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The electronic spectra of chloroformic acid ClCOOH and formic acid HCOOH are computed in large-scale
multireference configuration interaction (MRD-CI) calculations. The computed spectrum of formic acid is in
reasonable agreement with prior calculations and experimental data. The first electronic transition of ClCOOH
is computed at 6.41 eV (193.4 nm), about 0.5 eV higher than in HCOOH. Together with five strong transitions
calculated at 7.66 eV (161.9 nm; 21A′ r X1A′), 8.36 eV (148.3 nm; 31A′ r X1A′), 8.49 eV (146.0 nm; 41A′
r X1A′), 9.00 eV (137.8 nm; 51A′ r X1A′), and 9.44 eV (131.3 nm; 71A′ r X1A′), this can serve as a
guideline for experimental search of ClCOOH.

1. Introduction

Hydrocarbons, chlorine-substituted hydrocarbons, and acids
have received large interest in atmospheric chemistry.1-11 The
photoabsorption of HCOOH has been extensively investigated
experimentally in both the vacuum UV and the UV region.12-22

The photodissociation of formic acid in the vapor phase was
studied recently,23-26 and corresponding quantum chemical
calculations have been reported.13,14,17,22,27-29

Formic and acetic acids are detected in the upper troposphere
and in rainwater.30-33 Although chlorine-substituted hydrocar-
bons are known to be important reaction intermediates in
atmospheric processes, much less is known about the photo-
chemistry of chloroformic acid. West et al.34 studied the
photochemical reaction of chlorine with formic acid to give
chloroformic acid as an intermediate. Herr, Pimentel, and
Jensen35-37 examined the unimolecular decomposition of chlo-
roformic acid by rapid-scan infrared spectroscopy. Francisco
et al.38 and Stephenson et al.39 used ab initio quantum chemical
calculations to study the dissociation of ClCOOH on the
electronic ground-state potential surface. The electronic absorp-
tion spectrum in the UV and vacuum UV region has not been
published yet. On the other hand, a study of excited states of
ClCOOH can help to clarify its role as a possible reaction
intermediate in atmospheric processes as proposed by Francisco
et al.38 and Jensen et al.37

Quantum chemical calculations are an almost ideal tool to
investigate excited states and to characterize short-lived inter-
mediates. Such an endeavor requires first the calculation of many
electronically excited states and the probability for populating
these states. Multireference configuration procedures are re-
quired for a balanced description of such states. The computation
of potential energy surfaces of excited states and structures far
from equilibrium requires multireference methods. Such MRD-
CI calculations have recently been very successful for various
halocarbons.8-10 Therefore, in the present study we performed
large-scale multireference configuration interaction MRD-CI

calculations of electronically excited states and the probability
of populating these states to predict the electronic spectrum of
chloroformic acid.

After a brief summary describing the computational tech-
niques used in section 2, we will present in section 3 the results
obtained and discuss the electronic spectrum of ClCOOH in
comparison to formic acid HCOOH, a species that has been
well examined theoretically13,14,17,22,27-29 and experimentally.12-26

Finally, in section 4 some important conclusions will be
summarized.

2. Computational Techniques

The equilibrium geometries of formic acid and chloroformic
acid are well established from experimental and theoretical
studies.22,38-41 For practical reasons, however, the present
calculations of excited states are based on equilibrium geom-
etries, which we determined employing density functional
methods (BP8642) and the TURBOMOLE program package V5-
4.43 As discussed below, the equilibrium geometries we used
are in reasonable agreement with the values reported in the
literature.

