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Several lowest-lying singlet electronic states of vinyl fluoride, trans-, cis-, and 1,1-difluoroethylene,
trifluoroethylene, and tetrafluoroethylene were investigated by using symmetry-adapted cluster
configuration interaction theory. Basis sets up to Dunning’s aug-cc-pVTZ augmented with
appropriate Rydberg functions were utilized for the calculations. Calculated excitation energies
show a good agreement with the available experimental values. Even in the troublesome 7— 7"
transitions, the excitation energies obtained in the present study agree well with the experimental
values except in one or two fluoroethylenes. Strong mixing between different states was noticed in
a few fluoroethylenes; especially the mixing is very strong between -7 and 7-3p7 states in
trifluoroethylene. No pure 7-0" excited state was found in almost all the fluoroethylenes. Several
assignments and reassignments of features in the experimental spectra were suggested. The present
study does not support the existing argument that the interaction between the 7-7" and o-0 states
is the reason behind the blueshift of around 1.25eV in the =77 excitation energy of
tetrafluoroethylene. Possible reasons, including structural changes, for this shift are discussed in
detail. Several low-lying triplet excited states were also studied. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2428296]

I. INTRODUCTION

Understanding the spectroscopy of haloethylenes is im-
portant for many reasons including for the fact that some of
the haloethylenes are toxic pollutants. For this purpose, there
were many studies in the past, especially experimental ones,
on ﬂuoroethylenes.l_6 However, even after many investiga-
tions by using UV spectroscopic and electron/ion-impact
studies of these gaseous fluoroethylenes, the assignments and
properties of the electronic states involved in the transitions
are not free from ambiguity. For example, the second triplet
state in vinyl fluoride found in an experimental study4 which
is thought to be due to m— 3s Rydberg excitation has been
proposed to be due to 7— o valence excitation.”® However,
a study later did not find any such excitation.’ Only tentative
or speculative assignments regarding m— ¢ excitations in
fluoroethylenes were made in most of the experimental stud-
ies but in some other studies no evidence was found for these
valence-type excitations.

The absorption spectra of all the six fluoroethylenes
were measured by Belanger and Sandorfy.1 They found that
all the transitions of the fluoroethylenes down to 10.33 eV
are either valence-shell or Rydberg transitions of 7 electrons.
Lake and Thompson reported the photoelectron spectra of
vinyl fluoride, 1,1-difluoroethylene, and tetraﬂuoroethylene.2
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The electronic spectra of mono- to trifluoroethylene were
studied by Dauber and Brith.” The existence of the -0
state at lower energy than the -7 state was verified for
cis-difluoroethylene and trifluoroethylene. The 7— o ab-
sorption band was found to be very weak and was observed
clearly in the solid phase and in Kr matrix. In gaseous dif-
luoroethylene, however, it was not observed at all.? Coggiola
et al. investigated the electron-impact excitation spectra of
all the fluoroethylenes. The second singlet— triplet transition
was observed in vinyl fluoride with a maximum intensity at
6.4 eV.* It was very weak in nature. The threshold electron-
impact excitation spectra of vinyl fluoride and 1,1-
difluoroethylene =~ were observed by Verhaart and
Brongersma.5 The UV photoabsorption spectrum and elec-
tron energy loss spectra of tetrafluoroethylene have been re-
ported recently by Eden et al.® They, for the first time, pro-
posed a Rydberg series of ndr character. Robin reviewed the
electronic spectra of haloethylenes including fluoro-
ethylenes.7’8 An important fact is that high-level theoretical
studies, which might help us to assign the transitions and
eventually could help us to understand the electronic spectra,
were not made in the past on the series of fluoroethylenes.
Photodissociation studies on fluoroethylenes were made
in the past.g_18 The fluorinated ethylenes have very interest-
ing chemical properties. One important example is that as the
number of fluorine substitution increases, the double bond
C=C actually becomes weaker; this C=C bond in tet-
rafluoroethylene is weaker than the typical C—C single bond.
Hence, different dissociation channels were found for differ-
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ent fluoroethylenes. These dissociation channels include
atomic H and F eliminations, molecular HF, H,, and F,
eliminations, and C=C bond breaking. In most of the cases,
the existing mechanisms behind the photolysis are either
speculative or not clearly known due to the lack of theoreti-
cal studies. In addition to the expected involvement of vari-
ous singlet states in the photodissociation mechanisms, the
involvement of triplet states in the photolysis and photoi-
somerization of the difluoroethylenes was also evidenced in
a few studies.”"’ Though complete studies on the photo-
chemistry of the fluoroethylenes using theoretical calcula-
tions would explain the photochemical mechanisms fully,
theoretical studies of the electronic spectra of fluoroethylenes
could be a first step in this direction.

Apart from some uncertain assignments and the elec-
tronic state properties, there is an interesting fact about the
fluoroethylenes. The vertical ionization potential (IP) of a 7
electron in the C=C double bond remains very nearly con-
stant in the series from ethylene to tetrafluoroethylene. The o
molecular orbitals (MOs) in the same series, however, are
strongly stabilized on fluorination. This selective stabiliza-
tion of the o MOs is called perfluoro eﬁ’ect.zo From the MO
calculations it has been concluded that the insensitivity of the
m-electron IPs is a consequence of the fact that the fluorina-
tion tends to stabilize the 7 MO due to the high electrone-
gativity of the fluorine atom, but this stabilization is coun-
tered by a strong C-F 7 antibonding contribution which has
the same magnitude as the electronegativity effect. On the
other hand, these two effects work in the same direction for
o MOs. Expectedly, m7— 7" excitation energy is also seen to
remain constant from ethylene to trifluoroethylene, but sur-
prisingly the shift between trifluoroethylene to tetrafluoroet-
hylene is around 1.25 eV blueshift. This is a most interesting
fact on fluoroethylenes. Explanations and counterexplana-
tions were given in the past to support this observation; how-
ever, these explanations have not been tested properly.

