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High levelab initio calculations have been carried out to study seven electronic statesioflGe
calculated equilibrium structure, energetics and vibrational frequencies for #aé &ate at the
CASPT2/PVTZ level are in good agreement with those obtained experimentally bgtHdurhe
transition dipole moments from the ground stai¢i@o 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 preditil, andc 33 C, fragments to be rich in
population, the former of which is experimentally detected recently by Jaaksah The ground

X 137 and thea 311, state G are expected to be formed via the nonadiabatic procéas-32 2A’

or 42gA’—>32A’—>22A’, which is in accord with the experimentally observed lifetime pattern by
Hsuet al. No reverse barrier for CC—H dissociation was found onXhend A electronic states of
C,H in the linear configuration. TheZ2’ state, however, develops a distinct “barrieftiot a true
saddle point along dissociation coordinate when thke-C—C is significantly bent, due to the
interaction with upper electronic state. Since th&A2 state energetically prefers a linear
dissociation, we suspect that the upper bound of the CC—H bond energy measureddiyaHsu

not severally affected by this “barrier.” €1998 American Institute of Physics.
[S0021-960698)03502-9

I. INTRODUCTION Another interesting quantity that has been investigated
by a number of authors is the branching ratio of the photo-
The GH radical has attracted much attention both ex-dissociation process. Early studies using photofragment
perimentally and theoretically over the past several decadegans|ational spectroscopy produced contradictory results
due to a number of reasons. Its ground s, " and the  from two experimenf° in Lee’s research group. The main
first excited statéIl are separated by only 3600 cfand difficulty in the assignment of electronic states of feag-
undergoes internal conversion upon geometrical chahgesments comes from the poor resolution afforded by the time-
The strong and extensive vibronic coupling between the tWoy gight (TOF) spectra. In the recent experiments of Jackson
electronic states hinders the clear characterization of th t al,1° spectroscopic resolution is achieved by using laser

CCH radical despite extensive spectroscopic studies over ﬂ]ﬁduced fluorescendIF) to analyze the relative population

years: The effects of extensivK—A vibronic interaction of the photofragments in different electronic states. In this

along with the Renner—TelléRT) interaction in theA state . | h
complicate the spectra of CCH, and therefore have becom%Xper.'ment’ acetylene was used as the prec-ursorlzid.ra(ad
' as first photolyzed at 193 nm. The photodissociation prod-

the subject of a series of theoretical studies by Peyerimhoi¥v P 2
and co-workers.The photochemistry of £ is also of great ucts GH (X “%7) and GH (A “IT) absorb the photon of the

interest and has been studied both experimertadigd same energy, undergo secondary photodis_sociation process
theoretically in recent years. Interest in this system aIsoWhICh at 193_ nm can pr(;du+ce th? ﬁagme?t n the, ff”EW'
stems from its importance in astrophysics sing#i@s be- M9 eIectromcS statesX "%, ATy, B A, B’ "2,
lieved to be the major source of, @ comets and interstellar 2 “1lu. andbl %g : FlroT simultaneous mea;suremelnt+of the
media® Clear understanding of the photodissociation procesMulliken (X %4 —D “%) and Freymark & "11,—-E ")

of C,H is also needed to characterize accurately the contrcSyStéms, and the Deslandres-D’Azumbufa ‘(1,~C *IT,)

versial results on the bond energy of CCZH. and the LeBlanc B’ 'Y -D '3) systems, respectively,
In a recent experiment of Hset a|.,8 rovibronica"y the nascent pOpulation ratio sz(ih the X:A:B’ electronic

(N,K —) resolved lifetimes of three vibrational levels of the States was found to be 1:19:1.4. Clearly, nonadiabatic effects

B state of CCH radical were measured in a supersonic madlave to be involved to produce the ground stajepduct.
lecular beam. Considerable shorter lifetimes were observed To further understand the experimental results of Hsu
at higher vibrational levels than at levél (the assume® et al. and that of Jacksoet al, theoretical calculations on
origin), which was interpreted to be predissociation by cou-the dissociation behaviors of the low lying electronic states
pling with X or A levels of CCH via C-type Coriolis inter- of C,H are highly desirable. In the previous theoretical study
action. Assuming no barrier exists in the dissociation processf Duflot et al*® dissociation curves of £ for the lowest 6

of the X and A states, an upper bound &3(CC—H) was electronic states have been calculated at the MRSDCI level.
determined to be 39 3887 cm™! (112.62 kcal/mol However, the C—C distance was fixed at the equilibrium dis-
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tance in theX 2" C,H during the scan. Since the C—C lll. Furthermore, to investigate the qualitative behavior of

distance in the excited states is much longer than that in th&1e potential energies of these electronic states we consider
ground state, the qualitative results might be different and'ere, 7-state-averaged CASSCF/Ddb(scans have been

should be examined carefully. In addition, no optimizationcarried out.

