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High levelab initio calculations have been carried out to study seven electronic states of C2H. The
calculated equilibrium structure, energetics and vibrational frequencies for the 32A8 state at the
CASPT2/PVTZ level are in good agreement with those obtained experimentally by Hsuet al. The
transition dipole moments from the ground state C2H to electronic excited states depend sensitively
on the H–C–Cbending angle and often peak at nonlinear configurations. Based on this and the
dissociation behavior of the excited states, we predictA 1Pu andc 3Su

1 C2 fragments to be rich in
population, the former of which is experimentally detected recently by Jacksonet al. The ground
X 1Sg

1 and thea 3Pu state C2 are expected to be formed via the nonadiabatic process 32A8→2 2A8
or 4 2A8→3 2A8→2 2A8, which is in accord with the experimentally observed lifetime pattern by
Hsuet al. No reverse barrier for CC–H dissociation was found on theX andA electronic states of
C2H in the linear configuration. The 22A8 state, however, develops a distinct ‘‘barrier’’~not a true
saddle point! along dissociation coordinate when theH–C–C is significantly bent, due to the
interaction with upper electronic state. Since the 22A8 state energetically prefers a linear
dissociation, we suspect that the upper bound of the CC–H bond energy measured by Hsuet al. is
not severally affected by this ‘‘barrier.’’ ©1998 American Institute of Physics.
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I. INTRODUCTION

The C2H radical has attracted much attention both e
perimentally and theoretically over the past several deca
due to a number of reasons. Its ground stateX 2S1 and the
first excited state2P are separated by only 3600 cm21 and
undergoes internal conversion upon geometrical chang1

The strong and extensive vibronic coupling between the
electronic states hinders the clear characterization of
CCH radical despite extensive spectroscopic studies ove
years.2 The effects of extensiveX–A vibronic interaction
along with the Renner–Teller~RT! interaction in theA state
complicate the spectra of CCH, and therefore have bec
the subject of a series of theoretical studies by Peyerim
and co-workers.3 The photochemistry of C2H is also of great
interest and has been studied both experimentally4 and
theoretically5 in recent years. Interest in this system al
stems from its importance in astrophysics since C2H is be-
lieved to be the major source of C2 in comets and interstella
media.6 Clear understanding of the photodissociation proc
of C2H is also needed to characterize accurately the con
versial results on the bond energy of CC–H.7

In a recent experiment of Hsuet al.,8 rovibronically
(N,K2) resolved lifetimes of three vibrational levels of th
B state of CCH radical were measured in a supersonic
lecular beam. Considerable shorter lifetimes were obser
at higher vibrational levels than at levelT ~the assumedB
origin!, which was interpreted to be predissociation by co
pling with X or A levels of CCH via C-type Coriolis inter
action. Assuming no barrier exists in the dissociation proc
of the X and A states, an upper bound ofD0

0(CC–H) was
determined to be 39 38867 cm21 ~112.62 kcal/mol!.
626 J. Chem. Phys. 108 (2), 8 January 1998 0021-9606/9
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Another interesting quantity that has been investiga
by a number of authors is the branching ratio of the pho
dissociation process. Early studies using photofragm
translational spectroscopy produced contradictory res
from two experiments4~a!,9 in Lee’s research group. The mai
difficulty in the assignment of electronic states of C2 frag-
ments comes from the poor resolution afforded by the tim
of-flight ~TOF! spectra. In the recent experiments of Jacks
et al.,10 spectroscopic resolution is achieved by using la
induced fluorescence~LIF! to analyze the relative populatio
of the photofragments in different electronic states. In t
experiment, acetylene was used as the precursor for C2H and
was first photolyzed at 193 nm. The photodissociation pr
ucts C2H (X 2S1) and C2H (A 2P) absorb the photon of the
same energy, undergo secondary photodissociation pro
which at 193 nm can produce the C2 fragment in the follow-
ing electronic states:X 1Sg

1 , A 1Pu , B 1Dg , B8 1Sg
1 ,

a 3Pu , andb 3Sg
2 . From simultaneous measurement of t

Mulliken (X 1Sg
1 –D 1Su

1) and Freymark (A 1Pu–E 1Sg
1)

systems, and the Deslandres-D’Azumbuja (A 1Pu–C 1Pg)
and the LeBlanc (B8 1Sg

1 –D 1Su
1) systems, respectively

the nascent population ratio of C2 in the X:A:B8 electronic
states was found to be 1:19:1.4. Clearly, nonadiabatic eff
have to be involved to produce the ground state C2 product.

To further understand the experimental results of H
et al. and that of Jacksonet al., theoretical calculations on
the dissociation behaviors of the low lying electronic sta
of C2H are highly desirable. In the previous theoretical stu
of Duflot et al.5~b! dissociation curves of C2H for the lowest 6
electronic states have been calculated at the MRSDCI le
However, the C–C distance was fixed at the equilibrium d
8/108(2)/626/11/$15.00 © 1998 American Institute of Physics
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627Q. Cui and K. Morokuma: Excited states of C2H
tance in theX 2S1 C2H during the scan. Since the C–
distance in the excited states is much longer than that in
ground state, the qualitative results might be different a
should be examined carefully. In addition, no optimizati
has been carried out for neither the excited states C2H nor the
crossing structures between different electronic states
characterize the nonadiabatic interactions.

