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We calculated transition energies and oscillator strengths of ClOOCl and Cl2O in the Franck-Condon region
with ab initio techniques. We describe 8 singlet excited states for ClOOCl and 13 excited states for Cl2O.
The photoabsorption spectra are simulated by a semiclassical approach, which takes into account the vibrational
phase space distribution in the ground state and the geometry dependence of excitation energies and transition
dipoles. We present an unambiguous assignation of the available UV spectra, which is preliminary to the
interpretation of the photochemistry of these compounds.

1. Introduction

In the last fifteen years, the photochemistry of chlorine oxides
has received considerable attention: the importance of the ozone
loss catalytic cycles has made advisable to understand the
photodissociation reactions of the chlorine-oxygen containing
molecules present in the stratosphere.1-3

Among the important chlorine-oxygen compounds, the
spectroscopy of ClO has been investigated theoretically by us
and others,4-6 and rather complete potential energy surfaces for
ClO2 have been presented.7 ClOOCl and Cl2O have been paid
less attention by computational chemists.

It is now accepted that the most important catalytic cycle
that results in ozone depletion in the Antarctic stratosphere
starts with the self-reaction of ClO radicals and involves the
formation of a chlorine peroxide ClOOCl molecule.8 The
absorption of radiation breaks preferably one of the two Cl-O
bonds:3,9-11

while the alternative dissociation

proceeds with low (≈0.1)11 or vanishing10 quantum yields.
Stanton and Bartlett,12 in an ab initio theoretical investigation
in 1993, rationalized the preference for Cl-O bond cleavage:
in a molecular orbital picture, the six lowest excited states
involve promotion of a valence electron in aσCl-O

* orbital. To
understand the photochemistry of ClOOCl, we simulate the
structure of the UV spectrum; in fact, the band assignment and
the rationalization of the electronic configuration of the excited
states is basic to obtaining a clearer picture of the mechanisms
of the photodissociations. The experimental electronic spectrum
of the ClO dimer2,9,13-16 shows a relatively strong and broad
absorption feature with a maximum at 245 nm (5.06 eV) and a
tail which extends to wavelengths above 360 nm (3.4 eV). The
weak cross sections in the long-wavelength tail are difficult to

measure and are preferably evaluated by extrapolation from
shorter wavelengths;2 yet, this absorption is important because
it permits the photodissociation in the near-UV.

Dichlorine monoxide, Cl2O, is thought to play a minor role
in the stratospheric chemistry. However, this is the acid
anhydride of hypochlorous acid, HOCl, one of the most
important chlorine reservoir compounds in the atmosphere. Cl2O
reacts with water on the surface of polare stratospheric clouds
in an equilibrium reaction to produce HOCl.17,18Consequently,
the photochemistry of Cl2O has received attention in recent
years.19-21 Irradiation below 300 nm leads primarily to formation
of ClO + Cl, with minor channels leading to O(3P) or O(1D)
and molecular chlorine or two chlorine atoms. The absorption
spectrum22,23contains overlapping continuous bands in the 620-
500, 500-380, 380-220, 180-150, and 145-130 nm photon
energy regions (see Figure 4). The attribution of these bands
and the characterization of the electronic excited states are
preliminary to the understanding of the photochemistry of Cl2O.

We calculated electronic energies and transition dipole
moments for ClOOCl and Cl2O in the Franck-Condon region;
in section 2, we give the details of the methods employed. We
also obtained the frequency-dependent absorption cross sections
with the semiclassical technique described in section 3. In
section 4, we report the simulation of the photoabsorption
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Figure 1. LUMO natural orbital of the ClOOCl molecule for the 31B
state, labeled asσa

*.
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spectra and the analysis of the electronic structure of the two
molecules. The main conclusions are summarized in section 5.

2. Computational Methods

The study of the absorption spectra of ClOOCl and Cl2O is
part of a wider theoretical study of the photochemistry of both

molecules carried out in our laboratory. The computational
methods used and the atomic bases employed have been chosen
according to preliminary calculations. The techniques used for
the two molecules, described separately in the following
discussion, have been chosen in order to reproduce correctly
dissociations and other geometrical rearrangements.

