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Ab initio calculations of low-lying electronic states of vinyl chloride
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The equilibrium geometries, vibrational frequencies, excitation energies, and oscillator strengths of
vinyl chloride in the ground and five lowest-lying excited singlet states have been calculated using
MP2, CIS, CASSCF, and MRCI methods with the 6-3HG** basis set. The geometries and
vibrational frequencies of the ground and excited states are utilized to compute Franck—Condon
factors. Calculated vibronic spectra for the transitions from the ground state to these five excited
states are in agreement with experiment at 52 500—60 0008, amith major contributions from the
A(1'A")—X(1*A") and C(2*'A")—X(1'A") transitions. In this study, two spin-forbidden
transitions ofb(13A”)«—X(1*A’) and(23A")«—X(1*A’) are calculated to locate in 45000—
54000 cm'!, and could be responsible for the observed one-photon absorption spectrum due to an
intensity borrowing caused by the spin—orbit coupling of the Cl atom. Based on calculation, we
speculate that upon the excitation of vinyl chloride at 193 nmhfe3A”) or €(2 °A”) excited

state, instead of ther,7*), is initially prepared prior to the subsequent photodissociation processes.
© 2002 American Institute of Physic§DOI: 10.1063/1.1466828

I. INTRODUCTION eV. Below 7.3 eV, the absorption spectrum of VC reported by
Berry* shows a broad and continuous band, yet with some
Despite being an atmospheric pollutant, vinyl chlorideweak features. The observed spectrum, however, has so far
(VC, CH3Cl) has been widely used in the industry for poly- been only partially assigned, and little is known about the
(vinyl chloride) production. The understanding of its photo- true identities of the excited states.
chemistry and spectroscopy is therefore very important. The |n the theoretical studies of VC, Umematbal* calcu-
photodissociation dynamics of VC has been studied extenated the relative energies for the four excited states of
sively by many researchers, for example, Gordon anqw,of o), (m,7), (ng,7*), and (¢, 06_c). The vertical
co-workers; > Blank et al,® Tonokura et al,” Donaldson  excitation energies of these four states were later calculated
and Leoné, Mosset al,’ Lee and co-worker¥ and Ume- by Tonokura etal’” using complete active space self-
moto et al*! Walsh'? Sood and Watanaté,Berry* and  consistent field CASSCH and internally contracted multi-
Locht et al.*® investigated the one-photon absorption spectraeference configuration interactiohlRCI) methods. Brown-
of VC below the first ionization energy. In addition, Koerting ing et al® applied a configuration interactiofC!) method
et al® observed a triplet-singlet transition of VC using with single excitation(CIS) to calculate the C—Cl antibond-
electron impact ionization spectroscopy. Moreover, both ining character in thg,7*) excited state of VC. Utilizing
frared and microwave spectra of VC have been explored imestricted Hartree—Fock and Cl with single and double exci-
great detaif.’”"*" Robir® reviewed the early studies before tation approaches, Takesfitacalculated the AIE and
1984 on the excited electronic states of chloroethylenes. Franck—Condon factordCH for the transitions to the ionic
Recently, we have analyzed the+2 resonance- state of VC. On the other hand, Riehl and Morokdfstud-
enhanced multiphoton ionizatidiREMPI) spectra of VC in  jed the unimolecular dissociation of VC on the ground-state
the energy region of 7.3-10 eV, from which the adiabaticpotential energy surface using second-order Mgller—Plesset
ionization energyAIE) of VC is determined to be 80 7266 (MP2) and quadratic single and double Cl including a triple
cm ! (10.0080-0.0007 eV,?**%in agreement with that ob- contribution. Colegrove and Thompgdndetermined the
tained by photoelectron spectroscdpy:®Our work, in con-  heats of formation of VC and other chlorinated hydrocarbons
junction with a previous REMPI study on VC by Williams with ab initio calculations. To date, however, neither adia-
and Coof?’ provide valuable insights into the excited statesbatic excitation energies nor molecular Rydberg states of VC
involved in the photodissociation dynamics of VC at 7.3—10have been calculated by theoretical methods.
In this work, we have performeab initio calculations of
dauthor to whom correspondence should be addressed. Electronic maipOth vertical and adiabatic excitation energies' oscillator
ytchen@pub.iams.sinica.edu.tw strengths, and FCFs for the five lowest-lying excited singlet
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states of VC, i.e., £,3s/0¢_o), (7,08 ¢f3s), (m7™), (a)