In the current work, we have carried out high level
initio calculations for the properties of seven electronic sta
of C2H. Qualitative dissociation behavior and the nonad
batic interactions between those electronic states have
been studied. In Sec. II, we summarize the computatio
methods employed in the current work. In Sec. III, we fi
discuss the low lying electronic states of the photofragm
C2, followed by the prediction of the properties calculat
for several excited states C2H. Then we discuss the dissocia
tion behavior and the nonadiabatic interactions of those e
tronic states along the C–H dissociation pathway, and re
these results with the recent experimental findings. In S
IV, we make a few conclusions.

II. COMPUTATIONAL METHODS

Geometries of equilibrium structures on the excited st
potential surfaces are optimized using the analytical grad
at the complete active space self-consistent field~CASSCF!
level, and with a numerical gradient at the CASPT2~Ref. 11!
level with the D95(d,p) ~Ref. 12! basis set. Several struc
tures have also been optimized with numerical gradient at
CASPT2/PVTZ~Ref. 13! level. The ground and the first ex
cited states have also been optimized with the EOMIP~Ref.
14! PVTZ method, which has been proven to be ideal
radicals with close lying electronic states. The full valen
active space, (8e/8MO) and (9e/9MO), have been used in
the CASSCF calculations for both C2 and C2H, respectively.
In the CASSCF and CASPT2 optimizations for a certa
excited state of C2H, the molecular orbitals are derived from
CASSCF~Ref. 15! calculations state-averaged over all t
lower states in this irrep~irreducible representation!. For ex-
ample, in the optimization of the 32A9 state, three2A9 roots
are included in the state-averaged CASSCF calculation
the CASPT2 calculations, however, the lower states h
been projected out using the approximate scheme,16 and only
one root is included. Vibrational frequencies and the ze
point energy~ZPE! are calculated for C2 and excited state
C2H with the CASPT2 method with double numerical diffe
entiation along with the standard GF matrix scheme, or w
numerical differentiation of EOMIP analytical gradient fo
the ground and the first excited state C2H with linear struc-
ture. Minima on the seam of crossing~MSX! are located also
using the analytical gradient at the state-averaged CAS
level. Detailed discussion for the number of roots includ
will be given in Sec. III C. Finally single point calculation
are performed at the CASPT2/PVTZ level for vertical ex
tation energies and adiabatic excitation energies. In th
single point calculations, the molecular orbitals are con
tently obtained from state-averaged CASSCF calculations
cluding 7 roots for the reason which will be discussed in S
J. Chem. Phys., Vol. 108,
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III. Furthermore, to investigate the qualitative behavior
the potential energies of these electronic states we cons
here, 7-state-averaged CASSCF/D95(d) scans have been
carried out.

The MOLPRO96 ~Ref. 17! was used for all the CASSCF
and CASPT2 calculations. Our own program in conjuncti
with HONDO8.0 has been used for MSX search. EOMIP ca
culations have been carried out with theACES-II package.18

III. RESULTS AND DISCUSSION

A. Electronic states of C 2

To find out how many electronic states we have to
clude in the calculations consistently and the correlation
lationship between C2H and C21H, we first examine the
electronic states of the dissociation products C2. Since the
spectroscopic information of C2 has been well understoo
experimentally19 as well as theoretically,20 comparison of
our results with those will also give us an idea about
accuracy of the methods we used.

Calculated equilibrium structures, adiabatic excitati
energies, and vibrational frequencies along with the co
sponding experimental data and some previous calculat
are given in Table I for the ten~including degeneracy! lowest
electronic states of C2. As can be seen clearly from Table
the calculated results with CASPT2/PVTZ agree satisfac
rily with all the known experimental parameters.

In Fig. 1, we have shown the potential energy curves
these ten excited states of the C2 fragment calculated at both
the state-averaged CASSCF and CASPT2 level using
10-state-averaged CASSCF molecular orbital. The res
obtained at the two levels are similar qualitatively. It is i
teresting to note that even though thec 3Su

1 state is the
fourth state~including degeneracy! in adiabatic energy, it is
destabilized significantly by the C–C stretch. As C–C
longer than;1.33 Å, it becomes higher in energy than th
A 1Pu andb 3Sg

2 states, which both have their equilibrium
bond lengths around 1.4 Å. When the C–C distance
stretched up to 1.40 Å, thec 3Su

1 state becomes even highe
than theB 1D and B8 1Sg

1 states and is the highest amon
those calculated. These results suggest that in principle
electronic states have to be studied to fully understand
branching ratio from the high-energy experiments of Jack
et al.10 However, we encountered quite a few convergen
problems in the preliminary studies, and therefore we wish
truncate the number of electronic states in the current st
and leave higher excited states to future work. The m
interesting issue in the experiment of Jacksonet al. is the
A:X branching ratio, and therefore one needs to include
the electronic states that can produce theA state dissociation
products. According to Fig. 1, we can accomplish this
including at least seven electronic states in the calculatio

B. Equilibrium properties of excited states C 2H

After deciding that seven electronic states of C2H will be
investigated, we have first calculated their equilibrium pro
erties. Optimized geometries, vertical excitation energ
No. 2, 8 January 1998
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628 Q. Cui and K. Morokuma: Excited states of C2H
TABLE I. Properties calculated for the C2 molecule in several electronic
states.a

