IONIZED STATES BY SAC AND SAC-CI THEORIES 99

Experimental

5.0 - - -
Zé 4.0 region A —~— region B——— =region C*_

'U« I

N
OO
T

=
O

€ (liter/mole-cm)*

o
)

9.0 10.0 11.0 (eV)

Theoretical RuO 4 o1
0.06

0.05
0.04}
0.03
0.02 *10'1
0.01} |
0.00 T T T T Il T o0 T an

3.0 4.0 50 6.0 70 8.0 9.0 10.0 11.0 (eV)

Figure 2. Experimental and theoretical electronic excitation spectra of RuO,. Ex-
perimental spectra are cited from Ref. 7.

oscillator strength

(26,000 cm™) is due to the electronic allowed transition to the 17, state
[1t,(2p(0)) — 2e(M — O)]. We assign the strong band at 4.09 eV (33,000 cm ™) to
the allowed transition to the 2¢, state [2¢,(2p(0)) — 2e(M — O)]. The present
calculations show that the configurations, 1¢; — 2e and 2¢, — 2e, strongly mix
to each other. In the experimental spectrum, bands I and II show many vibra-
tional structures, suggesting that the molecular geometry is not much changed by
the transitions. This is because these excitations are from the nonbonding MOs
to the weakly antibonding MOs as shown in the HF MO sequence. The third ob-
served peak at 5.03 eV (40,600 cm™') is assigned to the 37, state
[1£:(2p(0)) — 3t,(M — O)]. Our assignments for the lower three transitions are
the same as those of the bvM-xa [8] and the scr-xa [9] calculations. Next, two
peaks at 5.58 €V (45,000 cm™) and 6.45 €V (52,000 cm™) are assigned to the 37;
state [1£,(2p(0)) — 3t:(M — O)] and the 47T; state [2£,(2p(0)) — 3t,(M — O)], re-
spectively. The pvM-xa and the scF-xa calculations have assigned these two exci-
tations to 2t, — 3t, and la,(s(M)) = 3t,(M — O), respectively [8,9]. For the
fifth excitation, the la; — 3¢, transition is the second largest configuration in
the present calculations. Thus, in region A, the excitation energies and intensi-
ties calculated by the sac-ct method are in good agreement with the experimen-
tal results. The transitions in this region are roughly characterized as the
electron-transfer excitations from oxygen to metal.

Previous studies [8, 22] have argued that a small electron flow from M to O
occurs along with the transition to the 17; states on MnOjy, though the main
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configuration for this excitation is 1¢; — 2e, which corresponds to the reverse
electron transfer from O to M. They therefore concluded that the term, charge
transfer, is misleading for this transition. Table III shows the results of the
present calculations. Contrary to the previous results, the charges on the metal
of RuO, and OsO, decrease by 0.104 and 0.095, respectively, by this excitation.
Though the amount is much less than unity, the present calculations show that
the electron transfer from O to M does occur in the 17; states. The present re-
sults shows that the d orbital population in the 17; state is larger by about 0.1
than in the ground state, whereas in the previous ones, the d orbital population
in the 1T; state was equal to or smaller than that in the ground state. Thus, the
change in the d orbital population explains the above difference between the
present and previous results [8, 22].

Next, we examine region B, 8-10 €V. The observed peaks in this region are
more difficult in assignment than are those in region A. We tentatively assign
the peaks as follows for the excitation energy, since in this region the calculated
intensities poorly agree with the experimental ones: The observed peaks at
7.69 eV (62,000 cm ™) and 8.00 €V (64,500 cm™) are assigned to the transitions to
the 5T, and 5T, states, which are respectively, the forbidden and allowed ele-
ments of 1£;(M + O) — 2¢(M — O). The peak at 8.31 eV (67,000 cm™) is at-
tributed to the forbidden transition, 4E[le (M + O) — 2e(M — O)]. The bands
at 9.16 eV (74,000 cm ™) and 9.55 eV (77,000 cm™) are assigned to the 6T, state
[1£:(2p(0)) — 2a,(s(M))] and the 6T state [1£,(M + O) — 3£,(M — O)], respec-
tively. The 6T; state has a large second moment and consists mostly of the dif-
fuse s orbital of the central metal. The mixing of the Rydberg orbitals of oxygen
is small. Band VI in the experimental spectrum given in Figure 2 has no vibra-
tional structure. This fact suggests that the molecular structure of this excited
state largely differs from that of the ground state. Our calculations show that the
5T, STy, 4E, and 6T, states are the excitations from the metal-oxygen bonding
orbitals to the antibonding orbitals. Consequently, a large change in the molecu-
lar geometry is expected in these excited states.