For these above-mentioned reasons we studied the elec-
tronic spectra of the complete series of fluoroethylenes, vinyl
fluoride, trans-, cis-, and 1,1-difluoroethylene, trifluoroethyl-
ene, and tetrafluoroethylene by using symmetry-adapted
clusterZI/conﬁguration interaction>>*  (SAC-CI) theory.
High-level theoretical studies were not made in the past on
fluoroethylenes except a recent study on vinyl fluoride.”
Hence studying the electronic spectra of the whole series of
the fluoroethylenes by using high-level theories would pro-
vide a good opportunity to fully understand the electronic
structure of the fluoroethylenes and to draw a conclusion
regarding the effects of fluorine substitution on excited states
of ethylene.

The main focus of the present study is to obtain the
electronic spectra of all the six fluoroethylenes and assign
their valence as well as Rydberg transitions. This includes
both singlet and triplet excitations. Special attention has been
paid to understand the 77— 7" excitation energy shift from
trifluoroethylene to tetrafluoroethylene.

Il. COMPUTATIONAL DETAILS

All computations were performed with GAUSSIANO3 suite
of programs.26 The vertical absorption spectra of all the fluo-
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roethylenes were obtained using SAC-CI singles and doubles
(SD)-R method with LevelThree accuracy utilizing Dun-
ning’s valence triple-zeta basis set without d polarization
function for H atoms, hereafter cc-pVTZ(~d), and Dunning’s
augmented valence triple-zeta basis sets, aug-cc-pVTZ, for C
and F atoms.”” These basis sets were duly augmented with
two sets of Rydberg spd functions for carbon (£,=0.0437 and
0.01725, {,=0.0399 and 0.01575, and {;=0.0285 and
0.011 25) and two sets for fluorine (£,=0.0684 and 0.0270,
£,=0.0551 and 0.021 75, and {,=0.0285 and 0.011 25). This
basis set combination provided excellent results for the exci-
tations in vinyl chloride.?® In all the fluoroethylenes, the
electronic spectra include possible singlet valence excitations
and the first Rydberg series (3R« N) involving transitions
from highest occupied molecular orbital (HOMO), 7 orbitals
in this case, to Rydberg 3s (one), 3p (three), and 3d (five)
orbitals. Several low-lying triplet excitations in all the fluo-
roethylenes were also studied by using the same level of
theory. In all the cases, we use “o” and “7” to denote in-
plane and out-of-plane Rydberg orbitals (np and nd), respec-
tively. Vertical excitation energies for all the fluoroethylenes,
except for the trifluoroethylene, were obtained at their re-
spective experimental geometries found in the literature.
Since the experimental geometry for the trifluoroethylene
available in the literature seems not accurate, the vertical
excitation energies for this fluoroethylene were calculated at
B3LYP/aug-cc-pVTZ optimized geometry.

lll. RESULTS AND DISCUSSIONS
A. Vinyl fluoride

Vinyl fluoride, the first member of the fluoroethylene
family, has C, symmetry and the molecule was placed in the
xy plane for the electronic spectra calculations.

Recently, Barbatti et al” investigated the excited-state
energy surfaces of vinyl fluoride by using multireference
configuration interaction with singles and doubles (MR-
CISD). They also extensively studied the vertical spectrum
of vinyl fluoride, including in total six valence and Rydberg
excited states. They used different extended reference spaces
with large basis sets for their calculations. See their original
paper25 for further computational details. Size-extensivity
corrections were taken into account by means of the ex-
tended Davidson correction. The vertical spectrum was cal-
culated also by means of resolution of the identity approxi-
mation coupled cluster singles and doubles (RI-CC2)
method. So comparing the SAC-CI results obtained for the
vinyl fluoride in the present study with those MRCI and
RI-CC2 results is meaningful and would provide an idea
about the SAC-CI results of fluoroethylenes.

Vertical singlet excitation energies and oscillator
strengths calculated for the vinyl fluoride using SAC-CI
were tabulated in Table I along with the available experimen-
tal and theoretical results. Table I shows that the main exci-
tation in vinyl fluoride is 77— 7 valence excitation. The
excitation energy (7.68 eV) calculated for this transition
agrees very well with the available experimental values (7.45
and 7.50 eV). The MRCI/d’-aug-cc-pVDZ value (7.86 eV)
calculated for the same transition has around 0.4 eV differ-
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TABLE I. Several lowest-lying singlet excited states of vinyl fluoride obtained using SAC-CI at experimental geometry (Ref. 29). Excitation energies (AE),

oscillator strengths (f), and second moments ({(r%)).

SAC-CI Past studies

State Nature AE (eV) f ) MCSCF* MR-CISD* MR-CISD +Q* cc2? Expt.

