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The vertical absorption spectrum and photodissociation mechanism of vinyl chloride (VC) were
studied by using symmetry-adapted cluster configuration interaction theory. The important vertical
m— 1 excitation was intensively examined with various basis sets up to aug-cc-pVTZ augmented
with appropriate Rydberg functions. The excitation energy for 77— 7" transition obtained in the
present study, 6.96 eV, agrees well with the experimental value, 6.7—6.9 eV. Calculated excitation
energies along with the oscillator strengths clarify that the main excitation in VC is the 77— 7"
excitation. Contrary to the earlier theoretical reports, the results obtained here support that the C—Cl
bond dissociation takes place through the nCl-of}Cl state. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2162539]

I. INTRODUCTION

Vinyl chloride (C,H;Cl) (VC) is an atmospheric pollut-
ant. Evidence showed that VC causes cancer in human be-
ings. Because of this, understanding of the photochemistry
and spectroscopy of VC is important. There were many stud-
ies in this direction in the past; however, detailed studies to
get a clear picture about the photochemical behavior of VC
are still necessary, because the results obtained in some of
the previous studies are ambiguous and speculative. Addi-
tionally, the conclusions made in a few recent studies are
very much in contradiction with the existing predictions. For
example, two recent theoretical studies' assigned the m-3s
Rydberg state as the optically bright state. It is completely
contradictory to the generally agreed fact that for ethylenic
compounds the strongest absorption is due to 7— 7
transition.” Another fact is that the VC excited to the bright
m-m state has generally been thought to be predissociated
through repulsive ”cro'é_a state.*” Though a reassignment
to a m-0. o state has been recently suggested,® it was
promptly questioned lately.7 Surprisingly, while concluding
that the dissociation of fast chlorine atoms occurs through
the W—027C] state, the role of the I’lCl—(T?}C] state in the disso-
ciation was completely ignored in a recently published
report.2

Studies focusing on spectroscopy3’4’8718 and photodisso-
ciation mechanism*~"""*** of VC were made in the past. The
bright peak at 6.7—6.9 eV has been considered and agreed to
be due to the m— 7 excitation.**'*"* Umemoto ez al.’
studied the dissociation mechanism of a few chloroethylenes
including VC. They concluded that two processes are com-
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peting: one is the transition to a dissociative nCl-U*éfCl state
which crosses the bright -7 state in the C—Cl coordinate
and the other is the internal conversion to the ground state.
The C—Cl bond cleavage resulted in the former process and
HCI elimination occurred in the latter. Umemoto er al.’
speculated that twisting of the C=C bond leads to mixing of
the m-7" and 7-0  states. Internal conversion to the
-0 State may serve as intermediate state from which
internal conversion to the ground state occurs. It is obvious
that the - O-Z—Cl state was considered as a bound state in that
study. However, Tonokura et al® later speculated the
-0 State as a repulsive state. From their calculated ver-
tical excitation energies, they claimed that 193 nm (6.42 eV)
photoexcitation is not sufficient to reach the crossing point of
the 7-7" and nCl-a'*CfC] states and hence they suggested that
the -0 ¢, state is responsible for the C—Cl bond breaking,
but Blank ef al.” raised doubts over this assignment.

