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The ionization potentials and excitation energies of halogen monoxides and dihalogen ox-
ides are studied using fully size-extensive Fock space version of multi-reference coupled-
cluster theory. The low-lying excited states of ClO–, FO–, Cl2O and F2O are obtained along
with the ionization spectra of Cl2O and F2O. The adiabatic electron affinity of ClO, FO and
the vertical detachment energy of ClO– and FO– are also presented.
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In the last decade, halogen oxides have proved to be an important family of
compounds particularly in atmospheric chemistry. Neutral halogen oxides
are formed in stratosphere from the reaction of the halogen with ozone1–3.
Due to the environmental importance of ozone, a lot of experimental4,5

and theoretical6–8 investigations have been performed on the spectroscopic
properties and photochemical reactions of halogen–oxygen containing
compounds present in the stratosphere. ClO 9, ClO2

10, Cl2O and ClOOCl 11

are few of the important halogen–oxygen compounds. Despite early studies
of ClO and BrO by electronic spectroscopy12 and by gas-phase electron
paramagnetic resonance (EPR)13, the FO radical remained elusive. The first
experimental detection of the FO radical was made by McKellar14 in 1979
through the observation of its infrared spectrum. Most of the theoretical
work15–18 has focused on predicting bonding character, bond lengths, elec-
tron affinity and dipole moments of halogen oxides. F2O, difluorine mon-
oxide, chemically and structurally closely related to Cl2O, on the other
hand, did not receive so much attention. The potential energy surfaces of
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Cl2O and F2O were first recorded by Cornford et al.19, Brundle et al.20 by us-
ing a He I 584 Å radiation source. More recently Motte-Tollet et al.21, again
using He I, presented more accurate and vibrationally resolved measure-
ments of the four outermost bands of Cl2O up to 13.0 eV. For F2O, several
theoretical approaches22,23 have been applied to the outer valence ioniza-
tion potentials. There are various experimental observations24,25 and theo-
retical predictions17,18 for the electron affinity of ClO ranging from 1.6 ±
0.2 to 2.16 eV. In the present paper we present theoretical calculation of
ionization and excitation spectra of Cl2O and F2O. We also report the verti-
cal detachment energy and the lowest singlet and triplet excited states of
XO– (X = Cl, F) as well as adiabatic electron affinity (AEA) of ClO, and FO.

The Fock space coupled-cluster (FSCC)26–28 method has now been well es-
tablished as a tool to study the direct difference energies29–32. Traditionally,
FSCC has been used for direct difference energies. However, recently it has
also been used to obtain adiabatic difference energies32. In the latter case, it
is no longer a direct calculation. The multi-reference model space enables
efficient inclusion of non-dynamic electron correlation inherent in the ex-
cited or ionized states. The Fock space version of the theory is based on a
common vacuum concept with respect to which the model space contains
a set of m active particles and n active holes, called the (m,n) model space.
A valence-universal wave-operator, correlating the above model space and
all other spaces of lower active particles and holes, ensures size-extensivity.
Subsystem embedding conditions are followed to solve for the wave-
operator. Using a (1,1) model space and a singles and doubles approxima-
tion of the cluster amplitudes, the method (FSCCSD) has been well studied
to calculate excitation energies31,32 and ionization potentials (IP)29,30. For
the evaluation of IP/EA, a suitable one active hole or one active particle
model space is sufficient. Although, a general (1,1) model space is an in-
complete model space, it can be considered as “quasi-complete” model
space and the complete model space conditions can be used. There have
been few reports of inclusion of approximate triples in the FSCC for IP as
well as EE 30. Kaldor and co-workers33 first reported full inclusion of triples
in the FSCC for ionized states. Piecuch and Kowalski34 have done full equa-
tion of motion coupled-cluster singles and doubles (EOMCCSD) and a se-
lected set of triples defined through active orbitals for excited states. Re-
cently Bartlett and co-workers35 have implemented full triples for excita-
tions energies. They have also implemented full triples for IP-EOMCCSDT 36

and EA-EOMCCSDT 37 which provide results equivalent to Fock space for
principal ionizations and electron attached states.
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FOCK SPACE COUPLED-CLUSTER THEORY

The valence-universal coupled-cluster theory has been discussed extensively
previously26–28. However, we summarize the important features of the FSCC
theory very briefly in this section. In the FSCC method, a convenient single
determinant, usually the N electron restricted Hartree–Fock (RHF), is chosen
as a vacuum, which defines holes and particles. These holes and particles
are further subdivided into active and inactive set of orbitals. The model
space, in general, is a linear combination of important determinants, with
m active particles and n active holes. Such a model space is said to belong
to the (m,n) sector, where the first index denotes the number of active par-
ticles and the second refers to the number of active holes.