We consider that the effect of molecular vibration on the spectral intensity has
to be examined in this region. The observed peak at 8.00 €V has a strong inten-
sity, but the calculated intensity is fairly weak. Two origins may be considered
for this intensity. One is the vibronic coupling. In the 7, symmetry, all the elec-
tronically forbidden transitions of the symmetries 4, A,, E, and T; become al-
lowed by the coupling with the vibrations of the #, symmetry. The transition
moment of the m-th state, M,,(Q), which interacts with the k-th state through the
vibronic coupling is given by

BR, Tis Qa M lg
M. (Q) = M), + (¥ Z, = ||V %)) ——,
Q) ;( k(‘I)IIZ 2 (3Qa) (r‘:zr)l (Q))E'c'o' —EJ
where My, ¥5(q), and E}, are, respectively, the transition moment, electronic
wave function, and energy of the m-th state at the equilibrium nuclear configura-
tion. Q, denotes the normal coordinate of the irreducible representation a; R,
the vector of the o-th nucleus; and r,,, the vector from the i-th electron to the
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o-th nucleus. In the present case, the theoretical energy difference between the
5Ty(1t, — 2e) and 6Tx(1t, — 3t,) states is only 1.3 €V (1.6 €V in experiment) and
the 67T has a considerably large strength, so that the transition to the 5T state
may borrow a considerable amount of intensity from that to the 67; state. An-
other factor to be considered is the Jahn-Teller distortion of the states of degen-
erate symmetry. When the 7, symmetry is transformed into a lower symmetry
on the basis of the Jahn-Teller effect, for example, to the Dy, D, or C3, symme-
try, the T, state becomes allowed in the Dy or D, symmetry and the E and T;
states become allowed in the Cs, symmetry. Thus, the forbidden transitions of
the E and T, symmetries in Table V may have some intensities through the vi-
bronic interaction and/or the Jahn-Teller distortion.

Finally, we investigate the peaks in region C. The observed four peaks are as-
signed as follows: The strong observed peak at 10.29 €V (83,000 cm™) is at-
tributed to the 7T , state [2£,(2p(0)) — 2a:(s(M))]. The next peak at 10.66 eV
(86,000 cm™) probably corresponds to the 77; state [le(M + O) — 3t,(M — O)]
from the energetic point of view. This excitation is the forbidden transition in
the T, symmetry but becomes allowed if the vibronic coupling and the Jahn-Teller
effect are considered. The remaining peaks at 10.79 €V (87,000 cm ') and 11.10 &V
(89,500 cm™) are assigned to the 8T; state [1,(2p(O)) — 4t5(35(0))] and the 8T,
state [le(M + O) — 3t,(M — )], respectively, based on the energy and strength
of the spectrum. The peak observed at 10.79 €V is the first allowed Rydberg exci-
tation within the ligands. Foster et al. [7] have considered that the Rydberg exci-
tations of oxygen start from 7.69 €V. However, the present calculations show that
the Rydberg excitations lie in about 11 €V in the RuO, spectrum. The present
calculations thus show that the transitions in region C are from metal to metal,
oxygen to metal, and the Rydberg excitations within the oxygen ligands.

The average discrepancy between the theoretical and experimental transition
energies in all of the three regions A-C is only 0.21 €V.

3.3. Excited States of OsO,

For the excited states of OsO, there has been no theoretical calculations. The
observed spectrum of OsQ, is also divided into three regions. The theoretical
and experimental transition energies, the oscillator strengths, and the second
moments of the excited states are summarized in Table VI. The experimental [7]
and theoretical spectra are compared in Figure 3.

Region A, 4-8 €V, consists of the electron-transfer excitations from oxygen
to metal. Five peaks are observed at 4.34 eV (35,000 cm™), 5.21 &V
(42,000 cm™), 5.95 €V (48,000 cm™), 6.94 €V (56,000 cm™), and 7.94 eV
(64,000 cm™). The assignments of these peaks are all the same as those for
RuOy; 1T, state [1£,(2p(0)) — 2e(M — O)], 2T; state [2t,(2p(0)) — 2¢(M — O)],
3T, state [1£,(2p(0)) — 3t,(M — O)], 3T; state [1£,(2p(0)) — 3t,(M — O)], and
4T, state [2t,(2p(0)) — 3,(M — O)], respectively, in the increasing order of en-
ergy. The experimental and theoretical results show that the intensities of the
0s0, spectra are stronger than those of RuO,.
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Figure 3. Experimental and theoretical electronic excitation spectra of OsO4. Ex-
perimental spectra are cited from Ref. 7.