1A’ G.S. 154.2

1'a” -3s 7.11 0.0549 193.5 5.89 7.15 7.42 7.12 6.98,7.02°
7.04,% 7.08¢

2'a’ w7 7.68 0.3240 170.1 8.33 7.86 7.86 772 7.45.2 7.50°¢

24" m-3po, 7.5 0.0037 204.2 6.49 7.78 8.06 7.74

34" w-3pa, 7.96 0.0027 202.3 6.72 7.98 8.26 7.99

3'A’ m3pm 8.19 0.0281 215.4 6.82 8.17 8.37 8.51 809, 8.08°

44" m-3do 8.50 0.0016 213.8 8.59"

514" m-3do 8.80 0.0110 250.8

6'A" m-3do 8.88 0.0264 253.2 8.87°

4'A’ w-3dr 8.92 0.0146 262.7

5147 w-3dmw 9.12 0.0301 307.1

“Reference 25.
PReference 1.
‘Reference 4.
dReference 5.

ence with the experimental value. Even the inclusion of
Davidson’s size-extensivity correction did not improve the
result. The only value close to the present result is the CC2/
d'-aug-cc-pVDZ value (7.72 V). But the 7-3p7r excitation
energy calculated using the same CC2 level (8.51 eV) has
around 0.4 eV difference with the experimental values (8.08
and 8.09 eV), while the SAC-CIT result (8.19 eV) once again
agrees well with the experimental values. In all the other
transitions too, the SAC-CI results agree very well with the
available experimental results. Foregoing facts reveal clearly
that highly reliable results can be obtained for fluoroethyl-
enes by using SAC-CI theory with the selected basis set.
Importantly, the results derived using SAC-CI are in better
agreement with the experimental values than those derived
using the other theoretical calculations. This gives the confi-
dence that the SAC-CI theory with the selected basis set can
be used to study all the other fluoroethylenes for which high-
level theoretical results are not available.

Table II shows the calculated triplet excitation energies
for the vinyl fluoride with the existing experimental values.
Triplet 7-7" excitation energy calculated using SAC-CI
agrees excellently with the experimental values. Coggiola et
al.* found the second triplet state at 6.4 eV. They suggested
that this might be due to triplet 7-3s Rydberg excitation.
Robin,7’8 however, argued that this transition at 6.4 eV
should not be due to a triplet 7-3s Rydberg excitation be-
cause such an assignment makes the energy difference be-
tween this proposed triplet state and its respective singlet
state around 0.6 eV, whereas 0.12 to 0.25 eV energy differ-
ence is the normal range for Rydberg configurations. So he
assumed that this 6.4 eV triplet has the -0 configuration.
But no excitation at 6.4 eV was found in the study later by
Verhaart and Brongersma.5 They restrained themselves from
making any concrete conclusion regarding this due to their
low resolution measurements; however, since there was
clearly no direct excitation at an energy loss of 6.4 eV for the
impact energies between 6.5 and 9.5 eV, they concluded that

such an excitation is doubtful. The present study firmly re-
veals that there is no triplet excitation at 6.4 eV. So we be-
lieve that the second triplet state found in the earlier study4
might be due to some contaminants. The 7-3s triplet Ryd-
berg excitation energy calculated using SAC-CI (7.03 eV)
agrees well with the experimental values (6.85 and 6.87 eV).

B. trans-, cis-, and 1,1-difluoroethylenes

Electronic-state calculations for  the trans-
difluoroethylene were done within C,;, symmetry, with the
molecule placed in the xy plane. Table III shows the vertical
singlet excitation energies with oscillator strengths calculated
using SAC-CI with the available experimental values. The
excitation energy (7.79 eV) obtained for the 7— 7" transi-
tion, the main excitation with the largest oscillator strength,
agrees well with the experimental values (7.56 and 7.45 eV).
But at the same time, an energy difference of around 0.4 eV
was noticed for the 77— 3s excitation between the SAC-CI

TABLE II. Several lowest-lying triplet excited states of vinyl fluoride ob-
tained using SAC-CI at experimental geometry (Ref. 29). Excitation ener-
gies (AE).

SAC-CI

State Nature AE (eV) Expt.

134’ - 4.39 440, 4.50°
7-3s? (or) m-0'? 6.40°

134" m-3s 7.03 6.85,° 6.87°

234" T-3po, 7.72

334" m-3pa, 7.92

234" w-3pr 8.01

437" m-3do 8.43

534" m-3do 8.77

334" w-3d 8.91

437" w-3dm 9.00

“Reference 4.
PReference 5.
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TABLE III. Several lowest-lying singlet excited states of trans-difluoroethylene obtained using SAC-CI at
experimental geometry (Ref. 30). Excitation energies (AE), oscillator strengths (f), and second moments ({r2)).

SAC-CI
State Nature AE (eV) f ) Expt.
1'A, G.S. 287.9
1'B, 0" 13po, 7.02 303.7
1'a, m-3s 7.40 0.0438 330.1 6.79.% 6.99.° 6.44°
2'B, m-3po, 7.77 333.1 7.88°
1'B, - 7.79 0.3197 299.2 756.% 7.45.° 7.39¢
2'A, w3pm 8.17 350.8 8.25%°
24, w-3do 8.73 0.0261 359.9
3'A, m3do 8.97 0.0037 399.6
4'a, m-3do 9.07 0.0166 423.6
2'B, m-3dm 9.07 0.0006 415.8
3'B, m-3dm 9.20 0.0470 435.5 8.82," 8.80°

“Reference 7.
"Reference 1.
‘Reference 4.