State Method r 2CC ~Å! Energetics Frequency (cm21)

X 1Sg
1 CASSCF/I 1.268 275.627 75

CASPT2/I 1.269 275.721 76 1829
CASPT2/II 1.253 275.774 59 1879

CMRCI1Qb 1.246 ••• 1848
Exptc 1.243 ••• 1855

a 3Pu CASSCF/I 1.341 0.47
CASPT2/I 1.339 0.15 1623
CASPT2/II 1.323 0.11 1612

CMRCI1Qb 1.316 0.06 1630
Exptc 1.312 0.09 1641

b 3Sg
2 CASSCF/I 1.397 1.38

CASPT2/I 1.396 1.04 1423
CASPT2/II 1.379 0.90 1424

Exptc 1.369 0.80 1470
c 3Su

1 CASSCF/I 1.239 1.23
CASPT2/I 1.240 1.23 1937
CASPT2/II 1.220 1.15 1999

Exptc 1.230 1.13 1985
A 1Pu CASSCF/I 1.349 1.70

CASPT2/I 1.346 1.26 1567
CASPT2/II 1.329 1.09 1586

EOM-CCSD~T!d 1.359 1.11
Exptc 1.318 1.04 1608

B 1Dg CASSCF/I 1.419 2.19
CASPT2/I 1.415 1.79 1326
CASPT2/II 1.397 1.63 1362

EOM-CCSD~T!d 1.432 1.56
Exptc 1.389 1.50 1407

B8 1Sg
1 CASPT2/I 1.409 2.05 1355

CASPT2/II 1.389 1.96 1374
EOM-CCSD~T!d 1.422 1.92

Exptc 1.377 1.91 1424

aTotal energies in hartree have been shown for theX 1Sg
1 in italics. For

other electronic states, energies relative toX 1Sg
1 have been shown in eV

Basis I is D95(d,p), and basis II is PVTZ.
bFrom Ref. 20~b!.
cFrom Ref. 19.
dFrom Ref. 20~a!.
J. Chem. Phys., Vol. 108,
adiabatic excitation energies as well as the vibrational
quencies obtained from our calculations are shown in Ta
II.

The groundX 2S1 and the first excited stateA 2P have
been well studied by previous theoretical calculations3,5

Good agreement is found for the equilibrium structures
well as for the adiabatic excitation energies between the
rent work and previous calculations. The C–H dissociat
energy from the ground state C2H has been calculated to b
4.64 eV ~107.0 kcal/mol! including ZPE, which is in quite
good agreement with the value of 112.4 kcal/mol from t
high quality calculation result of Bauschlicheret al.7 and the
value of 112.62 kcal/mol from the latest experimental es
mate of Hsuet al.8

In contrast, there is very limited information about th
properties of the excited states of the C2H. Vertical excita-
tion energies of electronic states within 10 eV have be
calculated by a number of authors,21,5and as seen in Table II
the most recent theoretical values are in reasonable ag
ment with our results. In order to check if diffuse function
are important, we have carried out vertical excitation ene
calculations at the CASPT2/III or aug-cc-PVTZ~Ref. 13!
level, and the results have been included in Table II. T
effect of the diffuse functions is not large, around 0.1 e
Considering the size of our largest basis set, we feel theTv

values of Duflotet al.5~b! for A 2P, 4 2A8, and 22A9 are
underestimated. The characters of the electronic transit
have been analyzed by Duflotet al.,5~b! and none of the ex-
cited electronic states in the current study has been foun
have significant Rydberg character.

Virtually no information about the equilibrium proper
ties of the excited states of C2H is known either experimen
tally or theoretically. It is known that the excited states
C2H except theA 2P are highly bent,5~b! and have rather fla
bending potentials, as can actually be seen from theH–C–C
F/
FIG. 1. The potential energies of electronic states of C2 ~in eV! as a function of the C–C distance~Å!. ~a! Is calculated at the 10-state-averaged CASSC
PVTZ level, and~b! is calculated at the CASPT2/PVTZ level.
No. 2, 8 January 1998
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629Q. Cui and K. Morokuma: Excited states of C2H
2TABLE II. Properties calculated for the C2H molecule in several electronic states.a

Frequency~cm21!

State Methodb

Geometry~Å and deg!
Tv

~eV!
Te

c

~eV!
v3

C–C
v2

bend
v1

C–Hr -CC r -CH /HCC

X 2S1 CASPT2/II 1.218 1.067 180.00 0.00 24.64
EOMIP/II 1.201 1.056 180.00 0.00 2109 512 352

CIPSId 1.223 1.075 180.00 0.00 24.62 1975 570 3346
Expte 1.217 1.041 180.00 0.00 24.88 1848 389 3612

A 2P CASPT2/II 1.298 1.074 180.00 0.79 0.50
CASPT2/III 0.79
EOMIP/II 1.276 1.063 180.00 0.51 1795 571 342

CIPSId 1.302 1.064 180.00 0.54 0.44
Expte 1.288 1.060 180.00 0.45

3 2A8 CASSCF/I 1.417 1.144 115.69
CASPT2/I 1.411 1.140 113.54 1105 778 214
CASPT2/II 1.408 1.130 116.59 6.73 4.86
CASPT2/III 6.53