2.1. Chlorine Peroxide, ClOOCl.We determined electronic
energies and wave functions by the Complete Active Space
Configuration Interaction (CAS-CI), using the GAMESS pro-
gram.24

The molecular orbitals involved in the CI expansion were
chosen in order to contain all valence orbitals of the separated
atoms: the 2s and the three 2p orbitals for the oxygen atoms
and the 3s and the three 3p orbitals for the chlorine atoms.
Therefore, we used CAS-CI wave functions with 26 electrons
in 16 orbitals. The numbers of determinants generated was
313 600; at theC2 geometries, the configurations were equally
distributed in the A and B irreps. The molecular orbitals for
the CI were provided by formally closed-shell SCF calculations,
with floating occupation numbers.4 In this scheme, the popula-
tions of the MOs are distributed along the energy axis according
to Gaussian functions centered at the MO energies. In this work,
we adopted a Gaussian width of 0.35 hartree. This procedure
guarantees a partial occupation and optimization of the low-
lying virtual orbitals and, consequently, a faster convergence
of the CI expansion and a better description of the electronic
states. We adopted Ahlrichs’s VTZ basis set25 and supplemented
it with polarizationd functions of Dunning’s cc-pVTZ basis
set26,27on chlorine and oxygen atoms. With this procedure, we
calculated nine singlet electronic states: five A states and four
B states.

The equilibrium geometry of the ground state was obtained
with two different methods; the first one has already been
indicated as CAS-CI. The second one was a CASSCF wave
function with 10 electrons in 10 orbitals, obtained with the
MOLCAS program;28 in the latter case, we were able to
calculate normal coordinates and vibrational frequencies.

2.2. Dichlorine Monoxide Cl2O. This molecule belongs to
the C2V symmetry group at the equilibrium geometry but we
also explored configurations belonging to theCs symmetry
group. We determined wave functions and electronic energies
by Multi Reference second-order perturbation Configuration
Interaction, with programs developed in our laboratory. The
configurational spaces were selected as follows: the first space
was a CAS with 14 electrons in 9 orbitals and all single and
double excitations from this space to the next three virtual
orbitals, limiting the maximum excitation level to four, whereas
the second space was a CAS with 20 electrons in 12 orbitals.
The two spaces were merged to yield 27 665A′ determinants
(13 871A1 and 13 794B2 at C2V geometries) and 27490A′′
(13750A2 and 13740B1 at C2V geometries). The variational
wave functions were the basis for a diagrammatic29,30 quasi-
degenerate perturbation theory treatment,31 with a Møller-
Plesset partition of the Hamiltonian. Again, we used MOs with
floating occupation numbers,4 as described briefly in the
previous subsection. As a basis set, we adopted Dunning’s cc-
pVTZ26,27and supplemented it with diffuse s and p functions32

on the oxygen atom for a better description of the excited states.
The s diffuse exponents were 0.0608 and 0.024, and the p ones
were 0.0532 and 0.021.

The equilibrium geometry and the normal modes were found
by fitting the calculated energies at selected geometries with a
quadratic function of the internal coordinates.

Figure 2. LUMO + 1 natural orbital of the ClOOCl molecule for the
31B state, labeled asσb

*.

Figure 3. Simulated UV spectrum of the ClOOCl molecule. The
recommended experimental cross section (ref 2) is also shown; for the
sake of clarity, it is displaced upward by 1 unit in the log scale. Dashed
lines, partial calculated cross sections; full line, total cross sections.

Figure 4. Simulated UV spectrum of the Cl2O molecule. The
experimental cross section is also shown; for the sake of clarity, it is
displaced upward by 2 units in the log scale.λ > 200 nm is from
Knauth et al.;22 λ < 200 nm is from Motte-Tollet et al.23 Dashed lines,
partial calculated cross sections; full line, total cross sections.
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3. Semiclassical Calculation of Integral Cross Sections

We calculated frequency-dependent oscillator strengths for
each excited state with a semiclassical approach similar to that
of ref 33, which takes into account the vibrational mode
amplitudes in the ground state and the variation of transition
energies and dipoles as functions of the nuclear geometry. The
oscillator strength density is given by

If df/dν is expressed in atomic units, the differential cross
sectionσ in Mbarn is given byσ(ν) ) 4.03(df/dν). Here,τ )
τ(R, P) represents an initial point in the phase space and dτ is
the corresponding volume element. The delta function selects
only those phase space points that meet the resonance condition
Eex - Egr ) hν; here,Egr is the ground-state energy, calculated
as the energy at the equilibrium geometry plus the zero-point
energy,Eex is the kinetic plus excited-state potential energy,
andµgr,ex is the transition dipole. The function Wgr(τ) weights
each initial pointτ according to the ground-state probability
distribution. Wgr has been chosen as the Wigner distribution
function for the ground vibrational level:

In this expression, the product runs over all the normal
coordinates: Ri represents the displacement along thei -th
normal coordinate ofωi frequency andPi its associated
momentum.