For the calculation of excited states, we examined several
different basis sets. For the computation of formic acid, we used
a correlation consistent atomic orbital (AO) basis set of triple-ú
quality44 cc-pVTZ+SPD augmented by s-, p-, and d-Rydberg
functions located at the carbon and oxygen centers. The
exponents taken areRs(C) ) 0.023,Rp(C) ) 0.021,Rd(C) )
0.015,Rs(O) ) 0.032,Rp(O) ) 0.028, andRd(O) ) 0.015.45

With this cc-pVTZ+SPD basis set, we computed 8 roots per
irreducible representation (IRREP) for all singlet states. In
addition, we performed calculations employing a smaller
polarized cc-pVDZ+SPD basis set of double-ú quality,46

enlarged by the same s-, p-, and d-Rydberg functions as stated
above for the cc-pVTZ+SPD basis set. As can be seen from
Table 1, there are only minor changes in excitation energies
and in the transition probabilities when using this more economic
cc-pVDZ+SPD basis set. Therefore, we calculated 8 roots per
IRREP of all singlet and triplet excited states of formic acid
and chloroformic acid, employing the more economic cc-
pVDZ+SPD basis set because we furthermore find that it is
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very important to compute at least 8 roots to obtain the correct
ordering of states. For the calculations of excited states of
ClCOOH, the corresponding s-, p-, and d-Rydberg functions
for chlorine areRs(Cl) ) 0.025,Rp(Cl) ) 0.020, andRd(Cl) )
0.015.45 The values obtained for formic acid are in reasonable
agreement with both the results of other computations and the
experimental findings as can be seen from Table 1.

Additionally we computed excited states of formic acid and
chloroformic acid employing cc-pVDZ46 basis sets without any
Rydberg functions. For the calculation of formic acid, the
inclusion of Rydberg functions is very important, whereas the
results in the lower energy range up to 8.5 eV obtained for
chloroformic acid are much less affected by the employment
of Rydberg functions as can be seen from Table 2.

The cc-pVDZ+SPD basis set is flexible with respect to
polarization and electron correlation and is considered to be
fairly balanced for all states treated so that calculated transition
energies are expected to be within an error margin of 0.3 eV.

The computations of the electronically excited states were
performed with the selecting multireference single- and double-

excitation configuration interaction method MRD-CI imple-
mented in the DIESEL program.47 The selection of reference
configurations can be carried out automatically according to a
summation threshold. We have chosen a summation threshold
of 0.85, which means that the sum of the squared coefficients
of all reference configurations selected for each electronic state
(root) is above 0.85. The number of reference configurations
for each irreducible representation was in the range between
11 and 21 for HCOOH and between 28 and 41 for ClCOOH.
An analysis of the molecular orbitals (MO) involved in the
selected reference configurations justifies our prior choice of
treating the 18 valence electrons (HCOOH) and 25 valence
electrons (ClCOOH) active while keeping the remaining elec-
trons in doubly occupied orbitals (frozen).

From this set of reference configurations (mains), all single
and double excitations in the form of configuration state
functions (CSFs) are generated. From this MRD-CI space, all
configurations with an energy contribution∆E(T) above a given
threshold T were selected; that is, the contribution of a
configuration larger than this value relative to the energy of

TABLE 1: Calculated Electronic Transition Energies ∆E (eV and nm) and Oscillator Strengthsf from the Ground-State X1A′
of HCOOH to Its Electronically Excited Singlet (∆E(sing)) and Triplet (∆E(trip)) Statesa

∆E(sing)b ∆E(sing)c ∆E(trip)c ∆E(exptl.) ∆E(calc)

state excitation [eV] f b [eV] [nm] f c [eV] [eV] [nm] [eV] [nm]

X1A′ (7a′)2(2a′′)2 0.00 0.00
1A′′ 7a′ f 3a′′ 5.96 0.003 5.88 210.9 0.002 5.62 4.6422 267.2 5.2429 236.6

5.713 217.5 5.8028 213.8
5.815 213.8 5.8327 212.7

6.013 206.6
6.8614 180.7

2A′ 7a′ f 8a′ 8.08 0.006 7.80 159.0 0.004 7.85 7.512 165.3 8.1429 152.3
7.613 163.1
7.715 161.0
8.116 153.1