CIPSId 6.63
MRDCIf 1.397 ••• 113 4.68

Exptg 1.43 ••• 108.4 4.85g

4 2A8 CASSCF/I 1.562 1.148 107.99
CASPT2/I 1.546 1.138 110.17 1267 894 278
CASPT2/II 7.50 5.80
CASPT2/III 7.38

CIPSId 7.07
2 2A9 CASSCF/I 1.533 1.133 119.11

CASPT2/I 1.517 1.128 118.56 1017 812 288
CASPT2/II 7.50 5.04
CASPT2/III 7.38

CIPSId 7.07
MRDCIf 1.413 ••• 115 4.92

3 2A9 CASSCF/I 1.547 1.147 105.74
CASPT2/I 1.530 1.136 108.12 964 798 279
CASPT2/II 7.31 5.51

CIPSId 7.34
MSX CASSCF/I 1.267 1.894 70.46
(C2v) CASPT2/II 5.52b

aTotal energies of theX 2S1 state with CASPT2/PVTZ is276.458 384 2 hartree.
bBasis set I stands for D95(d,p), II for cc-PVTZ, and III for aug-cc-PVTZ. For excited states exceptA 2P,
geometry optimizations were done with different state-averaged CASSCF reference wave functions for
ent states. The vertical and adiabatic excitation energies, however, were obtained with a 7-state-a
CASSCF reference wave function to ensure balanced treatment. See text for more details.

cFor X 2S1, the relative energy to the dissociation limit of C2(2Sg
1)1H(2S) is shown in italic. For other states

adiabatic energies including ZPE corrections are shown.
dFrom Ref. 5~b!.
eFrom experiments cited in Ref. 5~b!.
fFrom Ref. 5~a!.
gFor Ref. 1. The energy of the ‘‘T’’ level is shown.
hNo ZPE was included for the MSX structure.
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bending curves shown in the Fig. 2~a!. Only partially opti-
mized structures of the 32A8 and 22A9 states have bee
presented in the work of Peyerimhoffet al.5~c! Experimen-
tally, the origin of theB state is also very difficult to measur
without ambiguity.1 Therefore our calculations provide
valuable information in this aspect. As shown in Table II, t
predicted equilibrium geometry of the 32A8 ~the B state!
state is very close to that determined by the experimen
Hsu et al.1 The long C–C distance of more than 1.4 Å r
flects thep→p* nature of the state.5~b! The adiabatic energy
of 4.86 eV calculated for the 32A8 state is also rather clos
to the energy of the ‘‘T’’ vibrational level observed in the
J. Chem. Phys., Vol. 108,
of

experiment of Hsuet al.1 The calculated harmonic frequen
cies of 1105 cm21 for C–C stretch and of 778 cm21 for the
H–C–C bending are fairly close to the energy differenc
between the three vibrational levels of theB state T, T
1775 cm21, andT11221 cm21 observed by Hsuet al.,1 al-
though they considered 775 cm21 to correspond to two
quanta of bending, 2n2 . Other excited electronic state
4 2A8, 2 2A9, and 32A9, are relatively high in energy and
have a very long equilibrium C–C distance of more than
Å, reflecting the~p→p* , p→s! nature of the states.

Transition dipole moments between the lower electro
states are very important quantities in order to understand
No. 2, 8 January 1998
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FIG. 2. ~a! The bending potential~in eV and deg! calculated at level of 7-state-averaged CASSCF/D95(d,p) for seven electronic states of C2H with C–C and
C–H fixed at 1.35 Å and 1.10 Å, respectively.~b!–~d! transition dipole moments~in a.u.! from the 12A8(X 2S1), 2 2A8 and 12A9 ~A 2P pair! states to upper
electronic excited states as a function of theH–C–Cbending angle~in deg! with C–C and C–H fixed at equilibrium distances of the ground electronic st
Solid lines are forA8 states, and dashed lines forA9 states.
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branching ratio of the photodissociation products. Since C2H
is produced from the photodissociation of C2H2 at 193.3 nm,
it is well known that bothX and A states of C2H are pro-
duced in their bending excited vibrational states.22 Therefore,
the transition dipole moments from theX and A states to
upper electronic excited states as functions of the bend
angle are required. In the work of Duflotet al.,5~b! the tran-
sition dipole moments between the ground electronic stat
excited states have been calculation only in linear geome
In Figs. 2~b!–2~d!, we have shown the calculated transitio
dipole moments from theX 2A8, and 22A8, and 12A9 ~the
latter two corresponding toA 2P!, respectively, to uppe
electronic excited states calculated at the level of st
averaged CASSCF/D95(d,p) as functions of theH–C–C
bending angle. CASPT2 transition dipole moments have a
been calculated at the ground state equilibrium structure
J. Chem. Phys., Vol. 108,
g

to
y.