Ψ Φµ µ
( )( , ) ( )( , )0 0m n

i
i

i
m nC= ∑ (1)

where Ciµs are the model space coefficients and |Φi〉s are the model space
determinants with m active particles and n active holes. The valence-
universal wave operator can be expressed as
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The Fock space Bloch equation is solved using the subsystem embedding
condition (SEC) by projecting it to the model space (P) and the virtual
space (Q = 1 – P) to obtain the effective Hamiltonian (Heff) and the cluster
amplitudes.

P H H Pk l k l( , ) ( , )[ ]Ω Ω− =eff 0 (4)

Q H H Pk l k l( , ) ( , )[ ]Ω Ω− =eff 0 (5)

where, Heff = PΩ–1HΩP.
Normal ordering in Ω ensures that in the equation for (0,0) sector the

T(k,l) amplitudes do not occur. In the equation for higher valence sector, the
T(0,0) amplitudes appear as constant quantities. The SEC and normal order-
ing thus ensure a hierarchical decoupling of the equations of various Fock
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space sectors. For details one can refer to the review by Mukherjee and Pal26.
The low-lying N electron excited states are dominated by one particle-one
hole states and hence an appropriate model space may consist of singly
excited determinants within a pre-chosen active subspace with respect to
N-electron Hartree–Fock determinant. This one hole-one particle model
space is a special incomplete model space. It is complete in occupation of
one hole or one particle. Such model space is known as quasi-complete mo-
del space. For this model space the cluster operator can be decomposed as,

~ ( , ) ( , ) ( , ) ( , ) ( , )T T T T T1 1 0 0 0 1 1 0 1 1= + + + (6)

where the cluster operator T(0,0) acts only on the RHF determinant. The op-
erators T(0,1) and T(1,0) destroy one hole and one particle, respectively. T(1,1)

operator destroys both one active hole and one active particle. Each of
these cluster operators can be decomposed into one, two, and higher body
cluster operators. We have used the singles and doubles approximation at
each Fock space sector in what is known as the FSCCSD approximation.
The de-excitation T1

(1,1) operator, while acting on the (1,1) model space,
leads to the Hartree–Fock determinant, which is outside the model space.
For incomplete model space it is known that, intermediate normalization
has to be abandoned in order to maintain the linked diagram theorem27.
However, Pal et al.31 showed that for the special one particle one hole
model space there are simplifications and, the P space equation remains un-
changed. Further, the T1

(1,1) operator does not contribute to the effective
Hamiltonian and to the corresponding excited state energies, though it is
present in the actual wave function. The situation is very similar to the
EOMCC method38 where the de-excitation operators are not included. In
both the cases it is easy to show that to get the excited state energies it
is sufficient to get the eigen values of QHQ where Q = 1 – |Φ〉〈Φ | and H =
(H exp (T(0,0)))conn. If the closed part of H, denoted as (H)cl is dropped, the
direct vertical difference energies may be obtained. Open part of H, known
as (H)op has one, two, and higher body terms. In our calculation we have
truncated (H)op to the one and two body parts denoted as F and V. Follow-
ing SEC, Eqs (4) and (5), we also obtain IP and EA in the process of calculat-
ing EE. The effective Hamiltonian H eff

(1,1) has two blocks the direct part de-
noted as H eff

D(1,1) and the exchange part denoted as H eff
E(1,1) .

Finally, to evaluate the singlet and triplet excited states, the following
spin integrated matrices are constructed and diagonalized to obtain vertical
singlet and triplet excited state energies.
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( ) ( ) ( ) |H H H q Hp q pq qpEE
T

eff
(0,1)

eff
(1,0)

α β αβ αβδ δ α= + + 〈 eff
E(1,1) |βp〉 (8)