(m,3po), and (,3pc’). The symmetry and spectroscopic H? H?
denotation for these five lowest-lying excited singlet states

are A(1'A"), B(2'A"), C(2'A’), D(3'A"), and /01 —c
E(4'A"), respectively. Some triplet states were also calcu- H3

lated. The triplets are found to lie below the first excited cl
singlet state of 4r,3s/o&_c) and could be responsible for the (b) H?2
absorption spectrum of VC in the energy region~ eV. It H?

is noteworthy that theés,7*) state lies too high to be in-
volved in the photodissociation of VC upon the excitation at
193 nm, in contradictory to the existing literature reports.
Based on our calculations, the absorption spectrum of VC is Ci
analyzed comprehensively in 4500062 500 ¢nfor the H?
first time, and will be discussed in the rest of this paper. FIG. 1. Definition of geometry parameters used in dheinitio calculations
This paper is organized as follows. Section Il describesf vinyl chloride.
the ab initio calculation methods. Section Il depicts the cal-
culated results and compares the simulated vibronic spectra ) ) )
of VC with the experiment. Photodissociation dynamics ofP0tential energy surfaces in both ground and excited states
VC at 193 nm is also discussed in this section. Finally, con&'€ harmonic oscillators. Second, the two surfaces are dis-
clusions are addressed in Sec. V. placed but not distorted. Finally, Duschinsky effééenode
mixing) are neglected in the calculations. Accordingly, the
square of the vibrational overlap integrglgy,, |, for a tran-
Il. METHOD sition from the zero-point vibration of ground statdo the
While the equilibrium geometries and normal-mode fre_vth qua_ntum of a s.pecific vibrational mode in the excited
guencies for both neutral and cationic VC in their ground(aIeCtronlc staté is given by
states were computed using a MP2 method, the vibrational SLe=S
frequencies in the excited electronic states of neutral VC [l aope|*= ol 1)
were calculated with a CIS method. The geometries of the '
five lowest-lying excited singlet states were optimized usinga”d
a state-averaged CASSCF approach, in which the active w(AO)2
. (AQ)
space of(4, 13 was adopted. Accordingly, two valence or- S= %5 (2
bitals of o¢_cyand#*, in conjunction with the nine Rydberg
orbitals of 35, 3p, and 3, are all implemented in the cal- whereSis a Huang—Rhys factoAQ is the displacement in
culation. The two occupied orbitals in the active space corterms of normal coordinates) is the vibrational frequency
respond to ther orbital of the G=C bond and a nonbonding of the corresponding normal mode, atgd=27% is the
one in the Cl atom which contains three lone pairs of elecPlanck constant.
trons. Both vertical and adiabatic excitation energies were
obtained with the state-averaged CASSCF, and refined by dH. RESULTS AND DISCUSSION
internally C(_)ntracted MRCI method_ including all sir_wgle and 5 Optimized geometries and vibrational frequencies
double excitations from the occupied valence orbitals. The ] o ]
vertical excitation energies were calculated with the opti- ~ Figure 1 shows the definition of geometrical parameters
mized ground-state geometry. To minimize systematic error§S€d in optimizing the structure of VC. Table | gives the
in calculating the states of differedt’ and A” symmetries, cglculated results for the ground and five lowest-lying ex-
we have lifted the CI atom from the molecular plane by 0.1°cited states. The parameters CC, CCH, and HCCH stand for
so that all calculations were performed inCa group. Six ~ bond Iength(A), bending angle, and dihedral andleig.
states, including the ground and five excited singlet statesi(b)], respectively. The calculated geometry of the ground
were averaged in the CASSCF calculations to render acciptate is in agreement with experimefiiable ). For the ex-
rate excitation energies. In the MP2 and CIS calculations, &ited states of VC, the promotion of a valence electron to an
standard 6-31% +G** basis set was utilized. In contrast, an Unoccupied orbital generally results in elongating the CC
extra diffuse sp function with a low exponent of bond, shortening the CCl bond, and opening the HCCI angle
0.013 19282 which is critical in calculating Rydberg states, (Table ). For example, the changes in the CC bond, CCI
was added to the wave function of the C atom in thebond, and the HCCI angle of thi(3 *A”) state with respect
CASSCF and MRCI calculations. The MP2 and CIS calcu-to the ground state are¢0.0862 A, —0.0864 A, and+3.8°,
lations were performed using theaussian 94 package’®  respectively. TheE(4 1Ay state, however, shows a little ex-
whereas the CASSCF and MRCI calculations were carrieg¢eption where the CCl bond is slightly longer than that of the
out employing thevoLPRO 96 program?* ground stateTable .
The FCFs of VC have been calculated with the method  Although all calculations were performed without sym-
developed by Mebel, Chen, and Lin*®In the FCF calcula- metry constrain{i.e., in aC, point group, most of the ex-
tions, we have made the following assumptions. First, thesited states are found planar, excep(2'A’), i.e., the
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TABLE I. Optimized geometries of vinyl chloride in the ground and five lowest-lying excited singlet 8tates.