3A′ 7a′ f 9a′ 8.76 0.06 8.44 146.9 0.06 8.50 8.8412 140.3 9.1629 135.4
8.9516 138.5

4A′ 2a′′ f 3a′′ 8.83 0.2 8.83 140.4 0.2 6.50 8.10712 152.9 8.913 139.3
8.413,15 147.6 9.5228 130.2

9.6429 128.6
9.8427 126.0

12.0214 103.1
2A′′ 7a′ f 4a′′ 9.39 0.002 8.99 137.9 0.0003 9.01 8.8416 140.3 9.1529 135.5

8.915 139.3

a The excitation energies are given with respect to the ground-state configuration (7a′)2(2a′′)2 (valence electrons only). The results using the
cc-pVDZ+SPD and the cc-pVTZ+SPD (s-, p-, and d-Rydberg functions located at all heavy atoms) basis sets are compared. All values are obtained
at the MRD-CI+Q level as explained in the Computational Techniques.b cc-pVTZ+SPD basis set, this work.c cc-pVDZ+SPD basis set, this
work.

TABLE 2: Calculated Electronic Transition Energies ∆E (eV and nm) and Oscillator Strengthsf from the Ground-State X1A′
of ClCOOH to Its Electronically Excited Singlet (∆E(sing)) and Triplet (∆E(trip)) Statesa

∆E(sing)b ∆E(sing)c ∆E(trip)c

state excitation [eV] [nm] [eV] [nm] fc [eV]

X1A′ (9a′)2(3a′′)2 0.00 0.00
1A′′ 9a′ f 4a′′ 6.33 195.9 6.41 193.4 0.0007 6.19
2A′ 9a′ f 10a′ 7.78 159.4 7.66 161.9 0.03 7.28
3A′ 3a′′ f 4a′′ 8.39 147.8 8.36 148.3 0.1 7.94
2A′′ 3a′′ f 10a′ 8.37 148.1 8.29 149.6 0.0003 7.80
3A′′ 8a′ f 4a′′ 8.37 148.1 8.38 148.0 0.013 8.35
4A′ 8a′ f 10a′ 8.42 147.2 8.49 146.0 0.1 8.18
5A′ 9a′ f 11a′ (8a′ f 10a′) 9.00 137.8 0.06 9.01
4A′′ 2a′′ f 10a′ 8.85 140.1 9.25 134.0 0.0002 8.65
6A′ 3a′′ f 11a′ (2a′′ f 10a′) 9.30 133.3 0.0002 8.83
7A′ 2a′′ f 4a′′ 8.98 138.1 0.28b 6.85
8A′ 9a′ f 12a′ (8a′ f 10a′) 9.44 131.3 0.12

a The excitation energies are given with respect to the ground-state configuration (9a′)2(3a′′)2 (valence electrons only). For comparison, the
results of calculations using the cc-pVDZ and the cc-pVDZ+SPD (s-, p-, and d-Rydberg functions located at all heavy atoms) basis sets are
presented. All values are obtained at the MRD-CI+Q level as explained in the Computational Techniques.b cc-pVDZ basis set.c cc-pVDZ+SPD
basis set.
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the reference set is included in the final wave function. A
selection threshold ofT ) 10-7 hartree andT ) 5 × 10-8 hartree
was used for the calculation of the excited states of formic acid
and chloroformic acid, respectively. The effect of those con-
figurations that contribute less thanT ) 10-7 hartree andT )
5 × 10-8 hartree, respectively, is accounted for in the energy
computation (E(MRD-CI)) by a perturbative technique.48,49The
contribution of higher excitations is estimated by applying a
generalized Langhoff-Davidson correction formulaE(MRD-
CI + Q) ) E(MRD-CI) - (1 - c0

2)[E(ref) - E(MRD-CI)]/c0
2,

wherec0
2 is the sum of squared coefficients of the reference

species in the total CI wave function andE(ref) is the energy
of the reference configurations.