After integration with respect to the frequency,ν, of eq 1,
we obtain the total oscillator strength for a given transition in
a frequency rangeν′ to ν′′:

In practice, the integral is done by Monte Carlo sampling of
the points in the phase space: for each, the energy difference
Eex(τ) - Egr determines to which box [ν′,ν′′] of a frequency
histogram the contribution is added.

The total electronic spectrum is obtained as the superposition
of the bands computed in this way for all the excited states. To
do this, one needs an analytical expression of the potential
energy surface and transition dipole in the Franck-Condon
region for each excited state. Therefore, we fitted potential
surfaces and transition dipoles with a linear function of the
internal coordinates.

It is clear that the semiclassical approach outlined here is
suitable for dissociative or weakly bound excited-state potential
energy surfaces that give rise to continuous bands: it cannot
reproduce in detail the vibrational structure associated with
bound-bound transitions.

4. Results and Discussion

4.1. Chlorine Peroxide, ClOOCl.Recalling that the ClOOCl
molecule belongs to theC2 symmetry group at the equilibrium
nuclear displacement, the electronic configuration can be written
as

Results of geometry optimizations in comparison with the
experimental geometry are reported in Table 1. Both compu-

tational methods are demonstrated to be appropriate to describe
the equilibrium configuration. Normal-mode analysis was
performed only with CASSCF; Table 1 also shows the computed
and experimental vibrational frequencies.

With the CAS-CI method, we calculated eight electronic
excited states: four A and four B states. Table 2 contains the
transition energies and the oscillator strengths of each state at
the experimental equilibrium geometry35 of the ground-state.
We also report the same quantities obtained by Stanton and
Bartlett.12 We note considerable differences in transition energies
from those of Stanton and Bartlett, from 0.4 eV for low-lying
states to more than 1.1 eV for upper states. Even oscillator
strengths appear to be quite different: in Stanton and Bartlett’s
calculations there were al least three states that gave rise to
intense transitions, 41A, 21B, and 31B, whereas our results show
that only one excited state is responsible for intense radiation
absorption, the 31B. The role of the other states will be clearer
in the spectrum simulation. It is interesting at this point to
analyze the electronic configuration of the excited states: we
calculated natural orbitals and occupations for each state and
repeated the CI calculation, adopting for each state its natural
orbitals as molecular basis. The results are summarized in Table
3; we reported symmetry, type, and occupation number of the
HOMO, HOMO-1, LUMO, and LUMO+ 1 natural orbitals
for each state and the square coefficients of the most important
electronic configurations. One could be surprised that every state
is represented mainly by two mixed single excitations: in the
natural orbital basis, they are the HOMOf LUMO and the
HOMO-1 f LUMO + 1 transitions, (a f a) and (b f b) for
the A states and (a f b) and (b f a) for the B states. This can
be understood by considering the nature of the orbitals involved
in the transitions and indicated in the table under the label
“type”. Every molecular orbital can be interpreted as the
combination of two orbitals localized on the ClO moieties. With
n⊥, we indicate a nonbonding orbital perpendicular to the plane
identified by the Cl and O atoms to which it belongs and the
other O atom. The nonbonding orbitals, composed of atomic

df
dν

) 2
3
hν ∫ dτW(τ)|µgr,ex(τ)|2δ[ν -

Eex - Egr

h ] (1)

Wgr(R, P) ) ∏
i

exp[-ωiRi
2]exp[-

1

4
ωiPi

2] (2)

fν′,ν′′ ) 2
3∫V(ν′,ν′′)

dτWgr(τ)|µgr,ex(τ)|2[Eex(τ) - Egr] (3)

[core]....(13a)2(12b)2

TABLE 1: Computed and Experimental Equilibrium
Geometries35 and Vibrational Frequencies34 in cm-1 for the
ClOOCl Molecule

CAS-CI CASSCF exp

O-O (bohr) 2.7485 2.6170 2.6947
O-Cl (bohr) 3.3711 3.4053 3.2201
∠Cl-O-O (deg) 109.7 109.6 110.1
∠ClOOCl (deg) 83.2 86.8 81.9
τ 121 127
δClOO 277 -
δClOO 391 418
νOCl 526 543
νOCl 585 647
νOO 813 754