Parametér Expt® X(11A") A(1 A7) B(21A") C(21A) D(3!A") E(41A")
ctc? 1.332 1.3352 1.4004 1.4704 1.4508 1.4214 1.3929
C2H! 1.079 1.0837 1.0774 1.0710 1.0825 1.0758 1.0745
CH? 1.078 1.0844 1.0793 1.0720 1.0755 1.0744 1.0869
cthd 1.090 1.0840 1.0745 1.0718 1.0740 1.0750 1.0822
C2Cl 1.726 1.7289 1.6834 1.6507 1.6482 1.6425 1.7548
ctcHt 123.8° 123.4° 120.6° 122.8° 121.0° 120.3° 122.3°
C?C'H? 119.5° 119.1° 118.1° 119.2° 119.1° 119.3° 121.3°
H2CIH3 119.5° 118.9° 120.4° 121.0° 120.1° 120.2° 119.4°
Hc2Cl 113.9° 113.5° 116.7° 117.4° 117.5° 117.3° 114.5°
H2ClC?H! 0° 0° 0° 0° 13.3° 0° 0°

&The ground state is calculated at the MP2/6-8#G** level, while the others are at the CASSCF/6-83HG** level; see the text.

The denotations of CC, CCH, and HCCH stand for bond letdthbending angle, and dihedral angle, respectively. For all electronic states?,t®,HC?,
and H atoms always form the same plane; the same is true for the?CICE and H atoms.

‘Experimental values taken from Ref. 20.

(mr,7*) state(Table ). Moreover, the B H2, C, and G of 0;915. On lhe other hand, the vibrational frequencies in
atoms always form a plane, and the same is true for the Cthe A, B, andE excited states were obtained using the CIS
H!, C?, and C atoms(Table ), indicating that ther bonds  method and scaled by 0.905. For tBestate, the CIS calcu-
of the two C atoms are more likelgp” hybridized. The |ation predicts a 90°-twisted geometry, as mentioned above,
C(2'A’) state, corresponding to the*«—r excitation, is  which is quite different from that optimized by the CASSCF
expected to have a distorted structure with the two terminahethod; the frequencies of ti@ state calculated by the CIS
groups of HCH and HCCI twisted along the CC bond ac-method are therefore not included in Table II. Meanwhile, we
cprdlng to Walsh rL_lleé._In the (_ZIS calculatlor_w where only a ¢iaq to optimize thdS(S 1A") state using the CIS method,
S'Q glle zexlc fted orbital *'S considered, the dihedral angle ofqcq 56 calculations starting with different initial geometries
H-C-C-H- for the (7,7*) excited state is 90°, similar to the . ) I ag
(1) state of ethylene (CKCH,). 2“6 In the CASSCF cal- gf thlls state have fmgll_y converged to ?Ith&(l A _) (?r
30B(2 A") due to the mixing of wave functions. In principle,

culation, however, the twisting angle is reduced to 13. A : ~ ~
(Table )), because the wave function of the twisted#*)  the vibrational frequencies of th€ and D states can be
computed by a more sophisticated CASSCF method. In the

state is mixed with those of other excitédlana) states. SO :
Note that the symmetry denotation ©{2 *A’) is valid only ~ Present study, however, we adopt the vibrational frequencies
of the neutral and cationic VC to estimate those of the va-

if the VC molecule belongs to € group; more precisely, R m
the (,7*) excited state should b&(4 1A), if all electronic  lence C(2*A’) state and the Rydber®(3*A"), respec-
states of VC are represented un@ar molecular symmetry. tively.