In total, we examined 32 low-lying electronically excited
states (the lowest 16 singlet and the lowest 16 triplet states) of
formic acid and 25 low-lying electronically excited states (the
lowest 16 singlet and lowest 9 triplet states) of chloroformic
acid. The number of configuration state functions (CSFs) directly
included in the energy calculations of formic acid is as large as
890000 (singlet) and 760000 (triplet) selected from a total space
of 3.9 million (singlet) and 6.7 million (triplet) generated CSFs.
For chloroformic acid, 3.35 million (singlet) and 3.25 million
(triplet) were selected from a total space of 12.9 million (singlet)
and 22.0 million (triplet) generated configurations.

3. Results and Discussion

The equilibrium geometries employed in the present study
of excited states are shown in Figure 1 (formic acid (1) and
chloroformic acid (2)). It is well known that the ground states
of both acids are planar withCs symmetry.22,38-41 Both ground
states correspond to the isomers with OdC-O-H cis (or syn-
planar) configuration. For HCOOH, it can be seen from Figure
1 that the equilibrium geometry we used for our further
investigation is in reasonable agreement (deviations of less than
0.04 Å for bond lengths and less than 2° for angles) with the
values reported in the literature.22,40,41The equilibrium geometry
of ClCOOH presently used also agrees well (bond length

deviations< 0.025 Å, angles< 1.5°) with the results reported
by Francisco et al.,38 Stephenson et al.,39 and Remko41 who
computed the equilibrium geometry of ClCOOH at the MP2
level of theory.

3.1. Spectrum of Formic Acid.In Table 1, we compare our
presently computed electronic spectrum of formic acid with
several experimental and theoretical values from the litera-
ture.12-16,22,27-29 In addition, we compare the results of cc-
pVTZ+SPD and cc-pVDZ+SPD basis sets. It can be seen that
both results are in reasonable agreement with prior experimental
and theoretical findings. In the following, we will give a brief
summary of the important features of the electronic spectrum
of HCOOH.

The ground state of this molecule is a singlet state X1A′ with
the electronic configuration (7a′)2(2a′′)2 (valence electrons only).
Excitations out of the highest occupied molecular orbital HOMO
7a′ as well as out of the valence orbital 2a′′ into the low-lying
virtual orbitals 3a′′ (LUMO), 8a′, 9a′, and 4a′′ are known to be
important for the description of the spectrum. In Figure 2, we
present charge density contours of important occupied (7a′ and
2a′′) and virtual (3a′′, 4a′′, 8a′, and 9a′) molecular orbitals.

The lowest energy singlet-singlet valence transition (HOMO-
LUMO) 7a′ f 3a′′ is presently computed at 5.88 eV (210.9
nm). As can be seen from Figure 2, the transition corresponds
to a weak (f ) 0.002) nO(1) f π*OCO and nO(2) f π*OCO-type
transition of the OdC-O framework. Prior computations (see
Table 1) place this excitation between 5.24 eV (Demoulin et
al.;29 f ≈ 0.014) and 6.86 eV (Basch et al.;14 f ≈ 0.007). Such
low-energy UV absorption bands of rather low intensity due to
the excitation of nonbonding (n) electrons into antibondingπ*
orbitals are well known for organic molecules, which contain
oxygen in an unsaturated group.50 Experimental measurements
place the electronic origin of this transition between 4.64 eV
(267.2 nm)22 and 5.8 eV (213.8 nm).15 The presently computed
singlet-triplet splitting of almost 0.3 eV is in line with the value
expected for a valence transition.