has been carried out for neither the excited statgs@r the The moLPRO%6 (Ref. 17 was used for all the CASSCF
crossing structures between different electronic states t8nNd CASPT2 calculations. Our own program in conjunction

In the current work, we have carried out high level abcCulations have been carried out with thees-Ii package?®

initio calculations for the properties of seven electronic states

of C,H. Qualitative dissociation behavior and the nonadia-|||. RESULTS AND DISCUSSION

batic interactions between those electronic states have alsp .

been studied. In Sec. Il, we summarize the computationd?" Electronic states of C ,

methods employed in the current work. In Sec. Ill, we first ~ To find out how many electronic states we have to in-
discuss the low lying electronic states of the photofragmentliude in the calculations consistently and the correlation re-
C,, followed by the prediction of the properties calculatedlationship between &1 and G+H, we first examine the
for several excited states,@. Then we discuss the dissocia- electronic states of the dissociation products Since the
tion behavior and the nonadiabatic interactions of those elecspectroscopic information of £Thas been well understood
tronic states along the C—H dissociation pathway, and relatexperimentally® as well as theoreticall§’ comparison of
these results with the recent experimental findings. In Semur results with those will also give us an idea about the
IV, we make a few conclusions. accuracy of the methods we used.

Calculated equilibrium structures, adiabatic excitation
energies, and vibrational frequencies along with the corre-
sponding experimental data and some previous calculations

Geometries of equilibrium structures on the excited stateare given in Table | for the tefincluding degeneragyowest
potential surfaces are optimized using the analytical gradienglectronic states of £ As can be seen clearly from Table |,
at the complete active space self-consistent fl@lASSCH  the calculated results with CASPT2/PVTZ agree satisfacto-
level, and with a numerical gradient at the CASRR2f. 1) rily with all the known experimental parameters.
level with the D95@,p) (Ref. 12 basis set. Several struc- In Fig. 1, we have shown the potential energy curves of
tures have also been optimized with numerical gradient at théhese ten excited states of the fagment calculated at both
CASPT2/PVTZ(Ref. 13 level. The ground and the first ex- the state-averaged CASSCF and CASPT2 level using the
cited states have also been optimized with the EOMREf.  10-state-averaged CASSCF molecular orbital. The results
14) PVTZ method, which has been proven to be ideal forobtained at the two levels are similar qualitatively. It is in-
radicals with close lying electronic states. The full valenceteresting to note that even though tbézj state is the
active space, (&8MO) and (®/9MO), have been used in fourth state(including degeneragyin adiabatic energy, it is
the CASSCEF calculations for both,@nd GH, respectively.  destabilized significantly by the C—C stretch. As C-C is
In the CASSCF and CASPT2 optimizations for a certainjonger than~1.33 A, it becomes higher in energy than the
excited state of ¢, the molecular orbitals are derived from A 11, andb 32§ states, which both have their equilibrium
CASSCF(Ref. 15 calculations state-averaged over all thepond lengths around 1.4 A. When the C—C distance is
lower states in this irrefirreducible representationFor ex-  stretched up to 1.40 A, the 33} state becomes even higher
ample, in the optimization of the 3\" state, threéA” roots  than theB A andB’ 13! states and is the highest among
are included in the state-averaged CASSCF calculation. Ithose calculated. These results suggest that in principle ten
the CASPT2 calculations, however, the lower states havelectronic states have to be studied to fully understand the
been projected out using the approximate sch¥raed only  branching ratio from the high-energy experiments of Jackson
one root is included. Vibrational frequencies and the zeroet al!° However, we encountered quite a few convergence
point energy(ZPE) are calculated for £and excited state problems in the preliminary studies, and therefore we wish to
C,H with the CASPT2 method with double numerical differ- truncate the number of electronic states in the current study
entiation along with the standard GF matrix scheme, or withand leave higher excited states to future work. The most
numerical differentiation of EOMIP analytical gradient for interesting issue in the experiment of Jacksdral. is the
the ground and the first excited statgHOwith linear struc-  A:X branching ratio, and therefore one needs to include all
ture. Minima on the seam of crossiidSX) are located also  the electronic states that can produce Ahstate dissociation
using the analytical gradient at the state-averaged CASSCfroducts. According to Fig. 1, we can accomplish this by
level. Detailed discussion for the number of roots includedncluding at least seven electronic states in the calculation.
will be given in Sec. Ill C. Finally single point calculations
are performed at the CASPT2/PVTZ level for vertical exci-
tation energies and adiabatic excitation energies. In thes%‘
single point calculations, the molecular orbitals are consis-  After deciding that seven electronic states gHGwill be
tently obtained from state-averaged CASSCF calculations ininvestigated, we have first calculated their equilibrium prop-
cluding 7 roots for the reason which will be discussed in Secerties. Optimized geometries, vertical excitation energies,