The calculated normal-mode frequencies are listed in It can be seen from Table Il that the distortion of poten-
Table II. For VC withC molecular symmetry, there are nine tial energy surfaces can be neglected in the FCF calculations,
A’ and threeA” vibrational modes. The vibrational frequen- especially for theA’ vibrational modes, since the vibrational
cies in the ground states, for the neutral and the cationic VOrequencies do not change drastically from the ground state
were calculated using the MP2 method and scaled by a factdo the excited states. The contribution to the FCFs resulting

TABLE Il. Vibrational frequencies of vinyl chlorid@.

Symmetry Mode Vibration Expt. X(11A" A(11A") B(21A") E(41A") Cation

121 CH, a. stretch 3121 3218 3105 3101 3110 3232
vy CH stretch 3086 3167 3007 2865 3094 3147
V3 CH, s. stretch 3030 3114 2932 2778 2945 3106
vy C—cC stretch 1608 1613 1470 1458 1511 1500

A Vs CH, bend 1370 1385 1364 1353 1340 1396
Vg CH rock 1281 1293 1245 1171 1241 1270
vy CH, rock 1031 1029 1036 1035 1011 1098
vg C—Cl stretch 721 735 773 760 810 869
12 C—Cl deform 395 394 365 374 378 399
V1o CH, wag 942 956 1016 1061 1135 965

A Vi1 CH wag 897 803 773 903 881 860
vip twist 620 599 356 418 439 388

@The ground state and the cation are calculated at the MP2/6-8&* level and are scaled by 0.975, while the others are at the CIS/6-BG™* level

and scaled by 0.905.
PExperimental values are taken from Refs. 17-27.

Downloaded 27 May 2002 to 195.134.76.74. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 17, 1 May 2002 States of vinyl chloride 7521

TABLE Ill. Excitation energiegeV) and oscillator strengths of vinyl chloride for the transitions from the ground state to the five excited states.

) Adiabatic energy Vertical energy )
Excited Oscillator
state Character CASSCF MRCI CASSCF MRCI €IS strength
A(LA") (m,3sl0*) 6.41 6.66 6.52 6.68 7.13 5.2510 2
B(21A") (7,0*13s) 6.62 6.74 7.10 7.27 7.62 3.3010 2
C(21A) (1) 6.65 6.82 7.30 7.46 7.89 8.18Xx 1072
D(31A") (m,3pa) 6.79 6.99 7.32 7.48 7.82 2.2810°%
E(41A") (m,3pa’) 7.34 7.49 7.50 7.56 8.12 7.3010°°

a'IVExcitation energies calculated by the CIS method for the transitions from the ground state to the five lowest-lying excited triplet BiEER Jred. 45,
b(13A") 6.91,5(2 %A") 6.99,d(3°A") 7.71, andeé(4 °A") 8.00 eV.

bThe (m,7*) state is the second excited state calculated by the CIS method, but is the third one with the higher-level CASSCF and MRCI calculations.
‘Calculated at the CASSCF/6-311+G** level.

from the distortion effect is less than 10%, estimated fromaccordingly, we denote thd andB states as 4, 3slot )
assuming that the normal modes of tAeB andE states and (m,0%_o/3s), respectively. On the other hand, the
are complete7ly distorted but not displaced with respect to thgtate resulting from the promotion ofmelectron to ther*
ground staté’ The estimated error is also supported by theorbital, has its adiabatic excitation energy of 6.65 eV and

cal_culated FCFS_ for the“’(’39”) Rydberg sta_te Of_V_C’ 6.82 eV, respectively, in the CASSCF and MRCI calcula-
which agrees W'th thoe Oag-xpenmental observation within Mions. Finally, bothD andE excited states are of@r Ryd-
uncertainty fimit of 10%. berg charactefTable Ill). Herein, we denote the in-plaa’
symmetry and out-of-planéA” symmetry 3p Rydberg or-
bitals as »o and Jpr, respectively. For VC, there are two