e-

o
nd

the state-averaged CASSCF results have been found t
quite reasonable. The basis set of D95(d,p) may not be large
enough to yield quantitative transition dipole moments, bu
is expected to give qualitatively reliable values for the v
lence excited states considered here. As seen clearly f
Fig. 2, the transition dipole moments depend sensitively
the bending angle and most of them peak at nonlinear ge
etries. Although it is hard to rationalize these behaviors b
simple orbital picture due to heavy configuration mixture, w
can make comments on some bending dependence bas
the main configurations of the these electronic states. At
ear geometry, the main configurations of the electronic sta
are X 2S1:(s)1(p)4, A 2P:(s)2(p)3, 2 2S1(3 2A8)
(s)1(p)3(p* )1, 22P(4 2A812 2A9):(s)2(p)2(p* )1 and
2S2(3 2A9):(s)1(p)3(p* )1, and there are three forbidde
transitions, X 2S1→2S2(3 2A9), A 2P i(2 2A8)→
No. 2, 8 January 1998
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FIG. 3. ~a!–~b! Potential energy curves~in eV! calculated at 7-state-averaged CASSCF/D95(d,p) level for seven electronic states~including degeneracy! of
linear C2H. The C–C distance is fixed at 1.25 Å and 1.35 Å, in~a! and ~b!, respectively.~c! Potential energy curves~in eV! calculated at 3-state-average
CASPT2/D95(d,p) level for three electronic states~X 2S1 andA 2P! of linear C2H. The C–C distance is fixed at 1.25 Å.~d!–~e! Potential energy curves
~in eV! calculated at 7-state-averaged CASSCF/D95(d,p) level for seven electronic states~including degeneracy! of C2H in theC2v T-shape arrangement. Th
abscissaRX is the distance~in Å! between H and the center of mass of C2. The C–C distance is fixed at 1.25 Å and 1.40 Å, in~d! and ~e!, respectively.
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2P'(2 2A9) andA 2P'(2A9)→2P i(4 2A8), which are actu-
ally confirmed in the results shown in Fig. 2. The main co
figurations ofX 2S1 and 22P differ by two spin–orbitals,
i.e., the excitation is two electron in nature (p2→sp* ). As
a result, the transition dipole moment betweenX and
2 2P(4 2A812 2A9) is small at linear geometry. AsH–C–C
bends away from 180.0° and the molecule falls intoCs sym-
metry, thes and p i orbitals become heavily mixed. As
result of heavy configuration mixing, the transition dipo
moment betweenX and 22P(4 2A812 2A9) becomes larger
as H–C–Cbends away from linearity. The excitation from
A 2P(2 2A812A9) to the 32A8 state is ofs→p* type, and
the corresponding transition dipole moment is large at lin
configuration. The transition dipole moment between
A8 P component to 32A8 is hardly changed upon bendin
becauses→p i* is not affected very much. On the othe
hand, the transition dipole moment between theA9 P com-
ponent to 32A8 decreases dramatically upon bending b
causes→p'

* is not favored. For the similar reason, the tra
sition dipole moment between theA8 P component and
3 2A9 is smaller in magnitude than that between theA9 P
component and 32A9 for nonlinear geometries.

C. Dissociation behavior

In this section, we will discuss the qualitative behav
of the potential energy curves~PECs! of C2H in these elec-
tronic states along the C–H dissociation coordinate. O
J. Chem. Phys., Vol. 108,
-

r
e

-
-

r

e

more the energies are calculated with 7-state-averaged
valence CASSCF wave functions, which is expected to g
qualitatively correct results. For more quantitative resu
one may have to obtain the PECs at higher levels such
MRSDCI. Preliminary results show that CASPT2 is not pr
ferred here due to the poor convergence problem when d
ing with many close lying states with same symmetry. D
to the large amount of avoided and allowed crossings
tween these electronic states, fitting and diabatization will
a tremendous task and will not be pursued here.

First of all, we examine the dissociation behavior
electronic states involved in the current study in two hi
symmetry cases; linearC`v in Figs. 3~a!–3~c! and T-shape
C2v in Figs. 3~d!–3~e!. In the linear case the abscissa
simply the C–H distance, while in the later it is the distan
Rx from H to the center of mass of C2.

1. Dissociation in C `v

The electronic states we have studied in linear geom
are X 2S1, A 2P, 2 2S1(B), 2 2P, and 12S2 and they
dissociate adiabatically to five C2 1H(2S) states as shown in
Figs. 3~a!–3~b!. When the C–C distance is short, 1.25 Å
Fig. 3~a!, no crossing is found for the electronic states
cluded, because at this C–C distance the energetical ord
these C2H states is the same as that of the correspond
electronic states of the C2 fragment. TheX 2S1 and the
A 2P state both dissociate smoothly without significant b
No. 2, 8 January 1998
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632 Q. Cui and K. Morokuma: Excited states of C2H
rier. However, a closer look seems to reveal thatX 2S1 and
2 2S1 have some weak interaction at a long C–H distance
;2.5 Å so that 22S1 develops a very shallow exit well an
X 2S1 has a nearly negligible exit barrier. The higher e
cited states 22S1, 2 2P, and 12S2 all have some dissocia
tion barriers. As the C–C distance is stretched to 1.35 Å,23 as
shown in Fig. 3~b!, all the higher excited states are stabiliz
to some extend in the Franck–Condon~FC! region. The
X 2S1 andA 2P pair and the 22S1 and 22P pair, respec-
tively, become rather close in energy in the FC region, a
the 22P state becomes nearly degenerate to the2S2 state as
the C–H is significantly stretched. The shallow well on t
2 2S1 state becomes more visible at longer C–C distance
is seen that the higher excited states and the lower s
X 2S1 andA 2P are well separated in linear configuration

Since the barriers on theX 2S1 and the2P state are of
great importance to the accuracy of the C–H bond ene
value obtained from the experiment of Hsuet al.8 ~see dis-
cussion later!, we have carried out more detailed scan for t
exit channel of the two~or three including degeneracy! states
at the more accurate CASPT2/D95(d,p) level with 3-state-
averaged CASSCF molecular orbital. As seen from the F
3~c!, no barrier exists along C–H dissociation in the line
configuration on either theX or the A electronic state of
C2H.