Chang and Chen' studied few low-lying electronic states
of VC by using complete active space self-consistent field
(CASSCF) and multireference configuration interaction
(MRCI) theories. Their calculated vertical excitation energies
for the 77— 7" transition which is well established as respon-
sible for the bright peak in the absorption spectrum are
around 0.6—0.8 eV higher than the experimental values
(strong peak). However, the authors assigned the 77-3s Ryd-
berg state as the optically bright state on the basis of their
calculated adiabatic excitation energies. Through configura-
tion interaction singles calculation, a long tail observed at
45 000-54 000 cm™!  (5.58-6.70 eV) in the absorption
spectrum® was speculated due to the 1°A”—1'A’ and
23A” —1'A’ transitions via spin-orbit coupling. As a result,
Chang and Chen' also speculated that upon the excitation of
VC at 193 nm (6.42 eV), the 13A” or 2 3A" excited state,
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instead of 7-7', is initially prepared for the photodissocia-
tion processes. These speculations were contradictory to the
existing reports. However, Chamg2 studied triplet excited
states of VC using CASSCF and MRCI and from the calcu-
lated values he abandoned the earlier speculations that (1)
the second and third triplet excited states might be respon-
sible for the absorption spectra at 45000-54 000 cm™!
(5.58-6.70 eV) and (2) the 13A” or 23A” state might in-
volve in the photodissociation process. But, he maintains that
the strong peak in the absorption spectra is due to the Ryd-
berg m— 3s excitation. Chang2 also studied the potential-
energy surface of the first singlet excited state of VC and
concluded that the chlorine dissociation occurs via 7-0. ¢

state followed by a crossing between -3s and 77""2{1
states. These conclusions are inconsistent with the existing
speculations.

In these circumstances, we made the present study on
VC by using symmetry-adapted clusterzslconﬁguration
interaction’®* (SAC-CI) theory to clear the existing contra-
dictions. Considering the importance of the photochemistry
of chloroethylenes, comprehensive and accurate knowledge
about vinyl chloride, the smallest molecule in the chloroeth-
ylene’s family, is vital. The main focus of this paper is two-
fold: (1) studying the electronic spectrum of VC by using
SAC-CI to assign the excited states including the valence
T-Op_cp T-T > Ro-Oe_cp N > and the Rydberg states and
(2) understanding the C—~Cl bond breaking mechanism in VC
by studying the potential-energy surfaces (PESs) of its ex-
cited states including the important nCl—O'f:_Cl state.

Il. COMPUTATIONAL DETAILS

All computations were performed with GAUSSIAN 03
suite of programs.29 The vertical absorption spectra were ob-
tained using SAC-CI singles and doubles (SD)-R method
utilizing many different basis sets ranging from Dunning’s
double zeta [D95(d,p)] (Ref. 30) to augmented triple zeta
type (aug-cc-pVTZ).31 The influence of polarization and dif-
fuse functions was explored. Notations, for example,
cc-pVTZ(-d) for H representing the basis set cc-pVTZ
without d polarization function on H atoms and
aug-cc-pVTZ(-f) for C and CI atoms representing the basis
set aug-cc-pVTZ without f diffuse function on C and Cl
atoms are used here. Calculations were made using these
basis sets which were augmented with two sets of Rydberg
spd functions for carbon ({;=0.0437 and 0.01725, ¢,
=0.0399 and 0.015 75, and {,=0.0285 and 0.011 25) and two
sets for chlorine (£,=0.0475 and 0.018 75, £,=0.0380 and
0.0150, and ¢,;,=0.0285 and 0.011 25). Chlorine Rydberg
functions were placed on chlorine atom in all the calculations
while carbon Rydberg functions were used in two ways:
placing the functions (1) on both carbons and (2) on C=C
bond center (BC). The preliminary PES of several low-lying
excited states along the C—Cl bond and C=CH, twisting
coordinates were obtained mainly by using D95(d,p) basis
set in this study. Electronic spectra calculations were done
within C, symmetry, with the molecule placed in the xy
plane.
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lll. RESULTS AND DISCUSSIONS

Before going to the calculations on VC, we studied
— " transition of ethylene to examine the basis sets to study
VC. Since VC is similar to ethylene and there were many
theoretical studies on ethylene, such examination is mean-
ingful. The strong peak in the excitation spectrum of ethyl-
ene is the broadband with the maximum at 7.65 (Ref. 32) or
7.66 eV,>> which arises from the 7— 7 transition. This
broadband is overlapped by several Rydberg states. While
the exact vertical excitation energy of this transition has not
been obtained experimentally, high-level theoretical studies
have converged to a value of 8§ ev.? Finally, this energy has
been estimated to fall in between 7.90 and 7.95 eV on the
basis of sophisticated theoretical calculations.*°