0Os0O4

oscillator strength

The transitions in region B, 9-10 €V, are characterized as excitations from the
metal-oxygen bonding orbitals to the antibonding orbitals. The observed three
peaks in this region, 8.80 €V (71,000 cm™), 9.18 eV (74,000 cm™'), and 9.55 eV
(77,000 cm™) are assigned to the 5T; state [16(M + O) — 2¢(M — O)], the 5T;
state [1,(M + O) — 2¢(M — O)], and the 4e state [le(M + O) — 2¢(M — O)],
respectively. The agreement between theory and experiment is very good for the
excitation energy, though it is poor for the intensity. As noted for the region B
spectra of RuO,, the vibronic interaction, and the Jahn-Teller effect would be
important for explaining the observed intensities of these high-symmetry transi-
tions. The 6T state that is not assigned here to any peaks has a large second mo-
ment. This state is related to the 67, state of RuO,.

Region C covers the peaks in 10-11 eV. We assign the peaks at 10.04 eV
(81,000 cm™), 10.61 eV (85,600 cm™), 10.79 eV (87,000 cm™'), 10.95 eV
(88,300 cm ™), and 11.04 €V (89,000 cm ™) to the 67T state [1£,(2p(0)) — 4£5(3s(0))],
the 7T, state [2£,(2p(0)) — 2a.(s(M))], the 87, state [1¢,(2p(0)) — 415(35(0))], and
8T, state [1£,(2p(0)) — 3e(3p(0))], and the 9T; state [1¢,(2p(0)) — 5t5(3s(0))], re-
spectively. The 7T, 8T, 8T}, and 97; states of OsO, seem to correspond to the
7T,, 7Ty, 8Ty, and 8T, states of RuQ, from the shapes of the spectral peaks. The
nature of these states are all Rydberg except for the 77, state, though only the
8T, state is Rydberg in RuO,. The peaks in region C generally correspond to the
transitions from oxygen to metal and from oxygen 2p to the oxygen Rydberg or-
bitals. Foster et al. [7] considered that the Rydberg excitations of OsO, start
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from 8.06 V. The present results show, however, that the Rydberg excitations
should be higher than about 10 €V, though the 67T; state calculated at 9.12 €V has
a relatively large second moment.

We see that in regions A and B, the excitation energies in OsO, are about
1.3 eV (theoretically about 1 €V) higher than the corresponding ones in RuO,.
The fact that the Os—O bond is stronger than is the Ru—O bond, as shown in
Section 3.1, explains this difference between the transition energies of OsO,4 and
RuO,. The average discrepancy between the theoretical and experimental transi-
tion energies of OsO;, is only 0.29 eV.

34, Ionized States

Table VII gives the experimental [10] and theoretical ionization energies and
the intensities for RuO,. The He-I photoelectron spectrum [10] and theoretical
spectrum are displayed in Figure 4. The theoretical intensity is calculated by the
monopole approximation in the final-state c1 approximation [23],

occ

I= (TN - 1]a¥™(N))?,

where I is intensity; a;, the annihilation operator for the orbital ¢;; and ¥*“ x
(N — 1) and ¥*(N), the sac-c1 wave function for the ionized state and the HF
wave function for the neutral ground state, respectively. Table VII shows that
Koopmans’ approximation gives a wrong ordering as seen from the results of sac-
c1. Moreover, the theoretical intensities show that the effect of the final-state
correlation is large, especially for the le and 1¢, ionizations. Thus, the electron
correlations are very important in the ionized states. The first three peaks are
assigned to ionizations from the outer-valence orbitals, 1¢,, 2¢,, and 1a,, respec-
tively, and are in very good agreement with the experimental values. The present
assignments are the same as those of the pvM-xa method [8], but the scr-xa
method [9] has given the same ordering as Koopmans’ approximation.