COMPUTATIONAL DETAILS

We have used two different basis sets in our calculations. The Dunning aug-
mented correlation consistent polarized valence triple zeta (aug-cc-pVTZ)
basis set39a for ClO and FO is one of the basis. The other basis set consists of
triple zeta valence plus two polarization functions (TZV2P)39b. TZV2P basis
set was augmented with additional set of f function and one set of diffuse
s and p functions. (TZV2P+ f + diff). The TZV2P + f basis set was formed by
adding a set of f functions with orbital exponents αf(Cl) = 0.7, αf(O) = 1.4 in
ClO; αf(F) = 0.5, αf(O) = 0.724 in FO. The exponents of the diffuse function
were αs(Cl) = 0.05541, αp(Cl) = 0.04531, αs(O) = 0.08993 and αp(O) =
0.0584, and αs(F) = 0.09158, αp(F) = 0.07361, αs(O) = 0.07376 and αp(O) =
0.059740. The equilibrium bond distances for the ground states of ClO(2Π)
and ClO–(2Σ+) were considered to be 1.5768 and 1.704 Å, respectively42.
Similarly for FO and FO– the bond distances considered were 1.37337 and
1.4758 Å. During the calculation of spectroscopic properties, two core
orbitals were frozen. The model space consist of 2 active particles and 1 ac-
tive particle.

For the calculation of spectroscopic properties the FSCC method is used.
The excitation energies reported in this paper are vertical excitation ener-
gies (VEE). Calculation of AEA of XO (X = Cl, F) is a two step procedure.
First energy of XO– is calculated using Coupled cluster singles and doubles
(CCSD) approximation40,41 at the optimized or experimental geometry of
the XO–. To obtain the total energy of the XO we perform the calculations
for XO– at the optimized geometry of XO, followed by the CCSD and ion-
ization potential energy calculations using the FSCC theory. This together
gives the total energy of XO. The difference between the total energies of
XO and XO– gives the AEA of the XO. Thus, we lose the advantage of the
FSCC method of getting multiple roots at a time.

Vertical excitation and ionization potentials (VIP) of Cl2O and F2O are in-
vestigated using cc-pVTZ basis with the FSCC method. The bond distances
and angles used in the calculations were: RCl–O = 1.7319 Å, ∠ Cl–O–Cl =
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111.61° and RF–O = 1.4053 Å, ∠ F–O–F = 103.4°. Both the geometries were
taken from ref.48. During the calculation of spectroscopic properties, two
core holes were frozen for Cl2O and three core holes were frozen for F2O.
Model space for these calculations consists of 4 active holes and 2 active
particles. Our results were compared with the other theoretical as well as
experimental where ever possible.

RESULTS AND DISCUSSION

Table I reports spectroscopic properties of ClO and ClO– using the FSCC
method in both basis sets. We compare our results with the equation of
motion coupled-cluster singles and doubles (EOMCCSD)42 as well as with
experimental43 results where ever available. As we go from the TZV2P + f +
diff basis set to the aug-cc-pVTZ basis, VIP and AEA are enhanced by elec-
tron correlation. However, VEEs are reduced by electron correlation. In
general, the IP and EA values match with the EOMCCSD results in the same
basis set. The difference between the FSCC and EOMCC for excitation ener-
gies (EE) is large, as for two valence sector both the theories have no anal-
ogy unlike in the one valence problem.
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TABLE I
Spectroscopic energies of ClO and ClO–

Spectroscopic energy FSCCa CCSD(T)b Expt

TZV2P + f + diff

Adiabatic EA of ClO 2.08 2.03 2.278

IP of ClO– 2.27 2.19 2.17

EE of 1Π state of ClO– 4.20 3.21

EE of 3Π state of ClO– 3.88 2.51

Aug-cc-pVTZ

Adiabatic EA of ClO 2.17 2.19 2.278c

IP of ClO– 2.38 2.38 2.17

EE of 1Π state of ClO– 3.72 3.11 –

EE of 3Π state of ClO– 3.43 2.90 –

a All values in eV; two core holes frozen during FSCC calculations, model space consist of
2 active holes and 1 active particle. b See ref.42. c See ref.43



Table II presents AEA of FO, VIP and singlet and triplet EEs for FO–. FO
is isovalent with ClO. No theoretical or experimental results are available
for FO except for the adiabatic electron affinity. Haaland44 performed
QCISD/6-31+G* calculations and reported AEA to be 2.08 ± 0.2 eV. Experi-
ments45 have predicted the AEA for FO to be 2.272. Since the AEA is de-
pendent on geometry the little discrepancy in the aug-cc-pVTZ basis can be
explained. Comparing the ionization potential and excitation energies of
FO and ClO, it can be seen that the IP and EE values of FO are towards
higher energy side in comparison with those of ClO.