The results obtained for the 7— 7" transition of ethyl-
ene in the present study were tabulated in Table I. The table
clearly shows that the SAC-CI excitation energies are very
accurate and are in close agreement with the available theo-
retical results. Preliminary calculations were performed on
VC to obtain the excitation energies for the 7— 7 transi-
tion. The results were presented in Table II. These calcula-
tions conclude the following two points: (1) Though the re-
sults obtained by placing the Rydberg diffuse functions either
on the carbon atoms or on the C=C bond center do not have
much differences, the former has a slight edge over the latter
and (2) aug-cc-pVTZ basis set for heavy atoms seems very
essential to obtain accurate energies, while cc-pVTZ basis
set, even without d-type polarization function, is enough for
hydrogen atoms. By keeping these points in mind, we per-
formed the calculations of the vertical excitation spectrum in
the wide energy region of VC.

Table III shows the vertical excitation energies and os-
cillator strengths calculated using SAC-CI with LevelThree,
along with the results obtained in the previous theoretical
and experimental studies for the singlet excited states in each
(A" and A”) symmetry. The lowest excited state can be better
denoted as 7-3s/0. o since a small contribution from 7
— 0._c transition is also involved in this Rydberg excitation.

The second excited state represents 7— 7 excitation.
The excitation energy, 6.96 eV, obtained for this transition is
close to the experimental values, 6.7—-6.9 eV. On the other
hand, the values derived from MRCI (Refs. 1 and 6) were
0.5-0.76 eV higher than the experimental values. Tonokura
et al.® used cc-pVTZ basis set with a set of s and p diffuse
functions on chlorine in their MRCI calculations, while
Chang and Chen' adopted 6-311+G(d,p) basis set with a
diffuse sp function on each carbon. The present calculations
reveal that the basis sets used in those two MRCI studies
were not sufficient to properly describe 77— 7" excitations.
Using the basis set by Chang and Chen,' we performed the
SAC-CI calculations on ethylene and VC. The excitation en-
ergy for m— 7 transition in VC was calculated to be
7.32 eV. Though this value is better than that of MRCI with
the same basis set (7.46 eV), it is far from our best SAC-CI
value (6.96 eV). On the basis of their calculation, Chang and
Chen' assigned the maximum at 6.71 eV in the absorption
spectrum is due to the 77— 3s Rydberg transition. They pro-
posed that the observed peaks at 6.82 and 6.88 eV are pos-
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TABLE L. Ethylene m— 7" vertical excitation energies (AE in eV) using the SAC-CI method with various basis

sets at experimental geometry (Ref. 37).

Basis set
Rydberg function
Method H C (two sets of spd) AE

Dzp Dzp On BC 8.195

cc-pVTZ cc-pVTZ On BC 8.027

cc-pVTZ aug-cc-pVTZ On BC 7.949

cc-pVTZ aug-cc-pVQZ On BC 7.922

DZP DZP On C 8.142

SAC-CI cc-pVTZ cc-pVTZ On C 8.098

cc-pVTZ(-pd) aug-cc-pVTZ(-f) On C 8.029

cc-pVTZ(-pd) aug-cc-pVTZ On C 7.981

cc-pVTZ(-d) aug-cc-pVTZ On C 7.959

cc-pVTZ aug-cc-pVTZ(-f) On C 7.967

cc-pVTZ aug-cc-pVTZ On C 7.943

CASPT2 8.00"
Best theory estimate 7.90-7.95"
Expt. 7.65.°7.66°

“Reference 34.
"References 35 and 36.
“Reference 32.
dReference 33.

sible candidates for the 7— 7" excitation. They used their
calculated adiabatic excitation energy, 6.82 eV, to propose
the 7-7" state assignment. This may be due to the fact that
their calculated vertical excitation energy, 7.46 eV, of the
same state is far away from the experimental values. How-
ever, Chang2 raised doubts over this calculated adiabatic ex-
citation energy of 7-7" state. He found that the -7 state
has the lowest energy at 90° (completely different from their
first report), however, he neither mentioned the exact adia-
batic energy nor did he make a reassignment for 7— 7"
excitation. According to that study,2 the adiabatic energy of
- state was around 5 eV!