Il. COMPUTATIONAL METHODS

Equilibrium properties of excited states C  ,H
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TABLE |. Properties calculated for the,@nolecule in several electronic

Q. Cui and K. Morokuma: Excited states of C,H

states!
State Method r_CC(A) Energetics Frequency (ct)
X1sg CASSCF/I 1.268 —75.627 75
CASPT2/I 1.269 —75.72176 1829
CASPT2/I| 1.253 —75.774 59 1879
CMRCI+Q° 1.246 1848
Expf 1.243 1855
a °, CASSCF/I 1.341 0.47
CASPT2/I 1.339 0.15 1623
CASPT2/II 1.323 0.11 1612
CMRCI+Q° 1.316 0.06 1630
Expf 1.312 0.09 1641
b33, CASSCFII 1.397 1.38
CASPT2/I 1.396 1.04 1423
CASPT2/II 1.379 0.90 1424
Expf 1.369 0.80 1470
c3y CASSCF/I 1.239 1.23
CASPT2/I 1.240 1.23 1937
CASPT2/Il 1.220 1.15 1999
Expf 1.230 1.13 1985
A, CASSCF/I 1.349 1.70
CASPT2/I 1.346 1.26 1567
CASPT2/II 1.329 1.09 1586
EOM-CCSOT)®  1.359 1.11
Expf 1.318 1.04 1608
B 1A, CASSCF/I 1.419 2.19
CASPT2/I 1.415 1.79 1326
CASPT2/II 1.397 1.63 1362
EOM-CCSOT)?  1.432 1.56
Expt 1.389 1.50 1407
B’ 'Sy  CASPT2/ 1.409 2.05 1355
CASPT2/II 1.389 1.96 1374
EOM-CCSOT)?  1.422 1.92
Expt 1.377 1.91 1424

&Total energies in hartree have been shown fothEé’ in italics. For

other electronic states, energies relativé(tézg have been shown in eV.

Basis | is D95¢l,p), and basis Il is PVTZ.
SFrom Ref. 2Qb).
‘From Ref. 19.

dFrom Ref. 20a).
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adiabatic excitation energies as well as the vibrational fre-
guencies obtained from our calculations are shown in Table
1.

The groundX 23 * and the first excited stat °I1 have
been well studied by previous theoretical calculations.
Good agreement is found for the equilibrium structures as
well as for the adiabatic excitation energies between the cur-
rent work and previous calculations. The C—H dissociation
energy from the ground statel@ has been calculated to be
4.64 eV (107.0 kcal/mol including ZPE, which is in quite
good agreement with the value of 112.4 kcal/mol from the
high quality calculation result of Bauschlichet al.” and the
value of 112.62 kcal/mol from the latest experimental esti-
mate of Hsuet al®

In contrast, there is very limited information about the
properties of the excited states of theHC Vertical excita-
tion energies of electronic states within 10 eV have been
calculated by a number of authdrs: and as seen in Table Il,
the most recent theoretical values are in reasonable agree-
ment with our results. In order to check if diffuse functions
are important, we have carried out vertical excitation energy
calculations at the CASPT2/IIl or aug-cc-PVTRef. 13
level, and the results have been included in Table Il. The
effect of the diffuse functions is not large, around 0.1 eV.
Considering the size of our largest basis set, we feellthe
values of Duflotet al®® for A 2II, 42A’, and 22A" are
underestimated. The characters of the electronic transitions
have been analyzed by Duflet al.>® and none of the ex-
cited electronic states in the current study has been found to
have significant Rydberg character.

Virtually no information about the equilibrium proper-
ties of the excited states of,B is known either experimen-
tally or theoretically. It is known that the excited states of
C,H except theA 21 are highly benf® and have rather flat
bending potentials, as can actually be seen fromHh€—-C

35

(b)
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'l
1.2 1.25 13 1.35 1.4 1.45
C-C(A)

FIG. 1. The potential energies of electronic states ofi eV) as a function of the C—C distan¢d). (a) Is calculated at the 10-state-averaged CASSCF/
PVTZ level, and(b) is calculated at the CASPT2/PVTZ level.
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ZABLE Il. Properties calculated for the,8 molecule in several electronic stafes.

