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Electronic structures of trans- and cis-dichloroethylenes and tetrachloroethylene were studied using
symmetry-adapted cluster configuration interaction theory. Basis sets up to the aug-cc-pVTZ of
Dunning, Jr., augmented with appropriate Rydberg functions were used for the calculations. The
results derived in the present study show good agreement with the available experimental values. In
all cases, the main bright excitation was the �→�� transition. The other vertical excitations,
�→��, n→��, and n→��, which have not been studied before, were also investigated. First
Rydberg series involving transitions from the � orbitals to one 3s, three 3p, and five 3d orbitals
were identified clearly. Several new assignments and reassignments of features in the experimental
spectra were suggested. Contrary to earlier prediction, two n-�� states, along with a �-�� state in the
dichloroethylenes, were calculated to be located above the main �-�� state. Accordingly, crossing
between both the n-�� states with the bright �-�� state is highly likely, unlike conclusions made in
the earlier studies. This indicates that the photodissociation mechanism proposed by the earlier
calculations warrants revision. Several low-lying triplet excited states were also studied. Electronic
spectra of trans-1-chloro-2-fluoroethylene and cis-1-chloro-2-fluoroethylene were also calculated.
The �→�� transitions of these haloethylenes are compared and interpreted in terms of the inductive
and resonance effects. © 2008 American Institute of Physics. �DOI: 10.1063/1.3002911�

I. INTRODUCTION

Chloroethylenes are atmospheric pollutants that have
many adverse effects on humans, including cancer. Thus, it is
important to know the spectroscopic properties and the pho-
tochemistry of these pollutants. The vacuum ultraviolet ab-
sorption spectra of ethylene and its halogen derivatives have
long been of interest, since a variety of excitations have
been observed. There have been many experimental
studies aimed at understanding the electronic structures of
chloroethylenes.1–20 Robin21,22 reviewed the electronic spec-
tra of haloethylenes, including chloroethylenes, but a clear
picture about the electronic transitions in the chloroethylenes
is yet to emerge not only because the assignments and prop-
erties of the electronic states involved in the transitions are
ambiguous but because even some of the fundamental tran-
sitions have not been found yet. For example, the Rydberg
�→3s transition was seen only in vinyl chloride and in tet-
rachloroethylene, although this �→3s transition is allowed
in all the chloroethylenes because of the nature of their sym-
metries. One reason that this transition was not observed
might be that since the main peak, i.e., �→�� band, in the

experimental spectra is broad for chloroethylenes, these �
→3s transitions are probably superimposed by the �-��

bands.14

Some inconsistent and speculative assignments were
made in past studies. For example, a study by Walsh2

claimed that the origin of the �→3s band in the spectrum of
tetrachloroethylene was below 6.20 eV, whereas Goto5

showed the �→3s band beginning at 6.58 eV. Robin21 ten-
tatively concluded that the band in Walsh’s2 spectrum might
be an impurity band and assumed that Goto’s5 result was
correct, pending confirmation of the spectrum. So, the �
→3s transition in tetrachloroethylene is ill defined. The n-��

states through which chloroethylenes are supposed to disso-
ciate were not identified for many chloroethylenes. In several
spectra of chloroethylenes, there is an unexpected band on
the low-frequency wing of the �→�� excitation, most easily
seen at 6.01 eV in trans-dichloroethylene and at 5.39 eV in
tetrachloroethylene. These bands were roughly assigned to
�-�� bands.22 A recent report23 based on the experimental
study on dichloroethylenes loosely referred to the �→��

band as the �→�� state due to lack of clear evidence for
individual transitions in the absorption spectra, although
there is more than one transition under this band. Likewise,
the next higher energy band was referred to as the n-�� state,
although it contains two singlet and two triplet states.23 In a
nutshell, it is apparent that the assignments and properties of
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the electronic states involved in the transitions in chloroeth-
ylenes are not clear.

The photodissociation of chloroethylenes has received
much attention in the field of photochemistry for obvious
reasons.20,24–34 Possible photochemical activities include
isomerization, Cl atom detachment, HCl elimination, and
molecular Cl2 elimination. Although the photochemistry of
the chloroethylenes in the wavelength region around 200 nm
has been extensively studied through experiments, the details
of the reaction mechanisms are still poorly understood �that
is, except for vinyl chloride, for which a clear picture is
established regarding its photodissociation. There are two
main dissociation pathways: one is the transition to the dis-
sociative n-�� state from the initially excited �-�� state re-
sulting from level crossing, which gives higher energy Cl
fragments, and the other is the internal conversion to the
�-�� state or ground state �see Ref. 35 and the citations
therein�.�. This is because in this energy region a variety of
electronic transitions, including the valence and Rydberg
transitions, exist. Through a few low-level calculations, some
approximate conclusions were made in the past regarding the
dissociation mechanisms in chloroethylenes, especially on Cl
atom detachment. The most referred photodissociation study
on chloroethylenes is the photofragment translational study
by Umemoto et al.27 Their experimental results showed that
there are two Cl detachment channels in dichloroethylenes
and, according to their simple ab initio calculations with the
4-31 G basis set, dichloroethylenes possess two n-�� states
near the �-�� state.27 The second n-�� state, similar in na-
ture to the n-�� state of vinyl chloride, is located above the
�-�� state. Accordingly, this dissociative n-�� state crosses
the bright �-�� state, which leads to fast C–Cl bond disso-
ciation. Since the first n-�� state is always well below the
�-�� state,27 potential crossing between these two states is
not expected. Therefore, according to their calculations, pre-
dissociation from the �-�� state to the first n-�� state is not
likely to occur. It should be noticed here, on the other hand,
that the calculated transitions by Kato et al.,36 in order of
increasing energy, are �-��, �-��, n-��.