As mentioned earlier, the -7 vertical excitation energy

obtained in the present study (6.96 eV) agrees very well with
the experimental value (6.7—6.9 eV). Our results show that
the oscillator strength is mainly carried by 77-7" transition in
the vertical region (Table III). These results clearly support
the fact that the maximum in the absorption spectrum is due
to the m— 7 excitation. However, the oscillator strengths
obtained in the previous study using CASSCEF level of theory
for m—3s and 7— 7 transitions are close to each other
(0.0515 and 0.0818)."

Walsh®® and Merer and Mulliken® analyzed the m
— 7 transition in ethylene and concluded that the 777" state
has an equilibrium geometry which is twisted 90° about the
C=C bond with the CH, groups deformed. Walsh® pre-

TABLE 1II. Vinly chloride 77— 7" vertical excitation energies (AE in eV) using the SAC-CI method with

various basis sets at experimental geometry (Ref. 38).

Basis set
Rydberg function

Method H C and Cl (two sets of spd) AE

DZp DZp On BC and on Cl 7.432

cc-pVTZ cc-pVTZ On BC and on Cl 7.211

cc-pVTZ aug-cc-pVTZ(-f) On BC and on Cl 7.116

DzZpP DzZp On C and Cl 7.351

SAC-CI cc-pVTZ cc-pVTZ On C and CI 7.155

cc-pVTZ(-pd) aug-cc-pVTZ(-f) On C and CI 7.134

cc-pVTZ(-pd) aug-cc-pVTZ On C and Cl 7.065

cc-pVTZ(-d) aug-cc-pVTZ On C and Cl 7.028

cc-pVTZ aug-cc-pVTZ(-f) On C and Cl 7.068

cc-pVTZ aug-cc-pVTZ On C and Cl 7.103
Expt. 6.70,** 6.90.°
6.72.% 6.74°

“Reference 4.
PReference 8.
“Reference 10.
dReference 11.
“Reference 12.

Downloaded 31 Jan 2006 to 133.3.135.22. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



034312-4 Arulmozhiraja et al.

J. Chem. Phys. 124, 034312 (2006)

TABLE III. Several lowest-lying singlet excited states of C,H;Cl obtained using SAC-CI with cc-pVTZ(-d) for
H and aug-cc-pVTZ for C and Cl at experimental geometry (Ref. 38). Two sets of Rydberg spd functions for
both carbons and for chlorine were added. Excitation energies (AE), oscillator strengths (f), and second mo-
ments ((r%)). Note that the Rydberg 3s, 3p, and 3d orbitals are predominantly attributed to carbons while the
Rydberg 4s and 4p orbitals are attributed to chlorine.

SAC-CI AE (eV)

State Nature AE (eV) f (% Other theory Expt.
1'a’ Ground state 245.4
1'a” w35/ 0 ¢ 6.81 0.0111 274.4 6.68"
214’ - 6.96 0.3274 257.1 7.46° 6.7.7¢6.9,°

7.40° 6.72,1 6.74¢
214" T—0¢ /35 6.99 0.0035 268.0 727

7.26°
314" m3po, 7.48 0.0006 297.6 7.48"
41a” m-3pa, 7.70 0.0102 312.6 7.56"
5147 nerm 7.82 0.0005 251.6 7.9°
314 m-3pm 7.89 0.0098 309.7 7.817," 7.82'
4'a nerGe 8.20 0.0012 256.2 8.50°
6'A" m-3dal4s 8.42 0.0152 334.8 8.33M
714" m-3dol4pa, 8.46 0.0001 354.4 8.38™
51a w-3dml4pm 8.57 0.0050 362.2 8.52"
6'A’ ne-3s 8.60 0.0465 293.0 8.51M