and the experimental values. It should be mentioned here
that for this particular transition, there is no unanimity
among the available experimental values. The 7-3s state has
some moderate oscillator strength while 77— 3p transition is
1« u forbidden for this centrosymmetric fluoroethylene. The
first excited state, m-3po,, has contributions from optically
forbidden 77— o transition. So the excitation obtained at
7.02 eV can be assigned due to the mixing of these two
configurations. Robin’ mentioned that apart from 7— 3s,
m—3p, and m— 7 excitations, a band may present at
7.07 eV in trans-fluoroethylene. He tentatively assigned this
band as due to w— ¢ transition. On the other hand, the
study by Dauber and Brith® did not find any such transition.
The present study supports the assignment of 7— o transi-
tion. Triplet excitation energies calculated for several states
were tabulated in Table IV. Only one experimental value, for
the triplet -7 excitation, is available for comparison. The
energy difference of about 0.2 eV was seen between SAC-CI
and experimental values.

cis-difluoroethylene has C,, symmetry. The electronic
spectrum calculation was done within this symmetry, with
the molecule placed in the yz plane, where the y axis is the

TABLE 1IV. Several lowest-lying triplet excited states of trans-
difluoroethylene obtained using SAC-CI at experimental geometry (Ref.
30). Excitation energies (AE).

SAC-CI
State Nature AE (eV) Expt.
1°B, - 4.40 4.18*
1°B, -0 13po, 6.76
134, m-3s 7.31
2°B, m3po, 7.72
1 3Ag m-3pmT 8.07
234, m3do 8.62
334, m-3do 8.99
2B, m-3dm 9.01
3°B, m-3dm 9.08

“Reference 4.

molecular axis. The calculated results were tabulated in
Table V with the available experimental values. The excita-
tion energy for the -7 state calculated using SAC-CI
agrees with the experimental values—the difference of about
0.3 eV is noticed at the maximum. A valence excitation at
6.84 eV which appeared in an experimental study3 was con-
sidered as an evidence for an earlier assignment to 7— ¢
valence excitation.”® However, it should be noticed that
Dauber and Brith® observed this transition, at 6.84 eV, only
in the solid phase. In gaseous difluoroethylene it was not
observed at all. The present study does not show any excita-
tion near 6.84 eV. On the other hand the 7-3po, state has
some contribution from -0 configuration. Experimental re-
sults show that the -7 excitation energy in cis- is around
0.3 eV larger than that in trans-difluoroethylene. Expectedly,
the same trend was also obtained in the SAC-CI calculations.
The larger 7-7" excitation energy in cis-difluoroethylene is
due to the fact that in this fluoroethylene both fluorine atoms
are in cis position yielding more antibonding character of 7"
which resulted in higher excitation energy. The vertical trip-
let excitation energies obtained for several states of cis-
difluoroethylene were tabulated in Table VI. Again, the
SAC-CI -7 excitation energy (4.55 eV) agrees very well
with the experimental value (4.43 eV).

1,1-difluoroethylene has C,, symmetry so like in cis-
difluoroethylene, all the excitations except the excitations
with A, symmetry are allowed. The molecule was kept in the
yz axis with the z axis as the molecular axis for the calcula-
tions. The calculated vertical singlet excitation energies with
oscillator strengths along with the available experimental
values were summarized in Table VII. The triplet excitation
energies were tabulated in Table VIIIL.

Table VII shows that the SAC-CI values are in good
agreement with the experimental values. The 77" excited
state has some contribution from 7-3p7 configuration. Of
many excited states, the 77-3p state needs special attention.
The oscillator strength calculated for this transition is higher
than those obtained for the respective transitions in other two
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TABLE V. Several lowest-lying singlet excited states of cis-difluoroethylene obtained using SAC-CI at experi-
mental geometry (Ref. 31). Excitation energies (AE), oscillator strengths (f), and second moments ({r7)).

SAC-CI
State Nature AE (eV) f () Expt.

1'A, G.S. 249.9

1'B, m3s 6.68 0.0380 271.3 6.49,*" 6.52°
2'B, m-3po.l o’ 7.37 0.0027 288.3

1'a, m3po, 8.02 318.2

24, w3pm 8.09 0.0111 3143 7.94,*7.82." 8.38°
1'B, - 8.12 0.3825 265.1 7.81,* 7.82%¢
24, m-3do 8.88 S 355.3

4'B, m-3do 8.92 0.0365 366.2

314, w-3dm 8.96 0.0058 363.4

5'B, m3do 8.99 0.0008 376.1

2'B, w-3dm 9.12 0.0591 392.9 8.80, 9.01°

“Reference 7.
"Reference 1.
‘Reference 4.

difluoroethylenes. In fact, this transition is forbidden in the
centrosymmetric difluoroethylene. The larger intensity for
the 7-3p transition in 1,1-difluoroethylene might be due to
its mixing with the strong 7-7" excitation. This must be
possible since both the states have the same symmetry in this
difluoroethylene; however, it is not the case in other two
fluoroethylenes. An interesting point is worth to be noticed
here: Verhaart and Brongersma5 found an excitation at
8.4 eV for this difluoroethylene in their electron-impact
study and they tentatively assigned it as due to 7— o exci-
tation. It is seen in the present study that though the excita-
tion at 8.58 eV is mainly due to 7-3do configuration, the
optically forbidden -0 configuration also mixes with this
configuration. The calculated triplet 77-7" excitation energy
(Table VIII) shows a very good agreement with the experi-
mental values like in the other fluoroethylenes.

C. Trifluoroethylene

Calculations for the trifluoroethylene were done within
C, symmetry, with the molecule placed in the xy plane. The
excitation energies and oscillator strengths obtained using
SAC-CI calculations were summarized in Table IX along
with the available experimental values. The calculations re-

TABLE VI. Several lowest-lying triplet excited states of cis-
difluoroethylene obtained using SAC-CI at experimental geometry (Ref.
31). Excitation energies (AE).