The second Cl detachment channel in the dichloroethyl-
enes has been explained in the following way. In trans-
dichloroethylene, the second �-�� state, according to the cal-
culations by Umemoto et al.,27 is located below the lower
n-�� state. It has been proposed that the vibrationally excited
levels of the �-�� state may play the role of intermediate
states for the transition to the first n-�� state. Their assump-
tion was that the �-�� state is a bound state. Thus, the low-
energy Cl fragments observed in their study are considered
to originate from this first n-�� state. All of these tentative
conclusions were drawn from the results obtained in their
calculations using the 4-31 G basis set. Mo et al.29 also pro-
posed dissociation mechanisms in chloroethylenes based on
the results obtained by Umemoto et al.27 by considering that
the first n-�� state is located below the main �-�� state and
the first excited state S1 ��-�� or other� is a bound state.
However, it is obvious that the reliability of the results ob-
tained in these low-level calculations can be in doubt. If the
situation was different, i.e., if the locations of these excited
states were different, then the whole mechanism proposed

for the photodissociation of the chloroethylenes could be-
come void. Note that it has already been proved using high-
level ab initio calculations35,37,38 that the �-�� state of vinyl
chloride is a repulsive state, contrary to the conclusions
made by Umemoto et al.27 Note also that the singlet n-��

states may also have a role in the photochemistry of chloro-
ethylenes; however, the location of these states has not been
identified completely, so it is necessary to know the accurate
electronic structure of these chloroethylenes to understand
their photodissociation mechanisms.

It is important to know not only the singlet states but
also the triplet excitations in the chloroethylenes since a few
earlier studies supported that chloroethylenes, especially
dichloroethylenes, dissociate through their triplet
states.24,26,28 No high-level theoretical studies were made in
the past on chloroethylenes except the studies on vinyl
chloride.

The foregoing facts necessitated the present high-level
electronic structure calculations on chloroethylenes. In con-
tinuation of our previous studies on haloethylenes,35,39 in the
present investigation we studied the electronic spectra of
trans- and cis-dichloroethylenes and tetrachloroethylene
using the symmetry-adapted cluster40/configuration
interaction41–43 �SAC-CI� theory. The purpose of the present
study was to obtain the electronic spectra of these two
dichloroethylenes and tetrachloroethylene and to assign their
valence as well as their Rydberg transitions, and this includes
both singlet and triplet excitations.

II. COMPUTATIONAL DETAILS

All computations were performed with the GAUSSIAN03

suite of programs.44 The vertical absorption spectra were ob-
tained using the SAC-CI singles and doubles �SD�-R method
with LevelThree accuracy utilizing the valence triple-zeta
basis set of Dunning, Jr. without d polarization function for
H atoms, hereafter cc-pVTZ�−d�, and the augmented valence
triple-zeta basis sets, aug-cc-pVTZ, of Dunning, Jr. for all
other atoms.45 These basis sets were duly augmented with
two sets of Rydberg spd functions for carbon ��s=0.0437 and
0.017 25, �p=0.0399 and 0.015 75, and �d=0.0285 and
0.011 25�, two sets for chlorine ��s=0.0475 and 0.018 75,
�p=0.0380 and 0.0150, and �d=0.0285 and 0.011 25�, and
two sets for fluorine ��s=0.0684 and 0.0270, �p=0.0551 and
0.021 75, and �d=0.0285 and 0.011 25�. This basis set com-
bination provided accurate results on previous occasions.35,39

In all of the cases, the electronic spectra include possible
singlet valence excitations, as well as the first Rydberg series
involving transitions from the highest occupied molecular
orbital, obviously � orbitals in the present case, to Rydberg
3s �one�, 3p �three�, and 3d �five� orbitals. Several low-lying
triplet excitations were also studied. For convenience,
throughout the paper we use “�” and “�” to denote in-plane
and out-of-plane Rydberg orbitals �np and nd�, respectively,
whereas �� refers to C=C �� orbitals and �� belongs to the
C–Cl bond. Vertical excitation energies for all the selected
haloethylenes were obtained at their respective experimental
geometries taken from the literature.
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III. RESULTS AND DISCUSSIONS

The chlorine atom has two nonbonding orbitals n, one in
plane and the other out of plane. However, the selected chlo-
roethylenes have two or more chlorine atoms, and because of
the interactions between the chlorine atoms, the nonbonding
orbitals split into more orbitals. For example, in dichloroet-
hylene, the n orbitals spilt into four orbitals and in tetrachlo-
roethylene these split into eight. Pictorial representations of
some of these orbitals involved in the excitations studied in
the present study and other important �� antibonding orbitals
and their notations �n−, n+, n�, �−

�, �+
�, and �0

�� used in the
report are given in the EPAPS file.46

A. trans-dichloroethylene

Electronic-state calculations for the trans-
dichloroethylene were made within C2h symmetry, with the
molecule placed in the xy plane. Table I shows the vertical
excitation energies and oscillator strengths obtained using
the SAC-CI theory with the available experimental values.