Figure 1. Equilibrium geometry of formic acid HCOOH (1) and
chloroformic acid ClCOOH (2) obtained with BP86/cc-pVTZ42,43

optimizations as explained in the text.
Figure 2. Charge density contours of characteristic occupied (7a′, 2a′′)
and virtual orbitals (8a′, 9a′, 3a′′, and 4a′′) of formic acid HCOOH.
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The next low-lying excitation 7a′ f 8a′ originates from the
HOMO (7a′), which is dominated by the nonbonding lone pairs
of the two oxygen atoms and aσ-bonding of carbon and
hydrogen. The calculated excitation energy of 7.80 eV (159.0
nm) is in good agreement with the experimental measurements
reported by Fridh,13 Ari et al.,15 and Bell et al.,16 as well as
with the value calculated by Demoulin.29 Leach et al.12 assigned
in their photophysical studies the broad continuum around 7.5
eV mainly as a diffuse Rydberg transition accompanied by an
additionalσCO f π* valence transition mixing with the Rydberg
state. They concluded this on the basis of estimated oscillator
strength off ≈ 0.025. However, our calculations do not support
this assignment: no mixing with a valence transition can be
observed. As can be seen from Figure 2, the upper orbital 8a′
can be characterized as a 3s-Rydberg MO. The calculated
oscillator strength off ) 0.006 for this state corresponds to
values expected for a Rydberg transition. The value of 7.85 eV
for the corresponding triplet state underlines together with the
oscillator strength the genuine Rydberg character of this
excitation. The finding that our calculation places the triplet
state erroneously slightly (<0.07 eV) above the corresponding
singlet state for this and two further Rydberg-type transitions
above 8.0 eV emphasizes the small error margin of our present
calculation.

Another Rydberg-type transition (7a′ f 9a′) originating from
the HOMO is calculated at 8.44 eV (146.9 nm). The unexpect-
edly large oscillator strength off ) 0.06 can be understood from
Figure 2: in the virtual MO 9a′, the p-AO located at O(2) is
overlapping with the p-AO located at the carbon center, leading
to a distorted asymmetricπCO(2)-bonding. Bell et al.16 and Leach
et al.12 place this Rydberg transition in their experimental work
at 8.95 and 8.84 eV, respectively; Demoulin29 calculated a value
of 9.16 eV.

The third Rydberg transition (7a′ f 4a′′) is calculated at 8.99
eV (137.9 nm), again in good agreement with the experimental
measurements of Bell et al.16 and Ari et al.15 and the calculations
reported by Demoulin.29 This transition from the HOMO into
the strongly diffuse p-type Rydberg MO 4a′′ is obtained with a
small oscillator strength off ) 0.0003.

Below 9 eV, the spectrum of formic acid is dominated by
the excitation 2a′′ f 3a′′ (HOMO-1 into the LUMO). As can
be seen from Table 1, our presently calculated 8.83 eV (140.4
nm) is somewhat larger than the experimental measurements
of Fridh,13 Ari et al.15 (both 8.4 eV), and Leach et al.12 (8.11
eV) but lower than the values reported from all other prior
calculations. This valence transition corresponds to aπCdO(1)

f π* excitation: as can be seen from Figure 2, the 2a′′ MO
consists mainly of the out-of-planeπ bond of the carbonyl group
and the lone pair located at the oxygen of the OH-group,
whereas the 3a′′ MO is antibonding (π*-type OdC-O). The
calculated oscillator strength off ) 0.2 is typical for this type
of valence transition and agrees well with the measurements of
Leach et al.12 who report approximately the same value. The
presently computed singlet-triplet splitting of 2.3 eV underlines
the strong valence character of this transition.

3.2. The Spectrum of Chloroformic Acid. Table 2 sum-
marizes the computed electronic spectrum of chloroformic acid
up to 9.5 eV. The ground state of the molecule is a singlet state
X1A′ with the electronic configuration (9a′)2(3a′′)2; again only
valence electrons are stated. Because of the larger number of
electrons to be treated active in the MRD-CI calculations, the
more economic cc-pVDZ+SPD basis is used. This is justified
because the use of this basis set resulted in reasonable values
for the electronic spectrum of formic acid as can be seen from

Table 1, in which we compare our computed values with both
experimental measurements and prior calculations of HCOOH.