SAC-CI
State Nature AE (eV) Expt.
1°B, - 4.55 4.43*
1°B, m-3s 6.42
2°B, w-3po.lo’ 7.28
134, mT-3pm 7.96
1°4, m3pao, 8.02
234, m3do 8.86
274, m-3dm 8.97
2°B, m-3dm 8.99

“Reference 4.

veal that there are lots of mixing between the states. Since
this molecule has a low symmetry, C,, and different states
exist within a closed energy range, such mixings between the
states are expected. Especially, the mixing between 2 'A” and
31A" states, the states with largest oscillator strengths, is
very strong.

Unlike in the other fluoroethylenes, the excitation energy
value (8.43 eV) calculated for the main transition (77— ",
3 'A’ state) in trifluoroethylene has a considerable difference
with the experimental values (7.61-7.75 eV) obtained for
the strongest absorption peak. Careful analysis reveals that
this state has both 7-7" and 7-3p7 configurations. A small
m-3dar contribution was also found in the 3 'A’ state. The
strong mixing of 7-3p7 configuration with the main 7-7"
configuration might be a possible reason, at least partially,
for the large difference noticed between the calculated and
the experimental values. It should be mentioned here that the
2'A" state with 7.79 eV excitation energy also has both
a1 and 7-3p7 configurations. The calculated second mo-
ments, (r2), for these two states, 3 'A” and 2 'A’, are nearly
equal. Because of the strong mixing, the 2 'A” state also has
a large oscillator strength. It is possible that the near degen-
eracy of the #— 7" and 7— 3p excitations gives the latter
a large intensity through configuration interaction, or it may
be really a part of the -7 band rather than the 7-3pr
excitation band. It should also be noticed here that among all
the fluoroethylenes, the strongest m— 3p excitation is found
in triﬂuoroethylene.1 All these points support our earlier ar-
gument that the mixing between 7-7" and 7-3pm configu-
rations is very strong which could be a partial reason for the
large difference found between the calculated and the experi-
mental values for the main excitation. Apart from this, the
reliability of the experimental values is also a concern which
would be discussed in the next subsection. And, in fact, this
strong mixing makes it difficult to distinguish these two
states clearly.

Table IX shows that the excitation energies obtained for
all other transitions agree well with the experimental values.
Interestingly, the 2 'A” state has a small contribution of 7
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TABLE VII. Several lowest-lying singlet excited states of 1,1-diffuoroethylene obtained using SAC-CI at
experimental geometry (Ref. 32). Excitation energies (AE), oscillator strengths (f), and second moments ({r2)).

SAC-CI
State Nature AE (eV) f ) Expt.
1'A, G.S. 229.9
1'B, m3s 7.05 0.0580 265.1 6.82," 6.74, 6.95,°

6.78°

214, -7 [3par 7.74 0.2470 262.3 7.50,%¢ 7.51,° 7.60°
1'4, m-3po, 8.02 s 290.4
2'B, m3po, 8.06 0.0009 295.9
314, w-3pala*/3dm 8.58 0.1588 2874 8.22,°7.91 8.23°
214, m-3dol o 8.58 e 288.8 8.407
3B, m3do 8.84 0.0023 323.9
1'B, m-3dm 8.93 0.0119 339.2
4'B, m-3do 8.93 0.0431 338.5 8.78,2 9.26°
414, w-3dm/3pm 9.11 0.0404 384.9

“Reference 7.
PReference 1.
“Reference 4.
dReference 5.
“Reference 33.

-0 state. This supports the following two results. (1) Dauber
and Brith® noticed in their study that an additional transition
is observed in the spectra of trifluoroethylene, to the lower
energy side of the 7— 7 transition. But the band was very
weak and was observed clearly only in the solid phase and in
the matrix. They also mentioned that this transition is prob-
ably responsible for the weak shoulder at 178 nm (6.97 eV)
in gaseous trifluoroethylene. (2) With the support from the
speculation made by Robin,” a weak singlet transition ob-
served at 7.1 eV in the study of Coggiola et al.* was consid-
ered as the m7— o valence-shell excitation. The results ob-
tained for the triplet excitations were tabulated in Table X.
Only one experimental value is available for comparison and
again the calculated value agrees well with the experimental
value.

D. Tetrafluoroethylene

Tetrafluoroethylene has D,;, symmetry. The electronic
spectrum was obtained by keeping this symmetry, with the

TABLE VIII. Several lowest-lying triplet excited states of 1,1-
difluoroethylene obtained using SAC-CI at experimental geometry (Ref.
32). Excitations energies (AE).

SAC-CI
State Nature AE (eV) Expt.
134, w7 4.57 4.60," 4.63,> 4.70°
1°B, m-3s 6.85 6.60°
134, m-3po, 8.00
2B, m-3po, 8.01
234, m3pmw 8.08
274, w0 /3do 8.52
3°B, m-3do 8.80
1°B, w-3dm 8.93
334, m-3dm 9.01

“Reference 33.
PReference 4.
“Reference 5.

molecule placed in the yz plane where z axis is the molecular
axis. Table XI shows the SAC-CI excitation energies and
oscillator strengths obtained for this fluoroethylene with the
available experimental results. Winstead and McKoy35 calcu-
lated cross sections for elastic and inelastic collisions of low-
energy electrons with tetrafluoroethylene. The authors also
calculated excitation energies of several states by using
single-excitation configuration-interaction (SECI) theory
with 6-311+G(3d) basis set. These values were also tabu-
lated in Table XI.