Dichlorine monoxide is a gaseous compound with C2v symmetry. The HF
configuration is written as

[core] 6a1
2 5b1

2 7a1
2 2b2

2 6b1
2 8a1

2 2a2
2 9a1

2 7b1
2 3b2

2|10a1
0 8b1

0.
Table III reports the ionization potential for the four states of Cl2O. We

compare our results with He I experiments20,21 as well as with the one ob-
tained using the Symmetry adapted cluster configuration interaction
(SACCI) method46. SACCI is a greatly truncated and approximate version of
EOMCC method. Since three IPs corresponding to 7b1, 9a1 and 2a2 lie
within half eV, a very accurate method is required to predict them cor-
rectly. It can be seen that in general the results are in good agreement with
the SACCI as well as experimental values. The difference between FSCC and
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TABLE II
Spectroscopic energies of FO–

Spectroscopic energy FSCCa, eV Expt/Theory, eV

TZV2P + f + diff

Adiabatic EA of FO 2.06 2.08b, 2.272c

IP of FO– 2.31 –

EE of 1Π state of FO– 4.33 –

EE of 3Π state of FO– 3.76 –

Aug-cc-pVTZ

Adiabatic EA of FO 2.16 2.08b, 2.272c

IP of FO– 2.47 –

EE of 1Π state of FO– 4.5 –

EE of 3Π state of FO– 3.96 –

a All values are in eV; two core holes frozen during FSCC calculations, model space consist
of 2 active holes and 1 active particle. b See ref.44 (QCISD(T)/6-31+G*). c See ref.45



other methods is less than 0.2 eV. It is also interesting to note that the sep-
aration between the three ionized states 7b1 (12.31 eV), 9a1 (12.53 eV) and
2a2 (12.81 eV) is also in good agreement with SACCI results.

Table IV reports the EEs of Cl2O for first eight singlets as well as triplet
states. We compare our results with EOMCCSD(T) 47, CASSCF-MRCI 48, and
experimental values49. Unfortunately, most of these studies except MRCI 50

report only singlet excitation energies. We observe that in general all the
methods are in good agreement with each other. For triplet excitation ener-
gies we will compare our results with MRCI values. We observe that MRCI
gives slightly higher values compared with FSCC.

Table V reports ionization potentials difluorine monoxide. F2O is isovalent
with Cl2O and belongs to the C2v point group. The HF configuration is

[core] 4a1
2 1b2

2 5a1
2 3b1

2 1a2
2 4b1

2 6a1
2 2b2

2|7a1
0 5b1

0.
We compare our results with the SACCI, MRCI 51, OVGF 52 as well as He I

experimental results. He I spectrum21 of F2O consists of vibrationally re-
solved first band around 13.0 eV, then a composite band between 16 and
17 eV. An important issue in the F2O photoelectron spectrum was whether
this band should contain two or three ionized states. CI calculations and
experiments reported only two states. In order to confirm the assignments
made in previous calculations we carried out FSCC calculations for the
seven valence states of F2O.

The first peak was obtained at 13.11 eV which is in close agreement with
experimental (13.26 eV) and previous studies using SACCI (12.99 eV),
MRCI (13.43 eV) and OVGF (13.06 eV). For the second band, our calcula-
tions gave three ionized states corresponding to 4b2, 6a1 and 1a2 whose IPs
were 16.03, 16.26 and 16.60 eV. This ordering matched well with the
SACCI results giving 16.27, 16.48 and 16.84 eV for the same states, respec-
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TABLE III
Ionization potentials (in eV) of Cl2O

State He Ia He Ib SACCIc FSCCd

3b1 11.02 10.97 11 10.86

7b2 12.37 12.3 12.43 12.31

9a1 12.65 12.59 12.62 12.53

2a2 12.79 12.74 12.88 12.81

a See ref.19 b See ref.21 c See ref.46 d cc-pVTZ basis; two core holes were frozen during FSCC
calculations, model space consist of 4 active holes and 2 active particles.



tively. Thus, our calculations also confirm previous studies of Tomasello
et al.46 that in this band apart from 4b2 and 6a1 ionized states 1a2 state also
exists. For the higher energy band we have three peaks corresponding to
the ionized states of 1b1 (18.75 eV), 5a1 (19.73 eV) and 3b2 (21.01 eV).
These assignments are in good agreement with previous theoretical as well
as experimental studies.
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TABLE IV
Excitation energies (in eV) of Cl2O