As expected, there are many excited states within the 9
eV range. Unlike the situation with the fluoroethylene
counterpart,39 many transitions can be seen from the non-
bonding chlorine n orbitals because the chlorine atom is less
electronegative than the fluorine atom. The main excitation is
the �→�� transition at 6.49 eV with an oscillator strength of
0.34. An oscillator strength of around 0.4 is expected for
chloroethylenes.14 The calculated �→�� excitation energy
agrees excellently with the experimental values. A peak at
6.01 eV was assumed to be due to the �-�� state,22 and our
results support that assumption. All other calculated values
agree well with the available experimental values. A peak at

8.23 eV observed in an earlier experimental study was as-
sumed to be due to either the Rydberg �-3d� or n-3s state.19

The present study supports the assignment of the former
state. All of the Rydberg states were identified, including the
�-3s state, which has not been seen before in this chloroet-
hylene. As mentioned in Sec. I, the calculations by Umemoto
et al.27 found that two �-�� states and one n-�� state are
located below the main �-�� state and, accordingly, they
proposed the dissociation mechanisms in the dichloroethyl-
enes. In fact, a few other studies later also proposed the
photodissociation mechanisms based on the calculated re-
sults of Umemoto et al.27 However, the high-level calcula-
tions in the present study show a different scenario, in which
only one �-�� state exists below the bright �-�� state and,
contrary to the earlier prediction,27 the first n-�� state was
also calculated to be located above the main �-�� state.
Thus, unlike previous conclusions, predissociation �Cl de-
tachment� from the excited �-�� state to the first n-�� state
is also possible. Hence, transition to both the dissociative
n-�� states from the initially excited �-�� state due to level
crossing is likely, which can ultimately give Cl fragments.
Although the aim of the present study was not to propose a
dissociation mechanism, the results obtained in this study
indeed reveal that reliable excitation energies are important
for understanding the photochemistry of the chloroethylenes.
The study reveals clearly that the existing proposed photo-
dissociation schemes should be revised.

B. cis-dichloroethylene

The cis-dichloroethylene has C2v symmetry and the
electronic-state calculations were performed within this sym-

TABLE I. Low-lying singlet excited states of trans-dichloroethylene obtained using SAC-CI at experimental
geometry �Ref. 47� �excitation energies ��E�, oscillator strengths �f�, and second moments ��r2���.

State Nature

SAC-CI

Expt.�E �eV� f �r2�

1 1Ag Ground state 680.1
1 1Bg �-�−

� 6.25 ¯ 692.5 6.01a

1 1Bu �-�� 6.49 0.3440 681.9 6.35,b 6.36,c 6.58,d 6.26,e 6.28f

1 1Au �-3s 6.66 0.0000 709.4
2 1Bg �-3p�y 7.18 ¯ 724.8 7.44g

2 1Au �-3d� /�-�+
� 7.44 0.0001 724.0

2 1Ag �-3p� 7.55 ¯ 743.8 7.40g

3 1Bg �-3p�x 7.72 ¯ 750.8 7.51g

4 1Bg n−-�� 7.85 ¯ 676.9
3 1Au n+-�� /�-3d� 8.09 0.0038 721.7 8.13g

4 1Au n+-�� /�-3d� 8.13 0.0009 728.2 8.13g

2 1Bu n−-�−
� 8.22 0.0073 690.5

3 1Bu �-3d� 8.29 0.0351 803.1 8.11,e 8.14g

5 1Au �-3d� 8.30 0.0003 816.0 8.21g

3 1Ag n+-�−
� 8.34 ¯ 690.6

4 1Bu �-3d� 8.41 0.0149 823.6 8.23g

5 1Ag n−-3s 8.89 ¯ 731.0
5 1Bu n+-3s 9.06 0.1048 725.3

aReference 22.
bReference 17.
cReference 2.
dReference 14.

eReference 8.
fReference 4.
gReference 19.
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metry with the molecule placed in the yz plane, where the y
axis is the molecular axis. The calculated results were sum-
marized in Table II with the available experimental values.

Table II reveals that the excitation energy calculated for
the �-�� state has around 0.3 eV difference with that of the
experimental value, but by considering that it is not easy to
get excellent agreement between the theoretical and experi-
mental values for the �→�� transitions in the ethylenic
molecules,20,35,39 the difference of about 0.3 eV obtained in
the present study is acceptable. The oscillator strength de-
rived for the main �→�� transition in cis-dichloroethylene
was larger than that in the trans counterpart because of the
delocalization of the � and �� molecular orbitals over the
chlorine 3p� orbital. The calculated values for the other
transitions agree well with the experimental values. One
should remember that the experimental values for the
�→3p transitions seen in the table are adiabatic ones.21

Also, some of the transitions in the experimental study have
overlapping features.19 A band found at 8.16 eV in earlier
experimental studies was suggested to be either a �-4s or a
�-3d state.9,48 Later, through resonance-enhanced multipho-
ton ionization spectroscopic studies, Williams and Cool19 re-
vealed that this transition was contributed by a closely lo-
cated triplet band origin rather than a single origin, as
suggested by earlier studies. Polarization measurements
showed that two of these are totally symmetric and the re-
maining one was nonsymmetric. Williams and Cool19 sug-
gested that one of the symmetric peaks might be due to the
n→3s transition and the remaining two are due to one sym-
metric and one nonsymmetric �→3d transitions. Although a
similar kind of closely located transition was noticed, the
present study seems not to support the assignment of the
n→3s transition, but the results obtained here agree well

with the other two assignments, �→3d. Again, unlike the
findings of Umemoto et al.,27 only one �-�� state exists
below the main �-�� state. As in the case of trans-
dichloroethylene, both the n-�� states are located above the
�-�� state, which is again different from the earlier predic-
tion.