The main excitation once again is the m— 7 valence
transition. The calculated excitation energy (9.41 eV) for this
transition is around 0.4 eV larger than the value obtained in a
recent experimental study (9.02 V). A small mixing of 7
-3d7r configuration with the 7-7" state is noticed. Excitation
energy obtained for the first Rydberg state, m-3s, differs
moderately from the experimental values. One point worth to
be noticed here is that this Rydberg state is mixed slightly
with a bright, optically allowed, 7-0" state which has the
same B, symmetry as the Rydberg m-3s state has. This 7
— o excitation mixing could significantly perturb the =
— 3s excitation. A weak peak found in the earlier experimen-
tal study at around 7.7 eV was considered as due to 70"
excitation;“’é‘7 however, such a transition was not found
separately in the present study. On the other hand, as men-
tioned above, the 1 'B,, m-3s state has a small admixture of
m— o transition with the same Bs, symmetry. The 1 lBlu
m-3dr state has a small contribution from 77— 7" transition.
The experimental peak of this feature is diffuse and the ex-
perimental energy position was noticed to be subject to great
uncertain® and hence the energy difference between the
SAC-CI and the experimental value seen for this transition
(Table XI) is need not to be considered seriously. For all the
other states, the calculated values agree well with the experi-
mental values. The calculated triplet excitation energy values
were tabulated in Table XII.
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TABLE IX. Several lowest-lying singlet excited states of trifluoroethylene obtained using SAC-CI at B3LYP/
aug-cc-pVTZ geometry. Excitation energies (AE), oscillator strengths (f), and second moments ((r2)).

SAC-CI

State Nature AE (eV) f () Expt.

1A G.S. 371.4

1'a” -3 6.65 0.0287 391.7 6.50,*% 6.56°
214" w-3pa,/3s/a’ 7.23 0.0120 398.9 7.1° 6.97°
2 w-3pm+ - 7.79 0.1151 416.2 7.61,*7.75,° 7.65°
314" m3po, 7.86 0.0028 427.7 7.97,*° 7.98°
3147 -7+ m-3par/3d 8.43 0.2117 416.2 7.61,27.75.° 7.65°
514" 7-3do 8.79 0.0286 491.8

417 7-3dm 8.88 0.0004 500.6

6'A" 7-3do 8.89 0.0000 502.3

74" 7-3do 8.94 0.0009 520.0

5147 7-3dr 8.99 0.0853 513.0 8.71,° 8.91°

“Reference 7.
"Reference 1.
“Reference 4.
dReference 3.

Although the calculated excitation energies for different
states in all the fluoroethylenes agree well with the experi-
mental values, there are cases where the difference of more
than 0.3 eV is noticed; for example, the -7 states in trif-
luoroethylene and tetrafluoroethylene. This needs explana-
tions and accordingly the possible sources for the differences
are discussed here. Among the many possible reasons, the
first and the foremost is the applicability of the theory used.
Now it is generally recognized that the SAC-CI is an estab-
lished theory to obtain the accurate excitation energies. Even
for many problematic transitions in certain molecules, the
results derived using SAC-CI theory were proven to be very
accurate. One such example is the 77-7" state in cyclopenta-
diene. It has been shown recently that the vertical excitation
energy obtained for this state using SAC-CI is the most reli-
able among the other values.”® Our earlier study on vinyl
chloride has also shown that the excitation energies calcu-
lated using SAC-CI are more accurate than those obtained
using MRCI theory.28 Even here it is noticed that the SAC-CI
theory provides highly accurate results for vinyl fluoride
(Table I). So we are confident that the SAC-CI theory is not
the source for the differences noticed, in a few cases, be-

TABLE X. Several lowest-lying triplet excited states of trifluoroethylene
obtained using SAC-CI at B3LYP/aug-cc-pVTZ geometry. Excitation ener-
gies (AE).

SAC-CI
State Nature AE (eV) Expt.
134’ - 4.63 443
134" -3s 6.42
2°4" m-3poy/3sl o’ 7.03
334" m3po, 7.81
234" w-3pm 7.91
534" 7-3do 8.74
334’ -3d 8.86
434’ 7-3dr 8.91

“Reference 4.

tween the calculated and the experimental values. The next
possible reason might be the insufficiency of basis set uti-
lized. We used aug-cc-pVTZ basis set incorporating two sets
of Rydberg spd functions for all the heavy atoms in all the
calculations. In any sense, this basis set must be sufficient
enough to study the excited states. The same basis set com-
binations provided excellent results for ethylene and vinyl
chloride.”® The results obtained for vinyl fluoride using the
same basis set combination in the present study are shown to
be very accurate. So we believe that the basis set used for the
calculations is sufficient.