“Reference 1.
PReference 4.
“Reference 8.
dReference 10.
“Reference 6.
"Reference 11.
£Reference 12.
?Reference 15.
'Reference 18.

dicted that the Raman spectrum of ethylene would show ac-
tivity in the C=C bond stretching mode, the C=C twist,
and various CH, bends and deformations. These predictions
were confirmed by Ziegler and Hudson*' and Sension and
Hudson.*® Like ethylene, the emission spectra of VC ob-
tained by Browning et al."® also indicated C=C stretching
and twisting motion as well as CH, bending or deformation,
verifying that excitation has 7— 7 character. All these facts
support that the strong peak in the absorption spectrum is
due to the 7— 7" excitation.

Excitation energies obtained for other states also agree
very well with the available experimental values (Table III).
The ’7T—O'Z_C], ne-m, and nCI-(TZ_CI states are assigned at
6.99, 7.82, and 8.20 eV, respectively.

We also investigated a few low-lying triplet states by
using SAC-CI with the same basis set used to study the
singlet states. It is worth to mention here that the vertical
excitation energy of 4.12 eV obtained for *(7-7") state is
very close to the experimental value, 4.13 eV,12 whereas it is
4.25 eV in MRCI calculation.” The detailed results regarding
excitations to the triplet states will be published in a forth-
coming article.

Chang2 studied the potential-energy surface of the first
excited state of VC by using CASSCF. It showed that depart-
ing from the planar equilibrium structure through a barrier,
the first excited state is mainly of 77-027(:1 character as the
C-Cl distance increases, whereas it is of -7 character as
the twisting angle increases. This is as a result of the forma-

tion of avoided crossings between m-3s which has been as-
signed as the bright state by Chang and Chen' and ’7T—0'Z_Cl
states at planar geometries (both have the same A” symme-
try) and between 7-3s and -7 states at nonplanar struc-
tures (all states have the same A symmetry). Accordingly,
Chang2 concluded that the dissociation of Cl takes place via
two pathways: one is through ’7T-0'é_c1 at planar leading to
fast Cl and the other through 77" at twisted geometries
from which internal conversion to the ground state and sub-
sequent dissociation produces slow CI.

Our results, however, show some interesting differences.
The PES of some excited states along the C—Cl bond length
and C=C bond twisting were depicted in Figs. 1 and 2,
respectively. For this purpose, single point calculations on
different C—Cl bond lengths and twisting angles were per-
formed at SAC-CI/d95(d, p) level with all other internal co-
ordinates were kept at the ground-state values optimized at
SAC/d95(d) level. The orbital characters given in Table IV
show that o._, has an antibonding nature along C—CI bond.
The nature of the 77-(727(:1 state was in debate in literature™®
as mentioned in the Introduction section. The present study
clearly shows that this state is a repulsive state as shown in
Fig. 1(a).

The PES along the C—CI bond length clearly reveals the
formation of an avoided crossing between the bright -7
and ng-0¢ o states (both have the same symmetry A’) at
around 1.85 A. This reveals that the excited VC transfers
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FIG. 1. PES along the C-CI bond with the other geometrical parameters
optimized for the ground state: (a) diabatic PES of m-o¢_¢p, 7", ne-m,
and nc-o¢_o states and (b) adiabatic PES of several low-lying excited
states.

from its bound 77" state to the dissociative ne-o_ state
through level crossing. So dissociation can take place
through this repulsive nc-o_c state.

The PES along torsion shows that the low-lying two
states -0 and 77" start mixing from the very begin-
ning of torsion. As the twisting angle increases, the mixing
becomes stronger. As a result, the - 7 character of the first
excited state increases and simultaneously the W—027C] char-
acter of the second and third states dominates at higher twist-
ing angles. It reflects the bound nature of the -0 ¢ state
and the dissociation of VC could occur through the well of
a1 state or through the ground state followed by internal
conversion from -7 to the ground state. However, the mix-
ing of the 7-7" and -0 (, states due to twisting could
possibly lead into fast dissociation of chlorine atoms on
-0¢_ State which has a repulsive nature along C-Cl bond
coordinate. So there is a possibility for the C—Cl bond disso-
ciation through 77-02;(:1 state in the C-Cl bond coordinate
after it started mixing with -7 state.