2. Dissociation in C 2v

Next, we looked at another extreme case,C2v dissocia-
tion curves where the C2H is highly bent. In this T-shape
arrangement, the electronic states we included are 1 – 32A1 ,
1 – 32B1 , and2B2 .23 Numerous crossings are found in Fig
3~d!–3~e!. The 22A1 state has an avoided crossing wi
3 2A1 aroundRx51.4 Å, and also crosses with the 12B2

state and the 12B1 state atRx;1.6 Å and 1.9 Å, respec
tively. It might look like that 12B2 and 22B1 has an avoided
crossing atRx51.9 Å, but it is actually an strongly avoide
crossing between 12B1 and the 22B1 state, as states of dif
ferent symmetry (B1 /B2) do not interact. The late barrier o
the 12B2 state must come from the interaction with high
B2 states. As C–C is stretched from 1.25 Å in Fig. 3~d! to
1.4 Å in Fig. 3~e!, a few changes are noticed. First of a
since both the order of2S1/2P in C2H and that of1Sg

1/3Pu

in C2 change upon C–C stretch, now the 12A1 C2H state
adiabatically connects to the asymptote of C2(a

3Pu)
1H(2S), while the 22A1 C2H state connects adiabatical
with C2(X

1Sg
1)1H(2S). Secondly, since the 12B2 adia-

batically connects to the C2(c
3Su

1)1H(2S), which is
strongly destabilized upon C–C stretch, the 12B2 state also
becomes significantly higher in energy at longer C–C d
tance. To characterize the nonadiabatic transition from
upper electronic states to theA andX states during the C2H
dissociation, one would like to find the minimum on th
seam of crossing~MSX! between these states. InC2v sym-
metry, the 12B2 and 22A1 MSX is of particular interest
since it characterizes the crossing between theB state, which
has been probed in the recent experiment of Hsuet al.,8 and
the lower electronic states. We have carried out optimiza
J. Chem. Phys., Vol. 108,
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of this MSX with a 4-state-averaged CASSCF calculati
including only three2A1 states and one2B2 state ~which
makes CPMCSCF equations easier to converge!. In the
single point energy calculations, however, we again use
7-state-averaged CASSCF to obtain the molecular orbital
be consistent with other energetics. The obtained MSX str
ture and energy are presented in Table II. It is seen that
C–C distance is rather short, 1.267 Å, presumably beca
1 2B2 is destabilized at long C–C distance. The energy of
MSX in C2v symmetry at the CASPT2/PVTZ level is 5.5
eV, too high to be accessed in the experiment of the H
et al.8 However, inCs symmetry, these states~both belong-
ing to 2A8! may undergo avoided crossing at lower energ
through which nonadiabatic transition might take place.

3. Dissociation in C s

In order to gain insight into the behavior of potenti
energy surfaces, we carried out CASSCF scans for the C
dissociation process inCs symmetry. Selected potentia
curves along the C–H distance are presented in Fig. 4,
someH–C–Cbending potential curves are shown in Fig.

In Cs , the states we included become 1 – 42A8 and
1 – 32A9, and larger number of avoided crossings are o
served due to extensive interactions between close ly
electronic states. While the low lying 12A8 and the 12A9
states dissociate without significant barrier, the 22A8 state is
strongly destabilized uponH–C–C bending and develops
distinct dissociation barrier at the C–H distance of about
Å. This is not to say that there is a saddle point for dissoc
tion on the2P state, which has been shown to dissocia
without barrier at lower energy in the linear arrangeme
The character of this ‘‘barrier’’ on the 22A8 state can be
traced back to the diabatic character inC2v symmetry. As
can be seen clearly from Fig. 3~d!, the electronic state inC2v
that correlates to 22A8 in Cs is 1 2B2 . The 12B2 state cor-
relates to the C2(c

3Su
1) state inC2v , and therefore crosse

with the 22A1 state which correlates to a lower dissociati
limit. As one breaks theC2v symmetry toCs , both the 22A1

and 12B2 fall into the A8 symmetry, and the crossing be
tween them becomes a barrier on the lower adiabatic s
2 2A8. Although theB state 32A8 prefers a long C–C dis-
tance in the FC region, it is lower in energy at short C–
distance (;1.25 Å) when the C–H is significantly stretche
(.1.5 Å). The reason is similar to the case of the 12B2 state
in C2v , namely the 32A8 adiabatically connects to th
c 3Su