C. Tetrachloroethylene

Tetrachloroethylene has D2h symmetry. All of the calcu-
lations were done keeping this symmetry, with the molecule
placed in the yz plane, where the z axis is the molecular axis.
The calculated excitation energies along with the available
experimental values were tabulated in Table III.

The main transition is the �→�� excitation. The calcu-
lated value, 6.41 eV, for the �-�� state agrees well with the
experimental values. A few tentative assignments were made
in the experimental studies and for most of the cases, our
results support those previous assignments. As mentioned
earlier, the �→3s transition in tetrachloroethylene was ill
defined in earlier experimental studies; one report2 concluded
that a peak of this �→3s Rydberg transition is around 6.2
eV and another21 suggested that it should be around 6.58 eV.
The present study supports the latter assignment. The exis-
tence of a valence transition at 7.68 eV in the experimental
spectrum2,7 was tentatively assigned due to the n�→��

transition.15 The results obtained in the present study seem,
however, not to support that assignment. On the other hand,
the study supports the earlier assignment for the n-�� state at
7.67 eV.22 As it is seen in both dichloroethylenes, at least one
of the n-�� states is located below the dissociative n-�� state.
It is interesting to note that, unlike in the dichloroethylenes,
all of the �-�� states were located below the main �-��

TABLE II. Low-lying singlet excited states of cis-dichloroethylene obtained using SAC-CI at experimental
geometry �Ref. 47� �excitation energies ��E�, oscillator strengths �f�, and second moments ��r2���.

State Nature

SAC-CI

Expt.�E �eV� f �r2�

1 1A1 Ground state 521.1
1 1B1 �-�−

� 6.45 0.0001 536.7
2 1B1 �-3s 6.71 0.0028 566.6
1 1B2 �-�� 6.93 0.4176 528.0 6.60,b 6.53,c 6.52d

1 1A2 �-�+
� /�-3p�y 7.48 ¯ 570.8 7.33a,e

3 1B1 �-3p�z 7.61 0.0087 571.8 7.41 �or� 7.56a,e,f

2 1A1 �-3p� 7.67 0.0163 593.0 7.41 �or� 7.56a,e,f

2 1A2 �-3p�y 7.80 ¯ 595.3 7.33,a,e 7.35f

3 1A2 n+-�� 8.04 ¯ 525.6
2 1B2 n−-�−

� 8.24 0.0098 536.4
4 1B1 �-3d� 8.32 0.0094 628.1 8.16f

5 1B1 �-3d� 8.36 0.0051 646.6
3 1A1 n+-�−

� 8.38 0.0031 554.6
3 1B2 �-3d� 8.42 0.0116 656.1 8.16f

4 1A1 �-3d� /np� 8.43 0.0004 622.3 8.16f

4 1A2 �-3d� 8.73 ¯ 718.9
4 1B2 n−-3s 8.79 0.0701 571.8 8.16f

5 1A1 n+-3s /�-np� 9.00 0.0002 611.1 8.22f

aAdiabatic energy.
bReference 17.
cReferences 2 and 14.

dReference 9.
eReference 21.
fReference 19.
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state. Thus, the photodissociation mechanism in tetrachloro-
ethylene is expected to be different from that in the di-
chloroethylenes. One of the n→�� transitions, n�→��, is
seen to have a large oscillator strength, so it is expected that
this n-�� state has a significant role in the photodissociation
of tetrachloroethylene at lower wavelength regions.

The triplet excitation energies calculated for trans- and
cis-dichloroethylenes and tetrachloroethylene are tabulated
in Table IV. In all the three chloroethylene cases, the experi-
mental values are available only for the �→�� triplet exci-
tation. As the table shows clearly, the calculated triplet �-��

excitation energies agree very well with their experimental
values.

D. Chlorofluoroethylenes

We have studied the electronic spectra of various chloro-
and fluoroethylenes, and it would be interesting to examine
the chlorofluoroethylenes, which would give us an opportu-
nity to investigate the effects of two different substituent
halogen atoms on the electronic states of ethylene. Therefore,
in the present investigation we studied the electronic spectra
of two such chlorofluoroethylenes: trans-1-chloro-2-
fluoroethylene and cis-1-chloro-2-fluoroethylene. The singlet
excitation energies with oscillator strengths obtained for
these two chlorofluoroethylenes using SAC-CI calculations
are tabulated in Tables V and VI along with the available
experimental values.

Table V shows the results derived for trans-1-chloro-2-
fluoroethylene. It should be noted that all of the n orbitals
mentioned here belong to the Cl nonbonding orbitals and the
�� orbitals are like those in dichloroethylenes, but the C–Cl
bond domination is high. The main excitation once again is
the �→�� transition. The value calculated for this bright
�-�� state, 6.94 eV, agrees excellently with the experimental
value of 6.9 eV. This good agreement between the calculated
and the experimental values also continues in the remaining
states. In the experimental study,51 the �→3s transition is
estimated to be near 6.9 eV by extrapolating the experimen-
tal data and it was assumed that this �-3s state is buried
under the broad �→�� band. The present study strongly
supports those conclusions.