The monopole approximation is not the very good description of the intensity
of an ionization peak. However, the monopole intensity gives a measure to un-
derstand whether the ionization is due to the one-electron process or the two-
electron process, such as the simultaneous ionization-excitation process. The
first three ionizations are essentially attributed to the one-electron process,
though the theoretical intensities are less than 0.9 even in this outer-valence re-
gion. The band higher than 15 €V in the experimental spectrum is broad and
shows more complicated features. The present calculations indicate that this
broad band consists of two ionizations mainly from the le and 1¢, mos, though
the agreement between theory and experiment is not good enough in this case.
The intensities of these ionizations are less than 0.8, showing that the two-
electron processes strongly mix with the single ionizations. Further, several satel-
lite lines due to the shake-up ionizations are calculated in the higher-energy re-
gion of the 1¢; ionization energy. The asymmetry of the band D is understood as
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Experimental
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Figure 4. Experimental and theoretical ionization spectra of RuO4. Experimental
spectra are cited from Ref. 10.

the existence of these satellites. It should be noted that these shake-up processes
involve an electron transfer from oxygen to metal.

Table VIII gives the experimental [10] and theoretical ionization energies and
theoretical intensities for OsO,. Figure 5 shows the experimental [10] and theo-
retical spectra. Again, Koopmans’ ordering of the inner-valence orbitals, le and
1t,, differs from the ordering of sac-c1. The effects of electron correlations are
important as in RuO,. The theoretical intensities of OsO, are less than 0.9 simi-
larly to RuO,. The ionization energies of the 1¢#; and 2¢, mos are almost the same
as those of RuQ,, because these orbitals are almost the nonbonding 2p orbitals of
the oxygen ligands. In the experimental spectrum of OsOj, a peak, denoted as C
in Figure 5, is present at 13.14 eV but there is no corresponding peak in the RuO,
spectrum. Diemann and Miiller gave two possible explanations for this peak
[24]. One is that this peak is due to the ionization from the orbital different from
the other peaks. Another is that the peak C splits out from the peak B by the
vibronic Jahn-Teller effect or by the spin-orbit coupling in the ionic *T; state.
The present calculations do not support the former explanation, and so the
second one may be a plausible orgin. Peaks D and E are similar to those of
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Figure 5. Experimental and theoretical ionization spectra of OsO,. Experimental
spectra are cited from Ref. 10.

RuO,, but the ionization energies of these peaks are larger than those of RuO,,
since the Os—O bond is stronger than is the Ru—O bond as examined in
Section 3.1. The electron-transfer shake-up peaks follow the 1¢, ionization simi-
larly to the case of RuO,. Evans et al. found out a general rule from a series of
the studies on the photoelectron spectra of Mn(CO)s derivatives [25]: that the
photoelectron spectra are divided into three regions in the order of increasing
ionization energy as the ionizations from (1) metal d-orbitals, (2) bonding orbitals
between metal and ligand, and (3) pure ligand orbitals. For RuO, and OsO, the
ionization spectra are classified as the ionizations from the ligand orbitals, the
metal s-orbital, and the bonding orbitals between metal and oxygen in the order
of increasing energy.

4. Conclusion

We have applied the sac and sac-c1 theories to the calculation of the excited
and ionized states of RuO, and OsO,. We have tried to clarify the whole range of
the observed spectra by the ab initio theories including electron correlations.

For the ground state of these complexes, electron correlations work to relax
the charge polarization of the M—O bonds. It is shown that the Os—O bond is
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stronger than is the Ru—O bond. This difference in bond is understood from the
atomic-energy levels of the Ru, Os, and oxygen atoms. It explains the differences
in the transition energies and the ionization energies of RuO, and OsO,.

The excitation spectra of RuO, and OsO, are conveniently divided into three
regions. The transitions in region 4 are from the nonbonding orbitals of oxygen
to the antibonding orbitals between metal and oxygen. Those in region B are
from the bonding orbitals between metal and oxygen to the corresponding anti-
bonding orbitals. Those in region C are from oxygen to metal (7T3) and the Ryd-
berg excitations within the oxygen ligands. The fact that the transition energies
of OsO, in regions 4 and B are larger than those of RuQj, is understood from the
difference in the strength of the M—O bonds.

For the outer-valence ionizations, the present results are in good agreement
with the experimental data. The shake-up configurations mix with the one-
electron processes in the inner-valence regions. Koopmans® approximation gives
the incorrect ordering of the ionization energies. The shake-up satellite peaks
appear in the higher-energy region of the one-electron ionization processes.
They involve the electron-transfer from oxygen to metal. In the OsO, spectrum,
peak C is probably due to the vibronic Jahn-Teller effect or the spin-orbit cou-
pling in the ionic *7; state.

After the submission of this manuscript, the referee kindly let us know the ex-
istence of a study on RuO, studied by the RHF and c1 methods [26], which we
could not know before.
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