Table Ill presents the adiabatic and vertical excitation(7,3pa) and one ¢r,3p).%° The (7,3p7) Rydberg state of
energies, together with oscillator strengths, for the transition¥/C with an excitation energy of 63 043 ¢rh(7.82 e\j has
from the ground state to the five lowest-lying excited singletbeen observed and analyzed in our previousl 2REMPI
states of VC. The five lowest-lying excited states are calcustudy>
lated to be~6.4—7.5 eV above the ground state. The excita-  Although the five lowest-lying excited singlet states of
tion energies were not corrected to the zero-point energie¥C are all in the 6.4—7.5 eV region, only the transitions of
because the vibrational frequencies of ©621A") and  A(1'A")—X(1'A") and C(21A’ )<—X(11A ) have S|g-
D(3A") states were not calculated directly, as mentionednificant oscillator strengths of 5.3510"* and 8.18<10 2,
above. However, from the vibrational frequencies listed inrespectively(Table IlI). In other words, theA—X and C
Table Il we can estimate the zero-point energy corrections te— X transitions dominate the observed one-photon absorp-
be less than 400 cnt (0.05 eV}, which is within the calcu- tion spectrum of VC within this energy rangsee Sec.
lation uncertaintiegsee Sec. Il . D).

Due to the mixing of wave functions, the first two ex-
cited states(Table Ill) can be attributed to either the
(m,0¢_¢) valence state or then(,3s) Rydberg state. How- C. Franck—Condon factors

ever, theA(1 1A") state has morert,3s) character, while the Table IV lists the displacementa Q) and Huang—Rhys
B(2A") state is primarily contributed from ther(o&_). factors(S) of VC from which the Franck—Condon factors are

B. Excitation energies and oscillator strengths

TABLE IV. Displacements 4 Q) and Huang—Rhys factok$) of vinyl chloride in the five lowest-lying excited singlet states with respective to the ground
state.

AQ s

Mode A(L'A")  B(2'A") C(2'A’) D(3'A") E(4'A)  A(1'A")  B(2'A") C(2'A)) D(3'A)  E(4'A))

vy —0.0725 —0.1800 0.0154 —0.1224 —0.0040 0.2513 1.5473 0.0113 0.7173 0.0008
2 0.0116 0.0077 0.0127 0.0187 0.0020 0.0064 0.0028 0.0076 0.0164 0.0002
V3 0.0177 0.0209 —0.0294 0.0181 0.0277 0.0145 0.0203 0.0400 0.0151 0.0355
vy 0.0814 0.1385 0.1129 0.1002 0.0513 0.1586 0.4590 0.3051 0.2319 0.0629
Vs —0.0719 —0.1464 0.0511 —0.0998 —0.0753 0.1062 0.4406 0.0537 0.2057 0.1166
Vg 0.0600 0.0995 —0.0875 0.0818 —0.0248 0.0691 0.1900 0.1470 0.1271 0.0118

vy 0.0336 0.1538 —0.0184 0.0946 0.0484 0.0172 0.3613 0.0052 0.1413 0.0358
vg 0.0509 0.2102 —0.0851 0.0716 0.1504 0.0283 0.4822 0.0790 0.0611 0.2470
Vg —0.1025 —0.3763 0.0010 —0.2180 —0.0004 0.0614 0.8281 0 0.2797 0

V10 0 0 —0.1892 0 0 0 0 0.5067 0 0

1271 0 0 —0.0907 0 0 0 0 0.0980 0 0

Vip 0 0 —0.2125 0 0 0 0 0.4005 0 0
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FIG;Z. Franck:Condon facto(stickg and predicted vibronic spectrum for  FIG. 4. Franck—Condon factotsticks and predicted vibronic spectrum for
the A(1 *A")«—X(1'A’") transitions. the 6(2 lA/)<—’)~((l IA’Y transitions.

calculated. Figures 2—6 depict the Franck—Condon factord« X, B«—X, andD«X transitions(Figs. 2, 3, and b As
(stick diagrampand simulated absorption spectties) of ~ can be seenin Fig. 6, the_s, v, andvg vibrational modes
VC for the transitions from the ground state to the fivedominate the spectral pattern of the— X transition. In gen-
lowest-lying excited singlet states. In the simulated spectra, aral, overtones and combination bands appear as weaker
Lorentzian line shape with an arbitrary full width at half peaks in the vibronic spectra of V(Eigs. 2 and 4-6
maximum (FWHM) of 50 cmi ! has been implemented to
each peak. The Lorentzian shape functions are chosen basBdAbsorption spectra
on our previous REMPI spectroscopic study on then3
«  transition of VC2° In this section, we compare our calculations with the
For simplicity, only the Franck—Condon factors of the €xperimental results. The vibronic transition probability in-
origin bands are given explicitly in Figs. 2—6; the strongercludes the electronic oscillator strength and the calculated
vibronic bands are also marked in the figures. For ‘the Vibrational FCF. Each vibronic band was convoluted with
Lorentzian line shape to render theoretical absorption spec-
tra. Various widths of the line functions have been tested to
simulate the observed spectrum. Figure 7 compares the simu-
lated vibronic spectrum of V@Fig. 7(b) with a FWHM
=500 cm ! for each vibronic transitiohwith that recorded
: \ : by Berry[Fig. 7(a)].}* The adiabatic excitation energies cal-
try if under aC, group are also activated in th€—X ., ataq by the internally contracted MRCI meth@able 111)
transmon('F|g. .4); otherwise fo,r other planar exlt:llted Sta_tes'have been used to locate the theoretical spectrum in Fig.
only the vibrational modes oA’ symmetry are visible. Itis = 7~ Athough all transitions from the ground state to the
noted that similar active vibrational modes are found in theﬁVe lowest-lying excited singlet states have been included