The results obtained for cis-1-chloro-2-fluoroethylene
are summarized in Table VI. As in the case of trans-
chlorofluoroethylene, all of the calculated values agree well
with the experimental values. Once again, the extrapolated
value for the �→3s transition is supported by the calculated
value.

E. The �\�� transition

The main excitation in all of the studied haloethylenes
was the �→�� excitation. Analysis of the results derived for
this main transition in the haloethylenes would reveal some
interesting facts. The calculated �-�� excitation energies for
the dihalogenated ethylenes and for ethylene are summarized
in Table VII. All of the values presented in this table were

TABLE III. Low-lying singlet excited states of tetrachloroethylene obtained using SAC-CI at experimental
geometry �Ref. 49� �excitation energies ��E�, oscillator strengths �f�, and second moments ��r2���.

State Nature

SAC-CI

Expt.�E �eV� f �r2�

1 1Ag Ground state 1285.1
1 1B1g �-�+

� 5.76 ¯ 1291.1 5.39b

1 1B3u �-�0
� 6.30 0.0004 1299.5

1 1B2g �-�−
� 6.33 ¯ 1296.7

1 1B1u �-�� 6.41 0.4973 1284.8 6.21,c 6.30,d 6.20,e 6.24,f 6.25g

2 1B3u �-3s 6.72 0.0171 1312.4 6.25,h 6.58a,d

2 1B1g n−-�� 7.28 ¯ 1280.9
2 1Ag �-3p� 7.50 ¯ 1356.7 7.21i

3 1B1g �-3p�y 7.65 ¯ 1385.6 7.24i

2 1B2g �-3p�z 7.66 ¯ 1384.3 7.32i

1 1B3g n−-�0
� 7.91 ¯ 1292.7

1 1B2u n−-�−
� 7.94 0.0092 1292.1 7.67,b 7.68j

3 1B3u �-3d� 7.99 0.0025 1404.3
1 1Au �-3d� 8.02 ¯ 1411.1
2 1B1u n−-�+

� 8.08 0.0018 1295.0
2 1B2u �-3d� 8.13 0.0171 1423.7
3 1B1u �-3d� 8.17 0.0002 1432.1
4 1B3u �-3d� 8.21 0.0005 1450.2
3 1B2u n�-�� 8.44 0.1785 1283.5
3 1B3g n−-3s 8.68 ¯ 1321.4
5 1Ag n+-�+

� 9.14 ¯ 1296.6

aAdiabatic energy.
bReference 22.
cReference 17.
dReference 21.
eReferences 14 and 15.

fReferences 2 and 7.
gReference 5.
hReference 16.
iReference 18.
jReference 15.
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calculated at the same level of theory. There are two domi-
nating effects due to the halogen substitution in the present
case; one is the stabilizing inductive effect due to the elec-
tronegative halogen atoms and the other is the destabilizing
resonance or repulsive effect due to the interaction between
the vinyl group and the nonbonding orbitals of the halogen
atoms. In the case of fluoroethylenes, because of the
perfluoro effect,52 i.e., the selective stabilization of the � or-
bitals and the insensitivity of the � orbitals, the �→�� ex-
citation energies are more or less the same as in ethylene.39

That is, the stabilizing inductive effect is countered by the
destabilizing repulsive effect in fluoroethylenes. In the case

of chlorinated ethylenes, however, the repulsive resonance
interaction dominates the stabilizing inductive effect because
of the small separation between the � orbital of the vinyl
group and the nonbonding orbitals of chlorine atoms. This
antibonding combination between these � and n orbitals de-
stabilizes the � orbitals. For the unoccupied �� orbitals, the
resonance interaction should be less important because of the
high-energy difference between the interacting orbitals. That
means that the inductive effect dominates on �� orbitals. For
these reasons, the �-�� excitation energy in chloroethylenes
must be smaller than that in ethylene. The �-�� excitation
energies in the chlorofluoroethylenes should be in between

TABLE IV. Low-lying triplet excited states of trans- and cis-dichloroethylenes and tetrachloroethylene obtained
using SAC-CI at their respective experimental geometries. Excitation energies ��E� are in eV �values in the
parentheses are the experimental values taken from Ref. 17�.

trans-dichloroethylenea cis-dichloroethylenea Tetrachloroethyleneb

State Nature �E State Nature �E State Nature �E

1 3Bu �-�� 3.97 1 3B2 �-�� 4.00 1 3B1u �-�� 3.53
�3.84� �3.94� �3.54�

1 3Bg �-�−
� 6.00 1 3B1 �-�−

� 6.07 1 3B1g �-�+
� 5.31

1 3Au �-3s 6.64 2 3B1 �-3s 6.65 1 3B2g �-�−
� 5.92

2 3Bg �-3p�y 7.19 1 3A2 �-�+
� 7.14 1 3B3u �-�0

� 6.04
2 3Au �-3d� 7.29 2 3B2 n−-�−

� 7.52 2 3B3u �-3s 6.67
1 3Ag �-3p� 7.53 3 3B1 �-3p�z 7.53 1 3B3g n−-�0

� 7.22
3 3Bg �-3p�x 7.70 1 3A1 �-3p� 7.61 1 3B2u n−-�−

� 7.48
2 3Bu n−-�−

� 7.72 2 3A2 �-3p�y 7.68 1 3Ag �-3p� 7.48
2 3Ag n+-�−

� 7.80 2 3A1 n+-�−
� 7.69 2 3B1u n−-�+

� 7.57
3 3Au �-3d� 8.08 3 3A1 �-3d� /np� 8.38 2 3B1g �-3p�y 7.60
3 3Bu �-3d� 8.25 3 3B2 �-3d� 8.41 2 3B2g �-3p�z 7.65

3 3A2 �-3d� 8.60 1 3Au �-3d� 7.73
3 3B3u �-3d� 7.98
2 3B2u n�-�� 8.13
3 3B2u �-3d� 8.16
3 3B1u �-3d� 8.17
2 3B3g n−-3s 8.68

aExperimental geometry from Ref. 47.
bExperimental geometry from Ref. 49.