Frequency(cm™ 1)

GeometryA and deg

T, TS w3 Wy w1
State Methobl r-cC r-CH /HCC (eV) (eV) C-C bend C-H
X 2T CASPT2/I 1.218 1.067 180.00 0.00 —4.64
EOMIP/II 1.201 1.056 180.00  0.00 2109 512 3521
cIpsf 1.223 1.075 180.00 0.00 —4.62 1975 570 3346
Exp€ 1.217 1.041 180.00 0.00 —4.88 1848 389 3612
A2l  CASPT2/I 1.298 1.074 180.00 0.79 0.50
CASPT2/1II 0.79
EOMIP/II 1.276 1.063 180.00 051 1795 571 3424
cIpsf 1.302 1.064 180.00 0.54 0.44
Exp€ 1.288 1.060 180.00 0.45
32p/ CASSCF/I 1.417 1.144 115.69
CASPT2/I 1.411 1.140 113.54 1105 778 2145
CASPT2/Il 1.408 1.130 116.59 6.73 4.86
CASPT2/1II 6.53
cIpsf 6.63
MRDCI' 1.397 113 4.68
Expf 1.43 108.4 4.88
42p’ CASSCF/I 1.562 1.148 107.99
CASPT2/I 1.546 1.138 110.17 1267 894 2786
CASPT2/II 7.50 5.80
CASPT2/1II 7.38
cIpsf 7.07
22p" CASSCF/I 1.533 1.133 119.11
CASPT2/I 1.517 1.128 118.56 1017 812 2887
CASPT2/Il 7.50 5.04
CASPT2/1II 7.38
cIpst 7.07
MRDCI' 1.413 115 4.92
327" CASSCF/I 1.547 1.147 105.74
CASPT2/I 1.530 1.136 108.12 964 798 2797
CASPT2/II 7.31 5.51
cIpst 7.34
MSX CASSCF/I 1.267 1.894 70.46
(Cz)  CASPT2/lI 5.52

Total energies of th& 23" state with CASPT2/PVTZ is- 76.458 384 2 hartree.

bBasis set | stands for D98(p), Il for cc-PVTZ, and IlI for aug-cc-PVTZ. For excited states excaptll,
geometry optimizations were done with different state-averaged CASSCF reference wave functions for differ-
ent states. The vertical and adiabatic excitation energies, however, were obtained with a 7-state-averaged
CASSCEF reference wave function to ensure balanced treatment. See text for more details.

°ForX 23, the relative energy to the dissociation limit 05(@25) +H(2S) is shown in italic. For other states,
adiabatic energies including ZPE corrections are shown.

9From Ref. 5b).

°From experiments cited in Ref(15.

'From Ref. %a).

9For Ref. 1. The energy of the “T” level is shown.

"No ZPE was included for the MSX structure.

bending curves shown in the Fig(a Only partially opti-  experiment of Hstet al! The calculated harmonic frequen-
mized structures of the 2\’ and 2?A” states have been cies of 1105 cm?! for C—C stretch and of 778 cm for the
presented in the work of Peyerimhoét al®® Experimen- H—C—C bending are fairly close to the energy differences
tally, the origin of theB state is also very difficult to measure between the three vibrational levels of tie state T, T
without ambiguity* Therefore our calculations provide a +775cm %, andT+ 1221 cm* observed by Hset al.* al-
valuable information in this aspect. As shown in Table II, thethough they considered 775 ¢t to correspond to two
predicted equilibrium geometry of the?d’ (the B state quanta of bending, 2,. Other excited electronic states,
state is very close to that determined by the experiment of ?A’, 22A", and 3?A”, are relatively high in energy and
Hsu et al! The long C—C distance of more than 1.4 A re- have a very long equilibrium C—C distance of more than 1.5
flects themr— 7* nature of the stat¥® The adiabatic energy A, reflecting the(w— «*, m— o) nature of the states.

of 4.86 eV calculated for the %\’ state is also rather close Transition dipole moments between the lower electronic
to the energy of the T” vibrational level observed in the states are very important quantities in order to understand the
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FIG. 2. (a) The bending potentidin eV and degcalculated at level of 7-state-averaged CASSCF/E95) for seven electronic states o€ with C—C and
C—H fixed at 1.35 A and 1.10 A, respectiveli)—(d) transition dipole momentgn a.u) from the 1A’ (X 23 7), 22A’ and 1?A” (A 2II paip states to upper
electronic excited states as a function of HkeC—Cbending angldin deg with C—C and C—H fixed at equilibrium distances of the ground electronic state.
Solid lines are forA’ states, and dashed lines faf states.