=X transition, the active Lnod~e(svith large FCFg are vq,
v4_g, andvgg (Fig. 2. TheB« X transition is characterized
by a long vibrational progression of the, mode (Fig. 3.
Due to a twisted geometry in the state, thev,q, v, and
v1, modes(of A" symmetry in aCg group, but ofA symme-
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FIG;3. Franck:Condon factofsticks and predicted vibronic spectrum for FIG.~5. Franck:Condon factotstickg and predicted vibronic spectrum for
the B(2 *A”)«—X(1'A’") transitions. the D(3 *A")—X (1 'A’) transitions.

Downloaded 27 May 2002 to 195.134.76.74. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 17, 1 May 2002 States of vinyl chloride 7523

a nonexistent £,2d) state. Third, the next strong peak pre-

0 dicted by the calculation is ther* < transition around
0.596 55000 cm?, where the experimental spectra show similar
behaviors(Fig. 7). We propose that the two observed peaks
at 55030 and 55530 cnl are possible candidates for the
7« transition. The origin band of the* < transition is
less intense than that ofsBorg_— o [Fig. 7(b), dashed
lines|] owing to a larger FCF for the lattefFigs. 2 and 3
although the former has larger oscillator strengfable III).

If our assignments for ther,3s/ o&_c) and(w,7*) states are

| correct, a small error of 0.07 eV is resulted from the com-
. N L S parison between calculation and experiment. However, we
0 500 1000 1500 2000 2500 3000 recognize that an uncertainty of 0.2 eV is generally estimated
cm for the MRCI calculations according to previous
experience&>~*’ Finally, the intensities in both theoretical
and experimental spectra decline gradually from 55000 to
60000 cm?, accompanied with several weak peaks on the
shoulder. In the present study, the shoulder peaks cannot be
for the simulated spectrum, the prominent peaks in Fig) 7 assigned without ambiguity, because of the overlapping of
are mainly contributed from th&«—X andC«X transitions  congested vibronic transitions.

because of their larger oscillator strengtfigble Ill). The Above 60000 crm?, a peak is observed at 61 650 ¢t
simulated spectruniFig. 7(b)] is in satisfactory agreement (with FWHM ~700 cm}) which is quite separate from
with experimen{Fig. 7(a)] based on the following examina- other congested bandBig. 7(a)] and should correspond to
tions. First, both spectra show a broad and continuous featuifie signal we observed at 61500 thusing REMPI

at 52 500-60 000 citt. Second, the strongest peak at 53 720spectroscops? We assign this peak as thes_c—ng tran-
cm ! in the calculation, corresponding to the origin band ofsjtion of VG based on the CIS calculatiomot shown,

the 3s/o¢c_ci— transition, is close:c;) the maximum spec- yhich indicates that the energy of thaq,o% ) excited

tral Intensity observed at54 140 cm . Taking the AIE of o405 slightly higher than the five lowest-lying excited
80720 cm for VC as we determined in the previous gaies |n general, the promotion of a nonbonding electron
studies;” the assignment of the 54 140 anpea}k as due into an excited orbital causes little geometrical change, and
to (,3s) renders a quantum defect of 0.97, which in returntherefore only the origin band is active in the absorption

justifies the as&gnmpnt for grRydberg state of a hydrocar- _spectra according to the Franck—Condon principl€his is
bon molecule. Identifying this peak also supports our previ-

) 20 in agreement with the observed peak at 61 650 twithout
ous assignments for ther(ns) Rydberg seried? because | brational )
the other labeling as due to a((n—1)d) Rydberg series by ong vibrational progressions.