TABLE V. Low-lying singlet excited states of trans-1-chloro-2-fluoroethylene obtained using SAC-CI at
experimental geometry �Ref. 50� �excitation energies ��E�, oscillator strengths �f�, and second moments ��r2��
�n orbital belongs to Cl atom��.

State Nature

SAC-CI

Expt.a�E �eV� f �r2�

1 1A� Ground state 443.5
1 1A� �-�−

� 6.41 0.0048 456.9
2 1A� �-3s 6.90 0.0015 483.7 6.9
2 1A� �-�� 6.94 0.2899 451.3 6.9
3 1A� �-3p�y 7.28 0.0000 491.0
3 1A� �-3p� 7.67 0.0034 508.9 7.58
4 1A� �-3p�x 7.85 0.0117 501.3
5 1A� �-3d� 8.20 0.0016 531.4
4 1A� n-�−

� 8.37 0.0010 454.4 8.5
6 1A� �-3d� 8.38 0.0061 568.8
7 1A� �-3d� 8.42 0.0023 572.8
5 1A� �-3d� 8.47 0.0082 586.2
6 1A� �-3d� 8.56 0.0363 586.6

aReference 51.
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those in fluoro- and chloroethylenes. Our results support all
of these facts clearly. One can notice from Table VII that the
chloroethylenes’ effect slightly dominates the fluoroethyl-
enes’ effect in the chlorofluoroethylenes. As Table VII indi-
cates, in all three combinations, the �-�� excitation energies
obtained for the cis conformers are higher than for their trans
counterparts. This is due to the fact that, in the case of a cis
conformer, both halogen atoms are on the same side, enhanc-
ing the antibonding character of ��, resulting in higher exci-
tation energies.

IV. CONCLUDING REMARKS

The electronic spectra of trans- and cis-
dichloroethylenes and tetrachloroethylene, as well as chlo-
rofluoroethylenes, were studied by using the SAC-CI theory
with the aug-cc-pVTZ basis set of Dunning, Jr., incorporated
with the necessary Rydberg spd functions.

The excitation energies calculated for the vertical as well
as for the Rydberg states agree very well with the available
experimental values in all cases, including for the difficult
�-�� states. The calculated oscillator strengths clearly reveal
that the �-�� state is the optically bright state in all of the
studied chloroethylenes. Through the present study, we can
identify and assign �→��, n→��, and n→�� vertical tran-
sitions that have not been studied before. Some of these

states are expected to be involved in the photodissociation of
these chloroethylenes. Various speculative assignments made
through earlier experimental studies were clarified. Many
Rydberg states, including the �-3s state, which were not
clearly seen before were also studied. Vertical excitations in
two chlorofluoroethylenes were also studied.

Unlike in the earlier studies, all of the dissociative n-��

states in the studied chloroethylenes were calculated to be
located above the optically bright �-�� state. Hence, con-
trary to the earlier conclusions, the predissociation from the
bright �-�� state to all of these n-�� states was highly pos-
sible. In the case of �-�� states, the present study also re-
veals a different scenario about their locations from that seen
in the earlier study. Consequently, the present accurate
ab initio study clearly indicates that the photodissociation
mechanisms in the dichloroethylenes proposed using the ear-
lier calculations warrant a revision.

ACKNOWLEDGMENTS

This study was supported by JST, CREST, and a Grant-
in-Aid for Scientific Research in Priority Areas, “Molecular
Theory for Real Systems,” from the Ministry of Education,
Science, Sports, and Technology of Japan.

1 H. E. Mahncke and W. A. Noyes, Jr., J. Chem. Phys. 3, 536 �1935�.
2 A. D. Walsh, Trans. Faraday Soc. 41, 35 �1945�.
3 J. P. Teegan and A. D. Walsh, Trans. Faraday Soc. 47, 1 �1951�.
4 K. Goto, Sci. Light �Tokyo� 9, 104 �1960�.
5 K. Goto, Sci. Light �Tokyo� 11, 119 �1962�.
6 S. P. Sood and K. Watanabe, J. Chem. Phys. 45, 2913 �1966�.
7 C. M. Humphries, A. D. Walsh, and P. A. Warsop, Trans. Faraday Soc.

63, 513 �1967�.
8 A. D. Walsh and P. A. Warsop, Trans. Faraday Soc. 63, 524 �1967�.
9 A. D. Walsh and P. A. Warsop, Trans. Faraday Soc. 64, 1418 �1968�.

10 A. D. Walsh and P. A. Warsop, Trans. Faraday Soc. 64, 1425 �1968�.
11 A. D. Walsh, P. A. Warsop, and J. A. B. Whiteside, Trans. Faraday Soc.