TABLE 2: Computed Transition Energies (∆E) and
Oscillator Strengths (f) of ClOOCl with the CAS-CI Method
at the Experimental Equilibrium Geometry, Compared with
Those Produced by Stanton and Bartlett with the
EOM-CCSD Method and POL Basis Set12

this work Stanton and Bartlett

∆E (eV) f ∆E (eV) f

21A 3.52 3.1(-4) 3.91 1.9(-4)
31A 4.38 1.0(-3) 5.03 6.5(-4)
41A 4.50 2.1(-3) 5.41 1.4(-2)
51A 5.42 2.3(-3) 6.55 3.6(-3)
11B 3.48 4.7(-4) 3.88 2.1(-4)
21B 4.36 1.2(-3) 5.03 1.0(-2)
31B 4.93 3.3(-2) 5.42 7.9(-2)
41B 5.39 6.4(-4) 6.54 1.4(-3)
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orbitals lying in the same ClOO plane, are labeled asn|. With
πClO, we indicate bonding orbitals obtained from twoπ orbitals
for each ClO moiety. The labelσ* refers to antibonding orbitals;
we emphasize thatσa

* indicates an orbital with antibonding
character solely along the ClO axis whereas, for symmetry
reasons,σb

* denotes an orbital with antibonding character both
along the ClO and along the OO axis. In Figures 1 and 2, we
report the LUMO (σa

*) and LUMO+1 (σb
*) orbitals for the 31B

state that carries the largest oscillator strength. Therefore, we
emphasize that every excited state is of an antibonding nature,
mainly along the Cl-O bond, but also partially along the O-O
bond. This observation does not agree with the results of Stanton
and Bartlett,12 which attributed an exclusiveσCl-O

* character to
every calculated excited state. On the contrary, we believe that
the partialσO-O

* nature of excited states can help to interpret
the evidence for the nonnegligible photodissociation of ClOOCl
in two ClO fragments.11

At this point, we try to answer the obvious question: why is
every excited state expressed as a mixing of two single
excitations? Let us consider two nonbonding orbitalsn1, n2 and
two antibonding orbitalsσ1

*, σ2
* localized in the two ClO

moieties. Twon f σ* configurations haveA symmetry:

The two first terms in both rhs represent transitions localized
in each moiety, and the two others represent zwitterionic states;
therefore, combining these two configurations with equal
coefficients, we delete the zwitterionic components from the
wave function. The same is true for theB symmetry.

The spectral simulation was done by sampling 50 million
points in the phase space. Temperature effects were not taken
into account, as our phase space distribution corresponds to the
vibrational ground state. As the torsional mode in ClOOCl has
a low frequency (theoretical and experimental values: 121 and
127 cm-1), one may expect significant populations of the
vibrationally excited states. However, the potential energy curves
of the excited electronic states are rather flat around the
equilibrium dihedral angle for the ground state, so the depen-
dence of the simulated spectra on the distribution of torsional
angles should not be important.

In Figure 3, we report the bands due to each transition and
the total absorption cross section. The maximum is at 227 nm
(5.45 eV), with a cross sectionσ ) 8.4 Mbarn. Experimentally,
the maximumσ is 6.5( 0.6 Mbarn at 245 nm (5.06 eV).2 As
revealed in advance by the oscillator strengths calculated at the
equilibrium geometry, the UV spectrum is dominated by the
11A f 31B transition, which gives rise to a broad band between
253 and 205 nm (4.9- 6.0 eV). Also, according to Stanton
and Bartlett this is the most important transition, but they
calculate it about 0.5 eV higher and 2.4 times more intense.
There are two more bands, due to the 41B and 51A states,
superimposed in the same spectral region; together, they
contribute about 9% of the maximum absorption. At longer
wavelengths three more states appear to be responsible for
nonnegligible absorption: 41A, 31A, and 21B. Their maximum
is placed around 264 nm (4.7 eV), but they dominate the
absorption up to 326 nm (3.8 eV), where it is fifty times lower
than the maximum. In the simulated spectrum as well as in the
experimental one, these absorptions produce a weak shoulder
around 280 nm. The states 21A and 11B produce two superim-
posed small bands at about 340 nm (3.65 eV) with oscillator
strength density about 80 times less intense than the maximum.
The tail observed in the experimental spectrum is due to these
states.