Williams and Coot’ would attribute this Rydberg member to The absorption .spectrum of VC shows a Ion_g tail.in the
lower frequency side around 45000-54 000 ¢niFig.

7(a)], which however cannot be attributed to the transitions
excited from the ground state to the five lowest-lying excited
(m, 3s/c™) (. 1) singlet state$Fig. 7(b)]. Hot-band transitions could contrib-
ute some intensity near the fir&itrongest peak at 54 140
193 nm cm 1 [Fig. 7(a)]. According to the following calculation, this
tail could be due to the transitions from the ground state of
VC to excited triplet states. The vertical excitation energies
for five triplet—singlet transitions have been calculated at
the CIS/6-31% +G** level (Table I1). Three excited triplet
statesli.e., a(1°A’), b(1°A") andc(2°A")] are found to
lie below the first excited singlet sta#e(1*A”). The first
excited triplet state of VC has been observed at 3.4-5.1 eV
by Koerting etall® using low energy electron-impact
energy-loss spectroscopy, in agreement with our calculation
Ty T [3.45 eV fora(13A’) in Table 1ll]. The calculated energies
45000 50000 55000 60000 for theb(13A”) and¢(23A") states f~a||S within Lhe energy
-1 region of 45000-54000 cil. The b(13A”)—X(1'A")
e _ _ _ _ and¢(2 3A")«—X(1*A") transitions could be involved in the
e o e e e e e e g SDSOTPION Specirum of VC at 45 000-54000 CriFig.
7(a)]. The appearance of these spin-forbidden transitions in

lines represent the spectra resulting from tisés3 < 7 and 7* <= transi- ) ’ ]
tions. the spectrum could be due to an intensity borrowing from the

Franck-Condon Factor

FIG. 6. Franck—Condon factofsticks and predicted vibronic spectrum for
the E(4 'A")—X(1*A’") transitions.

(a) Expt.

Intensity (Arb. Units)

(b) Calc.

cm
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nearby (same symmett)yZ(llA”) excited state, through tronic states of VC. The five lowest-lying excited singlet
spin—orbit coupling caused by the CI atom. states of VC, ie., £,3s/log_c), (7,08 ¢f39), (m7),

In previous theoretical study of VC, Umemott al!*  (7,3po), and (m,3pc’), are found to be clustered together
calculated the relative energies of the, ¢ o), (m7"), at 6.4-7.5 eV. Among these five excited states, only the
(ng,m*), and ¢,0%_c) excited states usingb initio  3s/o¢_c— 7 and#* — transitions have significant oscilla-
methods with double-zeta quality 4-31G basis sets. Théor strengths to appear in the observed absorption spectrum.
(m,0¢_c) state is regarded as the first excited state of VC inThe simulated absorption spectrum of VC is in satisfactory
their calculation but without definite excitation energy. Usingagreement with the observation.
the MRCI method with cc-pVTZ basis set, Tonokwetal.’ In the one-photon absorption spectrum of VC, a long talil
calculated the vertical excitation energies of 7.262, 7.399was observed at 45000-54 000 chand was speculated
7.897, and 8.490 eV for thef o, 7*—m, m*«<ng, due to theb(13A")«X(1'A’) and T(23A")«X(1'A")
and og&_c+—ng transitions of VC, respectively. Browning transitions via the spin—orbit coupling caused by the CI
et al®® calculated the vertical excitation energy for the atom. This is in contrast to the existing literature reports that
7 —ar transition of VC to be 7.8227 eV at the CIS/6-3T1G the (w,7*) state of VC was excited in the absorption of 193
level. Compared with experiment, however, none of theseam photons. Theoretical investigations on the triplet excited
calculated results can nicely account for the absorption spestates of VC using high-levedb initio calculation methods
trum of VC[Fig. 7(a)]. For instance, the first excited singlet are under way. Re-examination of the photodissociation of
state predicted by Tonokuret al.” would appear in the vi- VC at 193 nm is also suggested taking these triplet states into
cinity of 58570 cm%, but the actual absorption intensity of account.

VC increases from-45 000 cm * and reaches a maximum at

54140 cm? [Fig. 7(@].}* On the other hand, our calcula-

tions match quite satisfactorily with the observed absorptior1°‘CKNOWLEDGME'\ITS
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