64, 1432 �1968�.
12 R. F. Lake and H. Thompson, Proc. R. Soc. London, Ser. A 315, 323

�1970�.
13 N. Jonathan, K. Ross, and V. Tomlinson, Int. J. Mass Spectrom. Ion Phys.

4, 51 �1970�.

TABLE VI. Low-lying singlet excited states of cis-1-chloro-2-fluoroethylene obtained using SAC-CI at experi-
mental geometry �Ref. 50� �excitation energies ��E�, oscillator strengths �f�, and second moments ��r2��
�n orbital belongs to Cl atom��.

State Nature

SAC-CI

Expt.a�E �eV� f �r2�

1 1A� Ground state 368.0
1 1A� �-3s /�−

� 6.47 0.0069 389.2
2 1A� �-3s 6.79 0.0058 402.1 6.9
2 1A� �-�� 7.31 0.3762 381.7 7.11
3 1A� �-3p�y 7.54 0.0044 427.7 7.59
3 1A� �-3p� 7.70 0.0349 430.8 7.81
4 1A� �-3p�z 7.80 0.0014 433.2
4 1A� n-�−

� 8.23 0.0056 380.5 8.5
5 1A� �-3d� 8.25 0.0020 458.6
6 1A� �-3d� 8.40 0.0167 478.4
7 1A� �-3d� 8.46 0.0014 500.6
5 1A� �-3d� 8.47 0.0005 496.5
6 1A� �-3d� 8.53 0.0319 500.1

aReference 51.

TABLE VII. �-�� excitation energies ��E� of dihaloethylenes.

Molecule �E �eV�

Ethylene 7.96a

trans-difluoroethylene 7.79b

cis-difluoroethylene 8.12b

trans-dichloroethylene 6.49
cis-dichloroethylene 6.93
trans-1-chloro-2-fluoroethylene 6.94
cis-1-chloro-2-fluoroethylene 7.31

aValues were taken from our earlier reports, Ref. 35.
bValues were taken from our earlier reports, Ref. 39.

174506-7 Electronic transitions in chloroethylenes J. Chem. Phys. 129, 174506 �2008�

Downloaded 29 Jun 2009 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.1749721
http://dx.doi.org/10.1039/tf9454100035
http://dx.doi.org/10.1039/tf9514700001
http://dx.doi.org/10.1063/1.1728045
http://dx.doi.org/10.1039/tf9676300513
http://dx.doi.org/10.1039/tf9676300524
http://dx.doi.org/10.1039/tf9686401418
http://dx.doi.org/10.1039/tf9686401425
http://dx.doi.org/10.1039/tf9686401432
http://dx.doi.org/10.1098/rspa.1970.0046
http://dx.doi.org/10.1016/0020-7381(70)85020-3


14 M. J. Berry, J. Chem. Phys. 61, 3114 �1974�.
15 P. Dauber and M. Brith, Chem. Phys. 11, 143 �1975�.
16 B. A. Heath and M. B. Robin, J. Am. Chem. Soc. 102, 1796 �1980�.
17 C. F. Koerting, K. N. Walzl, and A. Kuppermann, Chem. Phys. Lett. 109,

140 �1984�.
18 B. A. Williams, T. A. Cool, and C. M. Rohlfing, J. Chem. Phys. 93, 1521

�1990�.
19 B. A. Williams and T. A. Cool, J. Phys. Chem. 97, 1270 �1993�.
20 See the citations in the Ref. 35.
21 M. B. Robin, Higher Excited States of Polyatomic Molecules �Academic,

New York, 1975�, Vol. 2, p. 56.
22 M. B. Robin, Higher Excited States of Polyatomic Molecules �Academic,

New York, 1985�, Vol. 3, p. 239.
23 M. Chandra, D. Senapati, M. Tak, and P. K. Das, Chem. Phys. Lett. 430,

32 �2006�.
24 J. A. Warren, G. R. Smith, and W. A. Guillory, J. Photochem. 7, 263

�1977�.
25 T. S. Yuan and M. H. J. Wijnen, J. Photochem. 12, 109 �1980�.
26 M. G. Moss, M. D. Ensminger, and J. D. McDonald, J. Chem. Phys. 74,

6631 �1981�.
27 M. Umemoto, K. Seki, H. Shinohara, U. Nagashima, N. Nishi, M. Ki-

noshita, and R. Shimada, J. Chem. Phys. 83, 1657 �1985�.
28 S. L. Laursen and G. C. Pimentel, J. Phys. Chem. 93, 2328 �1989�.
29 Y. Mo, K. Tonokura, Y. Matsumi, M. Kawasaki, T. Sato, T. Arikawa, P. T.

A. Reilly, Y. Xie, Y-a. Yang, Y. Huang, and R. J. Gordon, J. Chem. Phys.
97, 4815 �1992�.

30 K. Sato, Y. Shihira, S. Tsunashima, H. Umemoto, T. Takayanagi, K.
Furukawa, and S.-i. Ohno, J. Chem. Phys. 99, 1703 �1993�.