It is understandable, however, that though the level of
theory used for the calculations are adequate, the calculated
excitation energies would improve slightly if the effects of
vibrational structure and the nonadiabatic coupling are incor-
porated in the calculations. On the other hand, it is possible
that the absorption maxima for some excitations, especially
for 77— 7" transitions in some cases, may not be represent-
ing the vertical excitation energy as it has been seen in many
3738 Iy addition to that the ex-
perimental -7 absorption bands in some fluoroethylenes
are very broad and they are superimposed with many Ryd-
berg states. Foregoing arguments support that one does not
need to believe that the absorption maxima obtained in the
experimental studies are accurately representing the vertical
excitation energies in all the cases. Furthermore, there is also
some strong mixing between near-degenerate 7-7 and Ry-
dberg states in many fluoroethylenes. Apart from all these
facts, it is worth mentioning here that almost all the experi-
mental absorption spectra were obtained at least 30 years
before. By considering the fact that a difference of about
0.2 eV is found in between the early4 and the recently6 ob-
tained experimental values for the 77-7" excitation energies

cases including in ethylene.

in tetrafluoroethylene, there is a room to believe that the
available experimental values are not free from uncertainty.
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TABLE XI. Several lowest-lying singlet excited states of tetrafluoroethylene obtained using SAC-CI at experi-
mental geometry (Ref. 34). Excitation energies (AE), oscillator strengths (f), and second moments ({r7)).

SAC-CI Past studies
State Nature AE (eV) f (r?) SECT* Expt.
1'A, GS. 4913
1'B,, o 7.01 497.7 7.55
1'B,, w-3s/a" 7.09 0.0381 517.8 7.74 6.55, 6.37°
6.62,% 6.40°
1'B,, m3po, 8.24 5455 921 8.02,> 8.01°°
2'4A, w-3pm 8.24 548.5 9.21
2B, w-3po, 8.76 582.7
2 'B3i m3do 9.03 0.0254 619.2 8.64,°¢ 9.044
1'B,, w-3dml 9.19 0.0698 593.5 8.39°
1'B,, w-3d 9.22 0.0001 610.8
3'B,, 7-3do 9.29 0.0000 628.0
1'a, m-3do 9.30 644.6
2'B,, w7 9.41 0.5108 520.9 9.71 8.88,° 8.89,°
8.84,19.02°

“Reference 35.
"Reference 7.
“Reference 1.
dReference 4.
“Reference 6.

It should also be mentioned here that noticeable differences
are found even among a few other experimental values too
(see Tables).

It is found in the present study that all the excitations of
the fluoroethylenes in the investigated energy region are
from HOMO 7 orbitals. The fluorine nonbonding orbitals are
deeply bound due to the high electronegativity of the fluorine
atoms and hence no excitation from these n orbitals was
found in the energy region studied in the present investiga-
tion.

E. The w— = blueshift

As mentioned in the Introduction, an interesting fact
about the fluoroethylenes is the blueshift of around 1.25 eV

TABLE XII. Several lowest-lying triplet excited states of tetrafluoroethyl-
ene obtained using SAC-CI at experimental geometry (Ref. 34). Excitation
energies (AE).

Past studies

SAC-CI
State Nature AE (eV) SECT* Expt.
1°8,, e 5.12 4.48 4.68,” 4.79°
1°B,, o 6.69 6.76

1°B,, m-3s 6.81 7.17

1°B,, m-3po, 8.07 8.55

1°A, -3pr 8.20 8.95

2 3B1g m-3po, 8.73

2°B,, m3do 8.93

2°B,, m-3dm 9.22

1°B,, m-3dm 9.22

3°B,, m-3do 9.29

134 m3do 9.31

“Reference 35.
PReference 4.
“Reference 6.

in the 7— 7" excitation energy of tetrafluoroethylene from
that of trifluoroethylene. A similar kind of blueshift trend is
also seen in the present study. Resistance to torsional motion
in the 7" due to the substitution of the final hydrogen was
previously invoked to explain the large 7— " excitation
energy shift in the tetrafluoroethylene. To test this idea, Cog-
giola et al* studied the chlorotrifluoroethylene using
electron-impact spectroscopy. In this molecule, the last hy-
drogen is replaced by chlorine which should constitute an
even greater hindrance for torsional motion of the molecule.
The result, however, showed no appreciable shift in the 7
— " transition energy produced by the replacement of the
hydrogen in trifluoroethylene with chlorine. Therefore it has
been concluded that the large shift in the 77— 7" transition
energy of tetrafluoroethylene is presumably not due to steric
effects but may be due to electronic effects.

Intermeidate neglect of differential overlap-CI calcula-
tions have shown that in all the fluoroethylenes a o-c" con-
figuration exists above the -7 conﬁguratiorl.39 It has been
argued that the interaction between these two configurations
lowers the energy of the 7 level considerably.39 In tetrafluo-
roethylene, however, this interaction cannot take place since
the -0 level is of much higher energy which reflects in the
blueshift in the 7— 7" excitation energy of the tetrafluoro-
ethylene. That is, in the partially fluorinated ethylenes, the
O(c_c.m— 0 configurations interact with the m— 7 con-
figurations but in the tetrafluoroethylene, there are no C-H
bonds and the O'Ekcfch) states come at much higher energies
resulting to less or no interaction with the 77— " configu-
ration.

This could be checked in the present study. Thorough
analysis of the nature of the 77-7" excitations in all the fluo-
roethylenes reveals that these states are completely domi-
nated by the transitions from the = HOMO orbitals. The
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contribution of -0 configuration in these -7 states is
negligible (less than 0.03). As Tables I-XII show, no o
— ¢ transition in any of the fluoroethylenes was identified
in the energy region investigated in the present study. To find
the existence of o-o" excited state in the extended energy
region, we studied several more singlet excited states of vi-
nyl fluoride in which the fluorine substitution stabilizes the o
orbital less than it does in the other fluoroethylenes. For this
purpose, 20 lowest-lying singlet states of vinyl fluoride were
investigated.