To test the importance of including Rydberg functions in the
basis set, we furthermore performed calculations with a pure
cc-pVDZ basis set without augmentation of Rydberg functions.
Contrary to formic acid, the results listed in Table 2 show that
there are only minor differences for excitation energies and
oscillator strengths between cc-pVDZ and cc-pVDZ+SPD
calculations up to 8.5 eV. This indicates that excitations in the
spectrum of chloroformic acid up to 8.5 eV are mainly valence-
type transitions, an assumption that is also supported by the
remarkable singlet-triplet splittings. For the electronic spectrum
of ClCOOH, one can expect to find transitions involving the
carbonyl group and the OdC-O framework similar to formic
acid. Furthermore, additional transitions are expected due to the
substitution of hydrogen with chlorine.

The energetic ordering of the MOs of ClCOOH is ...(5a′)2-
(6a′)2(7a′)2(2a′′)2(8a′)2(3a′′)2(9a′)2. As a result of the existence
of the chlorine in the molecule, the spectrum becomes more

Figure 3. Charge density contours of characteristic occupied (8a′, 9a′,
2a′′, and 3a′′) and virtual orbitals (4a′′, 10a′, 11a′, and 12a′) of
chloroformic acid ClCOOH.
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complex as compared to HCOOH, and excitations not only from
the highest occupied molecular orbital HOMO 9a′ and the
valence orbital 3a′′ but also from the outer valence orbitals 8a′
and 2a′′ into the low-lying virtual orbitals 4a′′ (LUMO), 10a′,
11a′, and 12a′ can be expected to be low-lying. In Figure 3, we
present charge density contours of important occupied (8a′, 9a′,
3a′′, and 2a′′) and virtual (4a′′, 10a′, 11a′, and 12a′) molecular
orbitals of ClCOOH.

Our calculation places the lowest energy singlet transition
(HOMO-LUMO) 9a′ f 4a′′ at 6.41 eV (193.4 nm), about 0.5
eV higher than the corresponding HOMO-LUMO transition
of formic acid. As can be seen from Figure 3, this excitation
corresponds to a nCl f π* (C-Cl) mixed with a nO(1) f π*OCO

and nO(2) f π*OCO-type transition within the OdC-O frame-
work. The location of the AO contributions of chlorine and both
oxygen centers in the LUMO is perpendicular to their alignment
in the HOMO. Consequently, this transition is a weak one with
a calculated oscillator strength off ) 0.0007 similar to the
lowest-lying transition of formic acid.

The second low-lying transition is computed at 7.66 eV (161.9
nm) with an oscillator strength off ) 0.03. As can be seen
from Figure 3, this 9a′ f 10a′ excitation is also valence type,
in line with a singlet-triplet splitting of 0.35 eV. It can be
characterized as a nCl f σ* (C-Cl) and a nO(2) f σ* (OH)-type
transition. The antibonding character between carbon and
chlorine of the LUMO+1 combined with the oscillator strength
of f ) 0.03 indicates that this excited state is repulsive for C-Cl

splitting, leading to a dissociation of chloroformic acid. Because
this transition is dominated by the nCl f σ* (C-Cl), there is no
analogue in the spectrum of formic acid.

The excited 31A′ state is computed at 8.36 eV (148.3 nm)
and corresponds to the strongπ(CdO) f π* (CdO) transition. For
the similar excitation in the electronic spectrum of formic acid,
both Fridh13 and Ari et al.15 measured 8.4 eV. The calculated
oscillator strength off ) 0.1 as well as the singlet-triplet
splitting of 0.4 eV meet the expected values for this kind of
valence transition.