branching ratio of the photodissociation products. Singd C the state-averaged CASSCF results have been found to be
is produced from the photodissociation oftG at 193.3 nm, quite reasonable. The basis set of D&%() may not be large

it is well known that bothX and A states of GH are pro- enough to yield quantitative transition dipole moments, but it
duced in their bending excited vibrational staté$herefore, is expected to give qualitatively reliable values for the va-
the transition dipole moments from th¢ and A states to lence excited states considered here. As seen clearly from
upper electronic excited states as functions of the bendingig. 2, the transition dipole moments depend sensitively on
angle are required. In the work of Duflet al,>® the tran-  the bending angle and most of them peak at nonlinear geom-
sition dipole moments between the ground electronic state tetries. Although it is hard to rationalize these behaviors by a
excited states have been calculation only in linear geometrysimple orbital picture due to heavy configuration mixture, we
In Figs. 2b)—2(d), we have shown the calculated transition can make comments on some bending dependence based on
dipole moments from th& ?A’, and 2?A’, and 1°A” (the  the main configurations of the these electronic states. At lin-
latter two corresponding té 2I1), respectively, to upper ear geometry, the main configurations of the electronic states
electronic excited states calculated at the level of stateare X 237*:(o)Y(w)?4, A2 (0)%(m)3, 2237(32A)
averaged CASSCF/D98(p) as functions of theH—-C—C  (o)Y(7)3(7*), 22I1(42%A" +22A"):(0)2(m)?(7*) and
bending angle. CASPT2 transition dipole moments have alsé3 ~ (3 2A"):(0)(m)3(#*)?, and there are three forbidden
been calculated at the ground state equilibrium structure andansitions, X 257 —237(32A"), A 211, (22A")—
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FIG. 3. (a)—(b) Potential energy curve@n eV) calculated at 7-state-averaged CASSCF/@9p] level for seven electronic statéscluding degeneragyof
linear GH. The C—C distance is fixed at 1.25 A and 1.35 A(a@hand (b), respectively(c) Potential energy curveén eV) calculated at 3-state-averaged
CASPT2/D95(,p) level for three electronic statéX 23+ andA 2IT) of linear GH. The C—C distance is fixed at 1.25 &i)—(e) Potential energy curves
(in eV) calculated at 7-state-averaged CASSCF/I9B) level for seven electronic staté@acluding degeneragyf C,H in theC,, T-shape arrangement. The
abscissadRy is the distancéin A) between H and the center of mass of The C—C distance is fixed at 1.25 A and 1.40 A(di and (e), respectively.

211, (22A") andA 211, (?A")—2I1,(4?A"), which are actu- more the energies are calculated with 7-state-averaged full
ally confirmed in the results shown in Fig. 2. The main con-valence CASSCF wave functions, which is expected to give
figurations ofX 23 * and 2°I1 differ by two spin—orbitals, qualitatively correct results. For more quantitative results,
i.e., the excitation is two electron in nature{—o7*). As  one may have to obtain the PECs at higher levels such as
a result, the transition dipole moment betwe&n and MRSDCI. Preliminary results show that CASPT2 is not pre-
22T1(42A’ +22A") is small at linear geometry. Ad—C—C  ferred here due to the poor convergence problem when deal-
bends away from 180.0° and the molecule falls iBtosym-  ing with many close lying states with same symmetry. Due
metry, theo and m orbitals become heavily mixed. As a to the large amount of avoided and allowed crossings be-
result of heavy configuration mixing, the transition dipole tween these electronic states, fitting and diabatization will be
moment betweeX and 22I1(4 %A’ +2?A”) becomes larger a tremendous task and will not be pursued here.

as H-C-Chends away from linearity. The excitation from First of all, we examine the dissociation behavior of
A 2TI(2%A’ +2A") to the 32A’ state is ofr— 7* type, and  electronic states involved in the current study in two high
the corresponding transition dipole moment is large at lineasymmetry cases; lined.,, in Figs. 3a—3(c) and T-shape
configuration. The transition dipole moment between theC,, in Figs. 3d)-3(e). In the linear case the abscissa is
A’ I component to 3A’ is hardly changed upon bending simply the C—H distance, while in the later it is the distance
becauses— " is not affected very much. On the other R, from H to the center of mass of,C

hand, the transition dipole moment between &fell com-

ponent to FA’ decreases dramatically upon bending be-1. pissociation in C oy

causes— 7} is not favored. For the similar reason, the tran-
sition dipole moment between th&’ II component and
32A" is smaller in magnitude than that between eIl
component and 3A” for nonlinear geometries.