Results reveal that 3 states among the 20 states studied
with the A’ symmetry, the same symmetry which the o-o"
state possesses, are due to the transitions from o states.
These are Rydberg 13'A’ 0-35(10.71 eV), 17'A’ o
3po(1142eV), and 19'A’ o-3po,(11.55 eV) excited
states. No valence o-0" excited state was found in this en-
ergy region (up to 12 eV) too. By considering the fact that
the excitation energy found for the 77— 7" transition in vinyl
fluoride at the same level of theory is 7.68 eV, the energy
gap between the so-called interacting 7-7 and -0 states
must be more than 4 eV. It is known that fluorination (eth-
ylene to tetrafluoroethylene) stabilizes the = MOs by around
0.2 eV and the 0 MOs by 2.5-4 ev.? Taking into consider-
ation that the energy gap between the 7-7" and o-o states
in vinyl fluoride would be expected to be greater than 4 eV
and the o orbital in trifluoroethylene is stabilized roughly
around 1 eV more than that in vinyl fluoride,” the energy
gap between the probable interacting -7 and o~ states in
trifluoroethylene is expected to be greater than 5 eV! In such
a scenario, the interaction between -7 and o-o excited
states should be negligible. So the existence of the o-o " state
above the -7 state might not be a possible reason for the
blueshift of around 1.25 eV found in the 7— 7 transition
energy in tetrafluoroethylene.

Earlier, electron transmission spectroscopy was em-
ployed to measure the gas phase electron affinities of the
ﬂuoroethylenes.4o Authors of that study showed that while
inductive and resonance effects alone could not explain the
trends in the electron affinities, consideration of geometrical
changes together with these interactions is important to ex-
plain the trends qualitatively. The same consideration could
be used here to explain the 7-7r" blueshift. A standout truth
in tetrafluoroethylene from that in the other fluoroethylenes
is the absence of H atom that must reflect in the structure.
The interesting fact is that both C—F and C=C bond lengths
in tetrafluoroethylene are shorter than those in the other fluo-
roethylenes (Table XIII). Reduction in C=C bond length
should stabilize the 7 orbitals and destabilize the 7" orbitals
and on the other hand, reduction in the C—F bond length can
destabilize both 7r and 7" orbitals since the fluorine p, orbital
which is perpendicular to the plane of the molecule interacts
in an antibonding manner in both cases. Thus, these effects
are additive and destabilizing for the 7" orbital. Our prelimi-
nary calculations support this phenomenon: while the differ-
ence in 7 orbital energies is very small among fluoroethyl-
enes up to trifluoroethylene, the same 7" orbital energy in
tetrafluoroethylene, however, is about 0.6 eV higher than that
in other fluoroethylenes. So it is conceivable that the com-

J. Chem. Phys. 126, 044306 (2007)

TABLE XIII. Experimental C=C and C-F bond lengths. Bond lengths (R)
are in angstroms.

Molecule R(C-F) R(C=C0C)
C,H, — 1.339°
C,H;F 1.346° 1.329°
trans-C,H,F, 1.352¢ 1.316°
cis-C,H,F, 1.337¢ 1.325¢
1,1-C,H,F, 1.315° 1.340°
C,HF, 1.316/1.342" 1.341°
C,F, 1.319¢ 13118

“Reference 41.
PReference 29.
“Reference 30.
dReference 31.
“Reference 32.
Reference 42.
£Reference 34.

bined C-F and C=C bond shrinkages in tetrafluoroethylene
might be a possible reason for the blueshift in the 77— 7"
excitation energy of this molecule.

IV. CONCLUDING REMARKS

The electronic spectra of all the six fluorine substituted
ethylenes, mono- to tetrafluoroethylene, were studied using
SAC-CI theory with large basis set incorporated with the
necessary Rydberg spd functions.

The vertical excitation energies obtained for different
states in all the fluoroethylenes agree very well with the
available experimental values in almost all the cases except
for the notorious 77— 7" transitions in a few fluoroethylenes.
Even in this challenging 7— 7" excitations, the values ob-
tained in the present study agree better with the available
experimental values than those calculated in the other theo-
retical studies. Strong mixing between the valence -7 and
the Rydberg 7-3pr states in trifluoroethylene makes the as-
signment somehow difficult. Because of this mixing, the 7
-3pr state in this fluoroethylene has large oscillator strength.
Though a few Rydberg states in some fluoroethylenes have
the admixture of 77— ¢ transitions, none of the excitations
in all the fluoroethylenes, except a dark 1 1B1 ¢ m-0 state in
tetrafluoroethylene, has pure 7— o valence character. With
the fluorine nonbonding orbitals lying at very low energies,
the present study reveals that all the excitations of the fluo-
roethylenes in the studied energy region are from HOMO
orbitals. The present study helped us to clarify some of the
speculative assignments made in the experimental studies.

The interaction between the - and o-o configura-
tions has been believed to be the reason behind the 1.25 eV
blueshift in the 7— 7" excitation energy of tetrafluoroethyl-
ene from that of trifluoroethylene. However, no o— o tran-
sition is identified in the energy region investigated in the
present study. Further extended study on vinyl fluoride
showed that no o~ state exists below 12 eV energy range.
With these results, analysis reveals that the energy difference
between the 77" and o~ states in trifluoroethylene would
be expected to be larger than 5 eV. The large energy gap
shows that the existence of o-o" state above the 77" state
may not be the reason for the blueshift. The shrinkage of the
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C=C and C-F bonds in tetrafluoroethylene might be a pos-
sible reason for this blueshift, at least partially.
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