The following excitation 3a′′ (HOMO-1) f 10a′ (LU-
MO+1) is calculated at 8.29 eV (149.6 nm) erroneously 0.07
eV below 3a′′ f 4a′′ (LUMO). This small difference might
serve as an indication for the error margin of the present
calculation, which is well below 0.3 eV. Despite this small error
margin of the present calculation, future experimental measure-
ments might result in a larger energy range due to the broadness
of this peak, which is known for the corresponding transition
of formic acid. This 3a′′ f 10a′ transition corresponds to a nCl

f σ* (C-Cl)-type excitation and possesses a rather weak oscillator
strength off ) 0.0003, which can be understood from Figure
3, because the MOs 3a′′ and 10a′ fall into perpendicular planes.

The HOMO-2 8a′, which is involved in the following
transitions, consists of lone pairs located at the chlorine (nCl)
and both oxygen centers (nO(1) and nO(2)). The lone pairs nCl

and nO(2) in the 8a′ MO are of pz character, whereas those in
the HOMO 9a′ are of py character. The excitations into the

Figure 4. A comparison of the calculated electronic spectrum of formic acid HCOOH and chloroformic acid ClCOOH.
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LUMO 4a′′ (nCl f π* (C-Cl)) at 8.38 eV (148.0 nm) and the
LUMO+1 10a′ (nCl f σ* (C-Cl)) at 8.49 eV (146.0 nm) are
somewhat stronger than the corresponding transitions out of the
HOMO 9a′. Additionally, a n(O2) f σ* (O-H) transition contrib-
utes to the 8a′ f 10a′ excitation, leading together with the nCl

f σ* (C-Cl) system to an calculated oscillator strength off )
0.1.

A further valence transition is computed at 9.25 eV (134.0
nm) with a weak oscillator strength off ) 0.0002. This 2a′′ f
10a′ excitation can be characterized as aπ(C-Cl) f σ* (C-Cl)

transition as can be seen from Figure 3.
Excitations into higher virtual orbitals, that is, 11a′ and 12a′,

can be assigned as Rydberg-type transitions. The 9a′ f 11a′
excitation calculated at 9.00 eV (137.8 nm) can be characterized
as originating from the nCl, nO(1), and nO(2) AO contributions of
the HOMO 9a′ into the s-type Rydberg MO 11a′ (see Figure
3). A similar s-type Rydberg transition of formic acid is
computed at 7.80 eV. The rather large oscillator strength off
) 0.06 is caused by a multireference nature of this excited
state: besides 9a′ f 11a′ (c2 ) 0.42), also the strong valence
transition 8a′ f 10a′ contributes remarkably (c2 ) 0.11). The
same is found for the second Rydberg-type transition originating
from the HOMO, which is calculated at 9.44 eV (131.2 nm). A
mixing of the leading configuration 9a′ f 12a′ (Rydberg-type)
with the valence excitations 8a′ f 10a′ and 3a′′ f 4a′′ leads to
an oscillator strength off ) 0.12. As can be seen from Figure
3, the transition 9a′ f 12a′ can be characterized as an excitation
from the nCl in the HOMO into a p-type Rydberg MO 12a′.

The second excitation into the s-type Rydberg MO 11a′ is
originating from the HOMO-1 (3a′′). Its value is calculated at
9.30 eV (133.3 nm) energetically close to the valence state 4
A′′. A strong mixing of the configuration of this valence state
(4 A′′) with the configuration of the Rydberg transition (3a′′ f
11a′) causes the large singlet-triplet splitting of almost 0.5 eV.

An importantπ f π*-type transition is computed at 8.98
eV (138.1 nm) employing the smaller cc-pVDZ basis set without
Rydberg functions. Its large oscillator strength off ) 0.28 can
be understood because this excitation can be characterized as
π(C-Cl) f π* (C-Cl) andπ(CdO) f π* (CdO) type (see Figure 3).
Because of the large number of Rydberg states in the energy
range around 9 eV, thisπ f π*-type excitation is not selected
within the lowest 8 roots when employing the cc-pVDZ+SPD
basis set. The corresponding triplet state is selected because it
is calculated rather low in energy at 6.85 eV. Again, this large
singlet-triplet splitting underlines the valence nature of this
state. Leach et al.12 assigned the correspondingπ(CdO) f π*
transition in the experimental electronic spectrum of formic acid
at 8.92 eV.