31 J. D. Ewbank, J. Y. Luo, J. T. English, R. Liu, W. L. Faust, and L.
Schafer, J. Phys. Chem. 97, 8745 �1993�.

32 T. Suzuki, K. Tonokura, L. S. Bontuyan, and N. Hashimoto, J. Phys.
Chem. 98, 13447 �1994�.

33 G. He, Y. Yang, Y. Huang, S. Hashimoto, and R. J. Gordon, J. Chem.
Phys. 103, 5488 �1995�.

34 K. Sato, S. Tsunashima, T. Takayanagi, G. Fujisawa, and A. Yokoyama,
J. Chem. Phys. 106, 10123 �1997�.

35 S. Arulmozhiraja, R. Fukuda, M. Ehara, and H. Nakatsuji, J. Chem. Phys.
124, 034312 �2006�.

36 H. Kato, K. Hirao, H. Konishi, and T. Yonezawa, Bull. Chem. Soc. Jpn.
44, 2062 �1971�.

37 K. Tonokura, L. B. Daniels, T. Suzuki, and K. Yamashita, J. Phys. Chem.
A 101, 7754 �1997�.

38 J.-L. Chang, J. Chem. Phys. 122, 194321 �2005�.
39 S. Arulmozhiraja, M. Ehara, and H. Nakatsuji, J. Chem. Phys. 126,

044306 �2007�.
40 H. Nakatsuji and K. Hirao, J. Chem. Phys. 68, 2053 �1978�.
41 H. Nakatsuji, Chem. Phys. Lett. 59, 362 �1978�.
42 H. Nakatsuji, Chem. Phys. Lett. 67, 329 �1979�; H. Nakatsuji, ibid. 67,

334 �1979�.
43 H. Nakatsuji, Acta Chim. Hung. 129, 719 �1992�; H. Nakatsuji, Compu-

tational Chemistry—Review of Current Trends �World Scientific, Sin-
gapore, 1997�, Vol. 2, pp. 62–124.

44 M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 03, Revision
B.01, Gaussian, Inc., Pittsburgh, PA, 2003.

45 T. H. Dunning, Jr., J. Chem. Phys. 90, 1007 �1989�; D. E. Woon and T.
H. Dunning, Jr., ibid. 98, 1358 �1993�.

46 See EPAPS Document No. E-JCPSA6-129-002841 for pictorial represen-
tations of some of the orbitals involved in the excitations studied in the
present study and their notations �n–, n+, n�, �

−
*, �

+
*, and �

0
*� used in the

report. For more information on EPAPS, see http://www.aip.org/
pubservs/epaps.html.

47 L. Schafer, J. D. Ewbank, K. Siam, D. W. Paul, and D. L. Monts, J. Mol.
Struct. 145, 135 �1986�.

48 J. W. Hudgens, M. Seaver, and J. J. DeCorpo, J. Phys. Chem. 85, 761
�1981�.

49 T. G. Strand, Acta Chem. Scand. �1947-1973� 21, 2111 �1967�.
50 C. Puzzarini, G. Cazzoli, A. Gambi, and J. Gauss, J. Chem. Phys. 125,

054307 �2006�.
51 G. Tornow, R. Locht, R. Kaufel, H. Baumgartel, and H. W. Jochims,

Chem. Phys. 146, 115 �1990�.
52 C. R. Brundle, M. B. Robin, N. A. Kuebler, and H. Basch, J. Am. Chem.

Soc. 94, 1451 �1972�.

174506-8 Arulmozhiraja, Ehara, and Nakatsuji J. Chem. Phys. 129, 174506 �2008�

Downloaded 29 Jun 2009 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.1682468
http://dx.doi.org/10.1016/0301-0104(75)80047-4
http://dx.doi.org/10.1021/ja00526a006
http://dx.doi.org/10.1016/0009-2614(84)85578-5
http://dx.doi.org/10.1063/1.459130
http://dx.doi.org/10.1021/j100109a006
http://dx.doi.org/10.1016/j.cplett.2006.08.128
http://dx.doi.org/10.1016/0047-2670(77)85004-1
http://dx.doi.org/10.1016/0047-2670(80)85032-5
http://dx.doi.org/10.1063/1.441109
http://dx.doi.org/10.1063/1.449403
http://dx.doi.org/10.1021/j100343a026
http://dx.doi.org/10.1063/1.463836
http://dx.doi.org/10.1063/1.465287
http://dx.doi.org/10.1021/j100136a016
http://dx.doi.org/10.1021/j100102a004
http://dx.doi.org/10.1021/j100102a004
http://dx.doi.org/10.1063/1.470533
http://dx.doi.org/10.1063/1.470533
http://dx.doi.org/10.1063/1.473643
http://dx.doi.org/10.1063/1.2162539
http://dx.doi.org/10.1246/bcsj.44.2062
http://dx.doi.org/10.1021/jp971595w
http://dx.doi.org/10.1021/jp971595w
http://dx.doi.org/10.1063/1.1898208
http://dx.doi.org/10.1063/1.2428296
http://dx.doi.org/10.1063/1.436028
http://dx.doi.org/10.1016/0009-2614(78)89113-1
http://dx.doi.org/10.1016/0009-2614(79)85172-6
http://dx.doi.org/10.1016/0009-2614(79)85173-8
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.464303
http://dx.doi.org/10.1016/0022-2860(86)87037-5
http://dx.doi.org/10.1016/0022-2860(86)87037-5
http://dx.doi.org/10.1021/j150607a008
http://dx.doi.org/10.3891/acta.chem.scand.21-2111
http://dx.doi.org/10.1063/1.2220041
http://dx.doi.org/10.1016/0301-0104(90)90010-7
http://dx.doi.org/10.1021/ja00760a007
http://dx.doi.org/10.1021/ja00760a007