Character

Excitation energies

Expta SACCIb MRCIc EOMCCd FSCCe

Singlet

2a2→10a1 – 5.69 5.88 5.01 5.57

2a2→8b1 – 8.25 – – 7.21

9a1→10a1 4.88 4.81 5.45 4.66 4.81

9a1→8b1 7.25 7.55 7.98 – 7.55

7b1→10a1 4.20 4.42 4.98 4.23 4.46

7b1→8b1 – 7.14 – – 6.92

3b2→10a1 2.90 2.92 3.42 2.82 2.84

3b2→8b1 – 4.57 4.97 4.23 4.21

Triplet

2a2→10a1 – – 5.62 – 5.28

2a2→8b1 – – – – 6.62

9a1→10a1 – – 5.45 – 3.69

9a1→8b1 – – 6.55 – 5.95

7b1→10a1 – – 4.16 – 3.62

7b1→8b1 – – 6.4 – 6.07

3b2→10a1 – – 2.63 – 2.04

3b2→8b1 – – 4.02 – 3.26

a See ref.49 b See ref.46; [6s5p1d] of McLean and Chandler for Cl and Rydberg functions of
double zeta quality were added. c cc-pVTZ basis see ref.50 d See ref.47 e cc-pVTZ basis set used,
two core holes were frozen during FSCC calculation, model space consist of 4 active holes
and 2 active particles.
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TABLE V
Ionization potentials (in eV) of F2O

State Expta OVGFb MRDCIc SACCId FSCCe

2b1 13.26 13.06 13.43 12.99 13.11
4b2 16.17 16.46 16.36 16.11 16.03
6a1 16.47 16.37 16.17 16.21 16.26
1a2 – 16.95 – 16.63 16.60
1b1 18.68 18.85 17.41 18.49 18.75
5a1 19.50 19.49 19.52 19.51 19.73
3b2 20.09 20.57 20.49 20.74 21.01

a See ref.9 b See ref.52 c See ref.51; DZP basis augmented with Rydberg type functions. d See
ref.46; [5S3P] GTOs of Huzinaga–Dunning and d type polarization functions of ζd = 0.90 and
0.85 for F and O atoms. e cc-pVTZ basis set; three core holes were frozen during FSCC calcu-
lation, model space consist of 4 active holes and 2 active particles.

TABLE VI
Excitation energies (in eV) of F2O

Character SACCIa MRDCIb FSCCc

Singlet
1a2→7a1 9.08 8.41 8.17
1a1→5b1 9.86 10.81 9.21
4b1→7a1 8.17 8.24 7.43
4b1→5b1 10.33 – 9.54
6a1→7a1 8.52 8.29 7.89
6a1→5b1 11.43 11.46 11.16
2b1→7a1 5.36 5.58 4.56
2b1→5b1 6.05 5.62 4.99

Triplet
1a2→7a1 – 7.60 7.34
1a1→5b1 – 8.68 8.65
4b1→7a1 – 6.90 6.54
4b1→5b1 – 8.20 7.68
6a1→7a1 – 6.50 6.36
6a1→5b1 – 6.40 7.03
2b1→7a1 – 4.20 3.21
2b1→5b1 – 4.10 4.12

a See ref.21; [5S3P] GTOs of Huzinaga–Dunning and d type polarization functions of ζd =
0.90 and 0.85 for F and O atoms. b See ref.51; DZP basis augmented with Rydberg type func-
tions. c cc-pVTZ basis set was used, three core holes were frozen during FSCC calculations,
model space consist of 4 active holes and 2 active particles.



Table VI reports the excitation spectra of F2O. There are no experimental
studies for the excitation spectra of F2O. Valenta et al.51 studied the vertical
ionization as well as excitation spectra using MRCISD in the DZP basis aug-
mented by Rydberg type functions. Tomasello et al.50 studied the valence
spectra using the CASCI method in triple zeta quality basis augmented by
polarized functions. Compared to Cl2O, each state in F2O is blue-shifted by
2 to 3 eV. In general, SACCI as well as MRCI overestimate the excitation en-
ergy value compared to FSCC. However, in general there is good agreement
of all the three methods.

CONCLUSIONS

The ionization potential and excitation energies of XO– (X = Cl, F) as well
as Cl2O and F2O are calculated using Fock space coupled-cluster method.
We compare our results with the experimental as well as theoretical results.
In general, results are in good agreement with other theoretical results. For
the second band of F2O our calculations gave three ionized states corre-
sponding to 4b2, 6a1 and 1a2 states. This ordering matches well with the
SACCI results.

P. Manohar acknowledges the Council of Scientific and Industrial Research for finantial support.
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