4.2. Dichlorine monoxide, Cl2O. The equilibrium geometry
of the Cl2O molecule belongs to theC2V symmetry group; the
ground-state electronic configuration is

The equilibrium displacement was derived by fitting the
computed energies with a quadratic function. The geometry and
the normal-mode analysis are reported in Table 4.

To reproduce the UV spectrum up to 8 eV,23 we calculated
14 electronic states: four1A1, three1A2, four 1B1, and three
1B2. We show transition energies and oscillator strengths
calculated at the equilibrium geometry in Table 5. We also show
the results of similar calculations done recently by Del Bene et
al.38 and Nickolaisen et al.20 on 5 and 7 excited singlets,
respectively. We note that our results are similar to those
produced by Del Bene having an average difference of 0.15
eV in vertical transition energies. In contrast, the excitation
energies obtained by Nickolaisen are higher by 0.5 to 1 eV.
This fact implies differences in the attribution of the UV spectral

TABLE 3: Electronic Configurations of the Excited States
of ClOOCl: Symmetry, Type, and Occupation Numbers of
Natural Orbitals of each A Excited Statea

state HOMO-1 HOMO LUMO LUMO+ 1 CHfL
2 CH-1fL+1

2

symm. a b b a
21A type n⊥ n⊥ σb

* σa
* 0.50 0.32

occ.n. 1.6 1.4 0.7 0.5

symm. b a a b
31A type n| n| σa

* σb
* 0.48 0.32

occ.n. 1.6 1.4 0.7 0.5

symm. b a a b
41A type n| n| σa

* σb
* 0.20 0.16

occ.n. 1.5 1.4 0.7 0.5

symm. b a a b
51A type πClO πClO σa

* σb
* 0.34 0.32

occ.n. 1.6 1.6 0.7 0.6

symm. b a b a
11B type n⊥ n⊥ σb

* σa
* 0.52 0.31

occ.n. 1.6 1.4 0.7 0.5

symm. b a b a
21B type n| n| σb

* σa
* 0.53 0.29

occ.n. 1.6 1.4 0.7 0.5

symm. b a b a
31B type n⊥ n⊥ σb

* σa
* 0.37 0.36

occ.n. 1.5 1.5 0.6 0.6

symm. a b b a
41B type πClO πClO σb

* σa
*

occ.n. 1.6 1.6 0.7 0.6

a CHfL
2 andCH-1fL+1

2 represent the square of the CI coefficients of
the singly excited configurations HOMOf LUMO and HOMO-1 f
LUMO + 1, respectively.

(n1 + n2)(σ1
* + σ2

*) ) n1σ1
* + n2σ2

* + n2σ1
* + n1σ2

*

(n1 - n2)(σ1
* - σ2

*) ) n1σ1
* + n2σ2

* - n2σ1
* - n1σ2

*

TABLE 4: Computed and Experimental Equilibrium
Geometries36 and Vibrational Frequencies37 in cm-1 of the
Cl2O Molecule

this work exp

O-Cl (bohr) 3.2388 3.0247
∠Cl-O-O (deg) 113.95 110.89
δClOCl 227 296
νOCl 543 639
νOCl 632 686

[core]....(2a2)
2(9a1)

2(7b2)
2(3b1)

2
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bands of the Cl2O; as an example, they attribute the weak
absorption peak at 427 nm (2.9 eV) to a spin-forbidden transition
to the lowest-lying triplet state 13B1, whereas we find at this
energy the 11B1 state. The calculations of oscillator strengths
give very different results in the three works, which is
understandable in view of the weakness of all transitions. In
the following discussion, we shall try to reinterpret the absorp-
tion spectrum on the basis of the semiclassical simulation.