The electronic states we have studied in linear geometry
are X 23*, A2, 223%(B), 22, and 123~ and they
dissociate adiabatically to five,G- H(2S) states as shown in
Figs. 3a)—3(b). When the C—C distance is short, 1.25 A in
Fig. 3(a), no crossing is found for the electronic states in-
cluded, because at this C—C distance the energetical order of

In this section, we will discuss the qualitative behaviorthese GH states is the same as that of the corresponding
of the potential energy curvé®ECS of C,H in these elec- electronic states of the JOfragment. TheX 23" and the
tronic states along the C—H dissociation coordinate. Oncé 211 state both dissociate smoothly without significant bar-

C. Dissociation behavior
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rier. However, a closer look seems to reveal tdat> " and  of this MSX with a 4-state-averaged CASSCF calculation
223" have some weak interaction at a long C—H distance oincluding only three?A; states and onéB, state (which
~2.5 A so that 23" develops a very shallow exit well and makes CPMCSCF equations easier to converdge the
X 23* has a nearly negligible exit barrier. The higher ex-single point energy calculations, however, we again used a
cited states 23", 221, and 12X~ all have some dissocia- 7-state-averaged CASSCF to obtain the molecular orbitals to
tion barriers. As the C—C distance is stretched to 1.384ds  be consistent with other energetics. The obtained MSX struc-
shown in Fig. 8b), all the higher excited states are stabilizedture and energy are presented in Table Il. It is seen that the
to some extend in the Franck—Cond@RC) region. The C—C distance is rather short, 1.267 A, presumably because
X 23 andA 211 pair and the 23" and 2211 pair, respec- 12B, is destabilized at long C—C distance. The energy of the
tively, become rather close in energy in the FC region, andMSX in C,, symmetry at the CASPT2/PVTZ level is 5.52
the 2211 state becomes nearly degenerate to’fhe state as eV, too high to be accessed in the experiment of the Hsu
the C—H is significantly stretched. The shallow well on theet al® However, inC, symmetry, these statéboth belong-
223" state becomes more visible at longer C—C distance. ling to ?A’) may undergo avoided crossing at lower energy,
is seen that the higher excited states and the lower statésrough which nonadiabatic transition might take place.
X 23" andA 2I1 are well separated in linear configurations.

Since the barriers on thé 23" and the?Il state are of ) o
great importance to the accuracy of the C—H bond energy- Dissociation in C
value obtained from the experiment of Hetial® (see dis- In order to gain insight into the behavior of potential
cussion later, we have carried out more detailed scan for theenergy surfaces, we carried out CASSCF scans for the C—H
exit channel of the twdgor three including degeneracgtates  dissociation process irC; symmetry. Selected potential
at the more accurate CASPT2/D@5p) level with 3-state-  curves along the C—H distance are presented in Fig. 4, and
averaged CASSCF molecular orbital. As seen from the FigsomeH—C—Cbending potential curves are shown in Fig. 5.
3(c), no barrier exists along C—H dissociation in the linear  |n C, the states we included become 12A and
configuration on either th&X or the A electronic state of 1-32A”, and larger number of avoided crossings are ob-
CoH. served due to extensive interactions between close lying
electronic states. While the low lying?A’ and the 1?A”
states dissociate without significant barrier, thA2 state is
strongly destabilized upohl—C—C bending and develops a