1 state at short C–C distance, which is destabilized s
nificantly by the C–C stretch, and as a result, the 32A8 state
and the lower electronic states are closer in ene
only when C–C is short. Indeed, as we have seen in
C2v case, the MSX between the 22A1 ~2 2A8 in Cs! and the
1 2B2 ~3 2A8 in Cs! has a very short C–C distance of 1.26
Å. The 22A9 state is stabilized by C–C stretch at long C–
distances, and becomes very close to the 22A8 state as seen
in Fig. 4~d!. In C2v , this corresponds to the crossing betwe
2 2B1 ~2 2A9 in Cs! and the 12B2 state (22A8). The disso-
ciation limit at short C–C distance;1.25 Å is very clear
because the electronic states of C2 are well separated as see
No. 2, 8 January 1998
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FIG. 4. Potential energy curves~in eV! calculated at 7-state-averaged CASSCF/D95(d,p) level for seven electronic states~including degeneracy! of C2H in
Cg symmetry. The C–C distance andH–C–Cangles are labeled under each curve. Solid lines are forA8 states, and dashed lines forA9 states.
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in Fig. 1. At longer C–C distance, however, it is not entire
clear immediately to which state the 42A8 correlates,c 3Su

1

or theB 1Dg , due to the crossing between them as illustra
in Fig. 1.

D. Relationship to experiments

In this section, we briefly discuss several aspects of
recent experiments of Jacksonet al.10 and Hsuet al.,8 in con-
junction with our calculation results. In the experimen
work of Jacksonet al.,10 the branching ratio of the C2 frag-
ment in its X 1Sg

1 , A 1Pu , and B8 1Sg
1 states has bee

measured to be 1:19:1.4. The population of the other st
b 3Sg

2 , c 3Su
1 , and B 1Dg is not clear from their experi-

ment. Taking the value of 1:3 for theX:a(3Pg) ratio from
the earlier work of Wodtke and Lee,4~a! the value of
1:3:19:1.4 has been derived for the ratioX:a:A:B8. We can
try to understand this ratio by reviewing the present res
of calculation.

First of all, it is well established from numerous expe
mental studies22,24 that the major product of photodissoci
tion of C2H2 at 193.3 nm is C2H (X 2S1) with large bending
excitation. We recall from Sec. III B and Fig. 2 that th
X 2A8 state has relatively large transition dipole moment
the 42A8 and 22A9 states whenH–C–Cbending vibration
is excited. The excitation energy fromX 2A8 to 4 2A8 and
J. Chem. Phys., Vol. 108,
d

e

l

es

ts

2 2A9 is, as seen in Table II, in the range of 5–7.4 eV, whi
matches the 193.3 nm photon energy. Therefore, it is m
likely that the initial excitation of C2H at 193.3 nm produces
the 42A8 and the 22A9 states. As shown in Fig. 4, at sho
C–C distance of;1.25 Å where thec 3Su

1 state ofC2 is
well belowA 1Pu andb 3Sg

2 states, 42A8 and 22A9 of C2H
correlate toA 1Pu . This is certainly in accord with the ex
perimental fact thatA 1Pu has the largest population in th
nascent C2 product.

At longer C–C distance;1.40 Å which is closer to the
equilibrium distance of C2H in its excited electronic states
Fig. 4 indicates that the 42A8 and the 22A9 states of C2H
correlate to thec 3Su

1/B 1Dg and theb 3Sg
2 state ofC2 ,

respectively. In addition, as shown in Fig. 4~c!, at the short
C–C distance,c 3Su

1 can also be formed rather efficientl
via the 42A8→3 2A8 nonadiabatic transition. Therefore, w
predict that thec 3Su

1 state should also be rich in populatio
of the C2 product, which is worth investigating further ex
perimentally.

Nonadiabatic processes can produce a smaller amou
X(1Sg

1) and a(3Pu) state of the C2 product. Starting from
the 42A8 state, two nonadiabatic transitions, 42A8→
3 2A8→2 2A8 can produce the 22A8 state, which correlates
to theX(1Sg

1) anda(3Pu) state of C2 at short~1.25 Å! and
long (.1.35 Å) C–C distances, respectively. The nonad
No. 2, 8 January 1998
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FIG. 5. H–C–C bending potential energy curves~in eV! calculated at 7-state-averaged CASSCF/D95(d,p) level for seven electronic states~including
degeneracy! of C2H in Cg symmetry. The C–C distance and the C–H distance~in Å! are labeled under each curve. Solid lines are forA8 states, and dashed
lines for A9 states.
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batic transition from 22A9 to 2 2A8 is not expected to be
important, since the coupling element has to be Coriolis-t
which is usually small in magnitude.

In the recent experiment from Hsuet al.8 the energetic
range studied is much lower. The lifetime of three vibr
tional levels,T, T1775, andT11221, of theB state C2H
have been probed, where theT level is 39 157.42 cm21

above the ground state zero-point level. Table II indica
that at this energy only theB 3 2A8 electronic state needs t
be considered. According to Figs. 3~d! and 4~c!, the quench-
ing of the 32A8 state is possible by making the transitio
from the 32A8 to the 22A8 state. Indeed, noK2 dependence
in the lifetime has been observed for the rovibrational lev
J. Chem. Phys., Vol. 108,
e

-

s

s

of the B state experimentally, confirming that the prediss
ciation was not caused by the coupling betweenA8 andA9
states. It was also mentioned that anN2 dependent lifetime,
which is anticipated forC-type Coriolis coupling cases, wa
not observed at levelsT andT11221, although found for the
T1775 level. Our explanation is that since 22A8 and 32A8
states are coupled via vibrational motion as well as Corio
coupling, anN2 dependent lifetime is not guaranteed.