The simulation of the UV spectrum was done with 100 000
samplings. Figure 4 shows the total absorption cross section
and the bands due to only the most intense transitions. As
already noted, the lowest electronic transition, placed at 2.64
eV (470 nm), is due to the 11B1 state. This state brings about a
band fairly well separated from the next ones. In comparison
with the experimental spectrum (Figure 4), which has a
maximumσ ) 0.01 Mbarn, the calculated oscillator strength is
clearly incorrect by an order of magnitude. This confirms the
difficulty of accurately calculating small transition dipole
moments. The second broad band, placed between 3.8 and 5.5
eV (325-225 nm) with a maximumσ of 1.8 Mbarn, appears
to be produced by more than one transition; in fact, we found
that three states placed in this spectral region give almost the
same absorption intensities, with the 11B2 state (maximum of
1.4 Mbarn at 4.2 eV) giving the largest contribution to this band.
In this assignment, we agree with Nickolaisen et al.20 The other
two transitions are due respectively to 21A1 (maximum at 0.43
Mbarn and 4.4 eV) and 21A2 (maximum at 0.17 Mbarn and 4.9
eV) states. The sum of these three peaks gives a band centered
at 4.4 eV (280 nm) with a maximumσ of 1.9 Mbarn, very
similar to the experimental result. The next observed band ranges
from 5.5 to 8 eV. Here, we have two peaks, the first one with
σ ) 13.4 Mbarn at 7.2 eV (172 nm) and the second one,
vibrationally structured, with averageσ ∼ 15 Mbarn around
7.7 eV (160 nm). Our simulation shows that several states
contribute to this broad band: the 41A1 and the 21B1 states
contribute to the long wavelength tail, but the first peak is
dominated by the 31B2 state with maximumσ ) 33.1 Mbarn at
7.0 eV (178 nm). In the past, this peak has been attributed to
the 1B1

20 or 1A1
39 state. The second peak is produced by a

transition to the 41B1 state (maximum at 13.2 Mbarn and 7.7
eV). The nature of the vibrational structure will be discussed
below.

In Table 6, we summarize the analysis of the electronic
configuration of the excited states at the equilibrium geometry.
The valence molecular orbitals lying in the molecular plane are

labeled asn, σ, andσ* according to their bonding properties
(a1 andb2 irreps), while the perpendicular ones are labeledπ,
πnb, andπ* (a2 andb1).

We remark that the two antibonding orbitals have different
characters in view of the possibility of forming a Cl-Cl bond:
the σa1

* could form aπCl-Cl in the case of symmetric dissocia-
tion of the Cl-O bonds, whereasσb2

* only produces aπCl-Cl*.
Even if a detailed analysis of the dissociation pathways is
beyond the scope of this paper, we note that every excited state
could bring about the dissociation of one or both Cl-O bonds,
but only some of them could lead to the formation of molecular
chlorine. The 41B1 state, which produces the last peak of the
simulated spectrum, clearly has a Rydberg character. As already
proposed,23 it originates from a transition to a Rydberg orbital
of s character. Therefore, the vibrationally structured peak placed
at 7.7 eV is probably due to a locally bound potential, parallel
to that of the Cl2O+ ground state.

Conclusions

We have presented an ab initio study of the electronic
structure and absorption spectra in two molecules of atmospheric
interest, ClOOCl and Cl2O. This investigation is more complete
than previous work, in that we simulated the electronic spectra
by computing semiclassical absorption cross sections. Moreover,
for Cl2O we extended the range of computed excited states with
respect to previous calculations. As is well-known, the ab initio
calculation of very small oscillator strengths easily leads to large
relative errors: therefore, we cannot solve the uncertainties that
affect the long-wavelength tail of the measured cross sections.
However, the good general agreement with the experimental
spectra allows us to assign all bands up to 5.5 eV for ClOOCl
and 8.0 eV for Cl2O. In particular, we can distinguish three
regions in the ClOOCl spectrum: from 220 to 260 nm, one
excites the 31B state; from 260 to 320 nm, the states are 41A,
21B, and 31A; with λ > 320 nm, the states are 11B and 21A.
The nature of the excited states may influence the photochem-
istry; in other words, one may expect wavelength-dependent
quantum yields. To investigate these aspects, we shall undertake
simulations of the photodissociation dynamics based on more
complete potential energy surfaces.
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TABLE 6: Electronic Configurations of Excited States of
the Cl2O Molecule

state electr. configuration

21A1 σ f σa1

*

31A1 π*π* f σa1

* σa1

*

41A1 n f σb2

*

11A2 πnb f σa1

* + π* f σb2

*

21A2 πnb f σa1

* - π* f σb2

*

31A2 n π* f σa1

* σa1

*

11B1 π* f σa1

*

21B1 π f σa1

* + πnb f σb2

*

31B1 πnb f σb2

* + σπ *
f σa1

* σa1

*

41B1 π*f Ryd(s)
11B2 n f σa1

*

21B2 πnb π* f σa1

* σb2

*

31B2 σ f σb2

*
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