Next, we looked at another extreme ca€g, dissocia- distinct dissociation barrier at the C—H distance of about 1.8
tion curves where the @ is highly bent. In this T-shape A. This is not to say that there is a saddle point for dissocia-
arrangement, the electronic states we included are?Ar3  tion on the?Il state, which has been shown to dissociate
1-32B,, and®B,.2% Numerous crossings are found in Figs. without barrier at lower energy in the linear arrangement.
3(d)-3(e). The 2?A; state has an avoided crossing with The character of this “barrier” on the 2A’ state can be
32A, aroundR,=1.4 A, and also crosses with the’B, traced back to the diabatic characterGg, symmetry. As
state and the 1B, state atR,~1.6 A and 1.9 A, respec- can be seen clearly from Fig(d, the electronic state i€,
tively. It might look like that 1B, and 22B, has an avoided that correlates to 2A’ in C is 1°B,. The 1?B, state cor-
crossing aR,=1.9 A, but it is actually an strongly avoided relates to the gc 33 ) state inC,,, and therefore crosses
crossing between 3B, and the 2B, state, as states of dif- with the 2?A, state which correlates to a lower dissociation
ferent symmetry B, /B,) do not interact. The late barrier on limit. As one breaks th€,, symmetry toCg, both the A,
the 12B, state must come from the interaction with higherand 1°B, fall into the A’ symmetry, and the crossing be-
B, states. As C—C is stretched from 1.25 A in Figdi3to  tween them becomes a barrier on the lower adiabatic state
1.4 A in Fig. 3e), a few changes are noticed. First of all, 22A’. Although theB state 3A’ prefers a long C—C dis-
since both the order &8 */?I1 in C,H and that of' 2 ; /I,  tance in the FC region, it is lower in energy at short C—C
in C, change upon C—-C stretch, now théA;, C,H state distance ¢1.25 A) when the C—H is significantly stretched
adiabatically connects to the asymptote of(&L3Il,) (>1.5A). The reason is similar to the case of th&B} state
+H(?S), while the 22A; C,H state connects adiabatically in C,,, namely the A’ adiabatically connects to the
with C,(X '2 ;) +H(?S). Secondly, since the 2B, adia- ¢ 3 state at short C—C distance, which is destabilized sig-
batically connects to the £t 33.)+H(%S), which is nificantly by the C—C stretch, and as a result, tifé\3 state
strongly destabilized upon C—C stretch, théB} state also and the lower electronic states are closer in energy
becomes significantly higher in energy at longer C-C dis-only when C—C is short. Indeed, as we have seen in the
tance. To characterize the nonadiabatic transition from th€,, case, the MSX between the’&; (22A’ in C,) and the
upper electronic states to theand X states during the 4 12B, (32A’ in C,) has a very short C—C distance of 1.267
dissociation, one would like to find the minimum on the A. The 22A” state is stabilized by C—C stretch at long C—H
seam of crossingMSX) between these states. @, sym-  distances, and becomes very close to tRé2state as seen
metry, the 2B, and 22A; MSX is of particular interest in Fig. 4(d). In C,, , this corresponds to the crossing between
since it characterizes the crossing betweerBfstate, which  22B; (22A” in C,) and the B, state (ZA’). The disso-
has been probed in the recent experiment of etsal. and  ciation limit at short C—C distance-1.25 A is very clear
the lower electronic states. We have carried out optimizatiofecause the electronic states gfaCe well separated as seen

2. Dissociation in C 5,
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FIG. 4. Potential energy curvém eV) calculated at 7-state-averaged CASSCF/IPJ level for seven electronic statéiacluding degeneragyof C,H in
Cg4 symmetry. The C-C distance aht-C—Cangles are labeled under each curve. Solid lines aré fastates, and dashed lines faf states.

in Fig. 1. At longer C—C distance, however, it is not entirely 2 2A” is, as seen in Table II, in the range of 5-7.4 eV, which
clear immediately to which state the?A’ correlatesg 33, matches the 193.3 nm photon energy. Therefore, it is most
or theB 1Ag, due to the crossing between them as illustratedikely that the initial excitation of GH at 193.3 nm produces
in Fig. 1. the 42A’ and the ZA” states. As shown in Fig. 4, at short
C-C distance of~1.25 A where thec 33 state ofC, is
well belowA T, andb °3  states, #A’ and 2°A” of C;H
. ) ) . correlate toA I1,. This is certainly in accord with the ex-

In this schon, we briefly dlsl%uss several azpects of th‘f)erimental fact tha 1T, has the largest population in the
recent experiments of Jacksehal.™ and Hsuet al.° in con- nascent § product.

junction with our call%ulanon resu_lts. In_ the experimental At longer C—C distance-1.40 A which is closer to the
work of Jacksoret al,”" the branching ratio of the {frag- I . L . )
equilibrium distance of ¢H in its excited electronic states,

R 15+ 1 1+
ment in its X 2.4 ! A I, andB’ "%, states has been Fig. 4 indicates that the ZA’ and the ZA” states of GH
measured to be 1:19:1.4. The population of the other states I hee 33 /B 1 d theb 35—
b3s,, ¢33/, andB 1A, is not clear from their experi- ' ate to thec 2., /B “Ag and theb "3, state ofCy,

ment. Taking the value of 1:3 for thé:a(3Il,) ratio from respectively. In addition, as shown in Figch at the short
the earlier work of Wodtke and L&& t?\e value of C—C distancec 33,1 can also be formed rather efficiently
1:3:19:1.4 has been derived for the raXaa:A:B’'. We can  Via the 4°A’—32A’ nonadiabatic transition. Therefore, we