The upper bound of the CC–H dissociation energy h
been determined by measuring the rovibronic distributions
C2 after the photodissociation process.8 Therefore, the error
in the value depends on how much energy is distributed
the translation of photofragments, which tends to be larg
No. 2, 8 January 1998
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635Q. Cui and K. Morokuma: Excited states of C2H
there is a large reverse barrier. Our calculations@Figs. 3~a!
and 3~c!# indicated there is no reverse barrier on theX or A
surface if dissociation takes place in linear configurati
The 22A8 ~one of theA 2P pair! develops a distinct ‘‘bar-
rier’’ upon significant ~C–C–H! bending. How much will
this ‘‘barrier’’ effects the CC–H dissociation energy dete
mined by Hsuet al.? We suspect that the effect is not aw
fully large. Starting from the 32A8 state after excitation, the
trajectory will make a nonadiabatic transition to the 22A8
state with a highly bent configuration, producing high
bending excited 22A8. Figures 5~c! and 5~d! show that the
2 2A8 state has a strong preference to a linear configurat
Therefore, trajectories will dissociate with most of its ener
in bending~which results in product rotation! and very little
energy is likely to be released into the translation.

IV. CONCLUSIONS

In the current study, we have carried outab initio calcu-
lations to study seven electronic states of C2H. Equilibrium
properties for the excited states have been obtained at a
level of theory CASPT2/PVTZ, and the qualitative dissoc
tion behavior of these electronic states has been investig
with the state-averaged CASSCF method. Based on the
sults, we have discussed the recent experimental obse
tions of Jacksonet al.10 and Hsuet al.8 The conclusions can
be briefly summarized as follows.

~1! The calculated equilibrium structure, energetics and
brational frequencies for the 32A8 state are in good
agreement with those obtained experimentally by H
et al.1 Upon excitation, the equilibrium C–C distance
elongated to;1.4 Å and the H–C–Cangle is highly
bent to be;110°. Other excited states have even long
C–C equilibrium distances, and are higher in energy

~2! The transition dipole moments from the ground ele
tronic state and the low lying excited states (A 2P), to
higher lying electronic excited states of C2H depend sen-
sitively on theH–C–Cbending angle and often peak
nonlinear configurations. IfX C2H is assumed to be th
dominant product from the photodissociation of C2H2,
we expect that the excitation ofX C2H at 193.3 nm will
produce mainly the 42A8 and 22A9 states. Based on thi
and the dissociation behavior of these electronic sta
we expect thatA 1Pu andc 3Su

1 C2 fragment to be rich
in population. Indeed, in the experimental work of Jac
sonet al.10 the A state has the largest population amo
those detected. Although thec 3Su

1 state was not studied
in their experiment, it is likely to be formed and is wor
being studied in the future.

~3! The groundX 1Sg
1 and low lying excited state a3Pu of

C2 are expected to be formed via the nonadiabatic p
cesses from the 42A8 via two nonadiabatic transition
and from the 32A8 state via a nonadiabatic transition
the 22A8 state. The 22A8 state can dissociate directly t
the X 1Sg

1 state of C2 at short C–C distance~;1.25 Å!,
and to thea 3Pu state of C2 at long C–C distance
(.1.35 Å). This is in accord with the fact that noK2

dependent lifetime was observed in the experiment
J. Chem. Phys., Vol. 108,
.
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Hsuet al.8 which confirms that the predissociation of th
B state is not viaA8–A9 type coupling. Since the 22A8
and 32A8 states can be coupled via vibrational motion
Cs , we argue that theN2 dependent lifetime is not guar
anteed.

~4! No reverse barrier for CC–H dissociation was found
the X and A electronic states of C2H in the linear con-
figuration. The 22A8 state, however, develops a distin
‘‘barrier’’ ~not a true saddle point! along dissociation
coordinate when theH–C–C issignificantly bent. Since
the 22A8 state prefers a linear dissociation energetica
we expect a large amount of bending excitation in C2H
after the 32A8→2 2A8 transition, which will produce ro-
tational hot fragment. As a result, we suspect that
upper bound of the CC–H bond energy obtained by H
et al. is not severally affected by this ‘‘barrier.’’

ACKNOWLEDGMENTS

The authors express their thanks to Professor Y.-C. H
and Professor W. M. Jackson for providing us experimen
results before publication, and also for many stimulating d
cussions. The authors also thank Dr. A. Mebel, and Mr.
Sorkhabi for discussion. Q.C. acknowledges a graduate
lowship from the Phillips Petroleum Co. This work was
part supported by the Grant F49620-95-1-0182 from the
Force Office of Scientific Research.

1See, for example, Y.-C. Hsu, Y.-J. Shiu, and C.-M. Lin, J. Chem. Ph
103, 5919~1995!.

2See, for example, Refs. 1–26 in Ref. 1.
3~a! M. Peric, W. Reuter, and S. D. Peyerimhoff, J. Mol. Spectrosc.148,
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