Figure 4 shows a sketch to compare the calculated electronic
absorption spectra of formic acid and chloroformic acid. The
electronic spectrum of formic acid is dominated by a valence
transition at 8.8 eV (140 nm) (2a′′ f 3a′′) and the Rydberg-
type transition (7a′ f 9a′) at 8.4 eV (147 nm). As can be seen,
the spectrum of chloroformic acid is more complex. As a
consequence, the best possibility to differentiate between the
two acids by important transitions in their electronic absorption
spectra is to look at the energy window below 8 eV (155 nm),
because there can be observed only a weak absorption band of
formic acid originating from Rydberg transitions, whereas a
strong valence-type excitation can be expected in the spectrum
of chloroformic acid at 7.7 eV (161 nm). Further important
transitions in the spectrum of chloroformic acid are predicted
at 8.4 (148 nm), 8.5 (146 nm), 9.0 (138 nm), and 9.4 eV (131
nm). In a mixture of both acids, these states of ClCOOH

probably will be difficult to differentiate from transitions in the
spectrum of formic acid because published spectra of formic
acid12,13,23are known to be quite complex above 8 eV due to
the considerable number of Rydberg-type transitions.

4. Summary and Conclusions

We employed multireference configuration interaction (MRD-
CI) calculations to compute the electronic spectra of chloro-
formic and formic acid. Our results presently obtained for formic
acid are in reasonable agreement with prior calculations13,14,27-29

and experimental measurements.12,13,15,16,22Below 9 eV, we
confirm two valence-type transitions: the first one is the lowest
energy singlet-singlet transition (HOMO-LUMO) 7a′ f 3a′′
presently computed at 5.88 eV (210.9 nm), while the second is
2a′′ f 3a′′ (HOMO-1 into the LUMO) calculated at 8.83 eV
(140.4 nm). These excitations correspond to nO(1,2) f π*OCO

andπCdO(1) f π*, respectively, in line withf-values of 0.002
and 0.2.

The substitution of hydrogen by chlorine leads to additional
electronic transitions in the yet to be observed spectrum of
ClCOOH. The lowest energy singlet transition (HOMO-
LUMO) is calculated at 6.41 eV (193.4 nm), about 0.5 eV higher
than the corresponding HOMO-LUMO transition of formic
acid. Besides nO(1,2) f π*OCO, this excitation corresponds to a
nCl f π* (C-Cl). Further valence-type transitions are computed
at 7.66 eV (161.9 nm; nCl f σ* (C-Cl) and nO(2) f σ* (OH)), 8.29
eV (149.6 nm, nCl f σ* (C-Cl)), 8.36 eV (148.3 nm,π f π* (Cd

O)), 8.38 eV (148.0 nm, nCl f π * (C-Cl)), 8.49 eV (146.0 nm,
nCl f σ* (C-Cl)), and 9.25 eV (134.0,π f σ* (C-Cl)). The π f
π* (C-Cl, CdO) excitation is computed around 8.98 eV (138.1 nm).
In the energy rage between 9 and 9.5 eV, we obtain a number
of states, 5 A′ (9.0 eV), 6 A′ (9.3 eV), and 8 A′ (9.44 eV), with
a mixing of Rydberg and valence character.

Considering a mixture of both acids, the states of ClCOOH
above 8 eV (155 nm) will probably be difficult to differentiate
from transitions in the spectrum of formic acid. Consequently,
the best possibility to differentiate between the two acids by
important transitions in their electronic absorption spectra is to
look at the energy window below 8 eV (155 nm). In this energy
range, there can be observed only a weak absorption band of
formic acid originating from Rydberg transitions, whereas a
strong valence-type excitation is predicted in the spectrum of
chloroformic acid at 7.7 eV (161 nm).
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