. 3 + . . .
try to understand this ratio by reviewing the present resultpredict that thee °% ;- state should also be rich in population
of calculation. of the G product, which is worth investigating further ex-

First of all, it is well established from numerous experi- Perimentally.
mental studie€?* that the major product of photodissocia- Nonadiabatic processes can produce a smaller amount of
tion of C,H, at 193.3 nm is GH (X 23 *) with large bending  X('24) anda(®ll,) state of the G product. Starting from
excitation. We recall from Sec. IlIB and Fig. 2 that the the 4°A’ state, two nonadiabatic transitions, A’ —
X 2A’ state has relatively large transition dipole moment to3 A’ —22A’ can produce the 2A’ state, which correlates
the 42A’ and 2?A” states whertH—C—Cbending vibration  to theX(*Y ) anda(®Il,) state of G at short(1.25 A) and
is excited. The excitation energy frod ?A’ to 42A’ and long (>1.35 A) C-C distances, respectively. The nonadia-

D. Relationship to experiments
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FIG. 5. H-C-C bending potential energy curvém eV) calculated at 7-state-averaged CASSCF/[@9p] level for seven electronic statémcluding

degeneracyof C;H in Cy symmetry. The C—C distance and the C-H distatied\) are labeled under each curve. Solid lines areXbstates, and dashed
lines for A” states.

batic transition from ZA” to 22A’ is not expected to be of the B state experimentally, confirming that the predisso-
important, since the coupling element has to be Coriolis-type&iation was not caused by the coupling betwégnand A"
which is usually small in magnitude. states. It was also mentioned that ldf dependent lifetime,

In the recent experiment from Hst al® the energetic  which is anticipated fo-type Coriolis coupling cases, was
range studied is much lower. The lifetime of three vibra-not observed at levels andT + 1221, although found for the
tional levels, T, T+ 775, andT+ 1221, of theB state GH T-+775 level. Our explanation is that sincé&’ and 3?A’
have been probed, where tie level is 39 157.42 cm'  states are coupled via vibrational motion as well as Coriolis
above the ground state zero-point level. Table Il indicatesoupling, anN? dependent lifetime is not guaranteed.
that at this energy only thB 32A’ electronic state needs to The upper bound of the CC—H dissociation energy has
be considered. According to Figsid3 and 4c), the quench- been determined by measuring the rovibronic distributions of
ing of the 3°A’ state is possible by making the transition C, after the photodissociation procés$herefore, the error
from the 32A’ to the 2?A’ state. Indeed, n&? dependence in the value depends on how much energy is distributed into
in the lifetime has been observed for the rovibrational levelghe translation of photofragments, which tends to be large if
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there is a large reverse barrier. Our calculatifffigs. 3a)
and 3c)] indicated there is no reverse barrier on ¥er A

surface if dissociation takes place in linear configuration.

The 22A’ (one of theA 2I1 pair) develops a distinct “bar-
rier” upon significant(C—C—-H bending. How much will

this “barrier” effects the CC—H dissociation energy deter- (4)
mined by Hsuet al.? We suspect that the effect is not aw-

fully large. Starting from the 3A’ state after excitation, the
trajectory will make a nonadiabatic transition to théA?

state with a highly bent configuration, producing highly

bending excited 2A’. Figures %c) and §d) show that the

Hsuet al® which confirms that the predissociation of the
B state is not viad' —A” type coupling. Since the 20’
and 3?A’ states can be coupled via vibrational motion in
C,, we argue that th&l? dependent lifetime is not guar-
anteed.

No reverse barrier for CC—H dissociation was found on
the X and A electronic states of {81 in the linear con-
figuration. The ZA’ state, however, develops a distinct
“barrier” (not a true saddle pointalong dissociation
coordinate when thel-C—C issignificantly bent. Since
the 22A’ state prefers a linear dissociation energetically,

22A’ state has a strong preference to a linear configuration.
Therefore, trajectories will dissociate with most of its energy
in bending(which results in product rotatiorand very little
energy is likely to be released into the translation.

we expect a large amount of bending excitation yHC
after the A’ — 2 2A’ transition, which will produce ro-
tational hot fragment. As a result, we suspect that the
upper bound of the CC—H bond energy obtained by Hsu
et al. is not severally affected by this “barrier.”

IV. CONCLUSIONS
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