Earlier experimental studies®*? on VC concluded that the

J. Chem. Phys. 124, 034312 (2006)
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FIG. 2. PES of several low-lying excited states along C=C twisting with
the other geometrical parameters optimized for the ground state.

dissociation from the excited state is much faster (40£10 fs)
than from the ground state (110 ps). That means the fast
dissociation of chlorine atoms resulted from the repulsive
excited state and not from the ground state followed by
twisting and internal conversion. So it is obvious that the
dissociation from the ground state has less importance.

The forgoing facts reveal the following: The main exci-
tation is the 77— 7" transition and at planar geometries along
C-Cl bond coordinate, the bright 77" state forms an
avoided crossing with the nC]-O':;Cl state which leads to fast
C—Cl bond dissociation. Twisting causes mixing of -7
state with 77-0270 state, however, dissociation from the
7-0._cy State after initial twisting may not have much impor-
tance because the fast dissociation takes place at the planar
structure and the dissociation takes place within a time much
shorter than molecular twisting.6’7’42 But there may be a
small possibility for this 7-0. ¢ state to be involved in the
C-Cl dissociation. There is a small transition from the
ground state to the Rydberg 3s state (see Table III) in the
excitation. This state, 7-3s, could form an avoided crossing
with the dissociative -0, state in the planar structure
(both have the same A” symmetry), as mentioned by Chang,’
which could lead to fast dissociation like that from the repul-
sive ngi-o ¢ state. However, the oscillator strength for 7
—3s transition is very small compared with that for
— 7" transition and hence it is obvious that the dissociation
through this TI'-O'Z_C] state has a minor contribution. Again,
the C—Cl bond dissociation through the ground state does not
have much importance. All these facts suggest that the fast
dissociation of the C—CI bond takes places mainly through
the repulsive nci-o_ state.

TABLE IV. Nature of r, 7, (réfC], and ng; orbitals. (d) Dominant.

Nature Cc=C C-Cl
T Bonding (d) Antibonding
" Antibonding (d) Antibonding
e Antibonding Antibonding (d)
ne Antibonding Bonding (d)
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Chang2 studied the first singlet excited state to under-
stand the dissociation process, since presumably the disso-
ciation could take place through this state. It should be men-
tioned here that our results show that the first two states
W-UZ_C, and nCI-aZ_C, are energetically very close once the
C-CI bond length reaches at around 2.4 A and, in fact, the
nCl—O'*GC] state becomes the first excited state when the C—C1
bond length increases to around 3 A (see Fig. 1).

The present PES calculation does not include Rydberg
states; however, we believe that the inclusion of Rydberg
states in the PES will not have any adverse effect beyond the
Frank-Condon region and we expect that the C—Cl bond dis-
sociation would occur on valence states. Results of excita-
tions to the higher Rydberg states and the detailed two-
dimensional (2D) PES of low-lying excited states, including
Rydberg states, incorporating both C—CI bond length and
C=C twisting at the excited-state geometries will be pre-
sented in a future publication.

IV. CONCLUDING REMARKS

The vertical excitation energies obtained using SAC-CI
with the necessary basis sets agree very well with the experi-
mental values. The present study not only clarified the exist-
ing ambiguity in the assignment for the optically bright state
of VC but also gave the confidence that the same level of
theory could be used to obtain the theoretical electronic spec-
tra of other chlorinated ethylenes, which would be useful to
assign the observed spectra of these important atmospheric
pollutants.

In the case of photodissociation, the optically bright
m-m state forms an avoided crossing with nCl—O';C] state
which leads to fast C—Cl bond dissociation. Though
m-0p_c is a repulsive state, its participation in the dissocia-
tion is expected to be small.
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