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Ab initio calculations have been carried out on potential-energy surfaces for the photodissociation of
ketene.S0 andS1 state cross extensively around the Franck–Condon~F–C! region uponC–C–O
bending, and theS1→S0 internal conversion is expected to be very efficient.S1 andT1 stay close
in energy in the F–C region, but do not couple strongly due to the small spin–orbit coupling, and
direct S1→T1 intersystem crossing is unlikely. The triplet state, which produces the ground-state
products is likely to be formed via the processS1→S0→Tn . S0 crosses with the lowest triplet state
~T1 or T2! at rather low energy near the triplet minimum. TheS0 /Tn crossing persists all along the
C–C dissociation pathway. As C–C is stretched, the energy of the crossing increases and the
crossing structure deviates substantially from the reaction path. These results suggest that, if
intersystem crossing at higher potential energy is favored, the rate of reaction may reflect the
dynamics of intersystem crossing and that on the triplet surface. ©1997 American Institute of
Physics.@S0021-9606~97!00937-9#
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I. INTRODUCTION

Determination and understanding of the detailed reac
mechanism and rate constant of reactions involving ket
have been the goal of numerous experimental as well as
oretical studies. The isomerization of carbon-labeled ket
has been studied by a series of fascinating experimental w
by Moore and co-workers,1 and theoretically by Miller and
Gezelter.2 The photodissociation of ketene into the sing
CH21CO has also been studied in detail experimentally
Moore et al.3 as well as Wodtkeet al.,4 and theoretically by
Klippenstein and Marcus5 using the variational Rice–
Ramsperger–Kassel–Marcus~RRKM! theory. More re-
cently, much attention has been focused on the photodi
ciation of ketene into the triplet CH21CO. Kim, Lovejoy,
and Moore6 prepared rotational cold ketene on theS0 ground
state (X 1A1) and used a UV laser to excite the molecule
the S1 singlet excited state (A 1A2), which then underwen
intersystem crossing to theT1 triplet surface. The products
CH2(

3B1)1CO, were detected using laser-induced flour
cence~LIF! of the CO fragment. At first glance, the observ
rate constants are very close to the prediction of the stan
RRKM theory, and the energy dependence of the rate se
to exhibit a sharp stair function structure. However, up
closer inspection, they found that not all of the detailed fi
structures in the rate constant could be explained using
standard RRKM.

Gezelter and Miller7 recently carried out reduced
dimension quantum calculations~one-dimensional and two
dimensional ABC-DVR8! for the microcanonical rate con
stant, trying to solve this mystery. Even though the ove
results agreed with experimental findings, the step func
structure was washed out by tunneling through the thin b
rier predicted by Allen and Schaefer9 with ab initio calcula-

a!Electronic mail: morokuma@emory.edu
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tions. To explain the discrepancies, they have proposed
either the magnitude of theab initio imaginary frequency
@379i cm21 at the CCSD/TZ(2d f ,2p) level#9~b! is four times
too large, or theS0 /T1 interaction might play some role in
the transition state region.

Very recently, the photodissociation of ketene on t
triplet state has also been studied in the experimental wor
Wodtke et al.10 Metastable time-of-flight spectroscopy wa
used to measure the translational energy distribution of s
cific rotational state of CO formed from ketene photodiss
ciation from T1 ~351 nm–3.53 eV!, which enables one to
derive the correlated internal energy distribution of the ot
fragment, 3B1 CH2. It has been found that the total CH2

rotational energy distribution cannot be reproduced by
impulsive model, and they have suggested that the inte
rotation is coupled with the out-of-plane-bending motion
the transition state region and that better agreement migh
obtained from an accurate theoretical calculation includ
the internal rotation as well as the out-of-plane-bending m
tion along the reaction coordinate.

Despite much attention and mystery about this reacti
there are only very limited theoretical works have been do
on the photodissociation process. In addition to the ea
state correlation andab initio studies by Yamabe and
Morokuma,11 the only available state-of-the-art calculatio
were done by Allen and Schaefer9 and they have only con
sidered the minimum and transition states on theT1 surface
in two Cs symmetries. Other studies mainly concentrated
the vertical excitation energies and equilibrium properties12

Virtually no careful study has been carried out to charac
ize the nonadiabatic interaction in the photodissociat
process.13

In the present paper, we have carried outab initio stud-
ies on the low-lying electronic excited states of ketene. W
feel that it is not likely that the vibrational frequency calc
49514951/9/$10.00 © 1997 American Institute of Physics
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4952 Q. Cui and K. Morokuma: Photodissociation of ketene
lated at the CCSD/TZ(2d1 f ,2p) level is four times too
large,7 we shall pay particular attention to the nonadiaba
interaction between different electronic states.

II. METHODS OF CALCULATION

Geometries of potential-energy minima and transit
states are optimized using the analytical gradient at both
EOM-CCSD14 and CASSCF level. In the CASSCF, the fu
valence active space excluding the two C–H bon
(10e/9MO), consisting of 10 electrons in nine orbitals,
used with 6 – 31G(d,p), a valence double-zeta basis set w
an associated polarization functions,15 while a few points are
also calculated with 6 – 311G(d,p).16 Vibrational frequen-
cies and zero-point energies~ZPEs! are calculated with the
same method used for geometry optimization. Minima on
seam of crossing~MSX! are located also using the analytic
gradient. Finally, single point calculations are performed
the CASPT2/PVTZ817 level for better energetics, wher
PVTZ8 is the Dunning correlation consistent triple-zeta ba
set~PVTZ!,18 excludingf functions on C and O andd func-
tions of H to save computational cost. Spin–orbit coupli
matrix elements are also calculated at the singlet trip
crossing geoemtries, with an effective one-electron Ham
tonian approach.19 The values shown below do not includ
the Franck–Condon factor.

ACES-II20 was used for EOM-CCSD calculations, and t
MOLPRO 9621 was used for part of CASSCF and all CASPT
calculations. TheGAMESS22 program was used to perform
CASSCF optimization for transition states, vibrational ana
sis and spin–orbit coupling calculations. Our ow
program23,24 in conjunction with HONDO 8.0 was employe
for the MSX search.25 The energies quoted in the text are
the CASPT2/PVTZ8 level at the CASSCF/6–31G(d,p) op-
timized geometries, unless otherwise specified.

The symmetry and adiabatic dissociation limit of all t
electronic states we consider in this work are summarize
Fig. 1 for reference. Geometries and energetics of impor
structures involved in the photodissociation are shown
Figs. 2 and 3 and Table I, respectively. In the discussion,
follow the definition of the two Cs symmetries: Cs-I for out
of plane and Cs-II for in-plane C–C–Obend.9

III. POTENTIAL-ENERGY SURFACES AROUND THE
FRANCK–CONDON REGION: S0 /S1 AND
S1 /Tn „n 51,2… INTERACTIONS

In the Franck–Condon~F–C! region, the low-lying ex-
cited states areS1(1A2), T1(3A2), andT2(3A1) states. The
second singlet excited state1B1 is shown to be Rydberg in
character12 and is very high in the F–C region. Therefore, w
do not include this in the discussion. The vertical excitat
energy calculated at different levels of theory, in comparis
with previous results, are shown in Table I. Generally,
agreements are good. It should be noted that the excita
from the ground state (1A1) to the first singlet state (1A2) is
dipole forbidden, although it is the state that is accesse
most low-energy~;350 nm, 3.53 eV! experiments. Obvi-
ously, vibrational motions~at least zero-point motion! are
J. Chem. Phys., Vol. 107,
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essential to the absorption process. We have calculated
transition dipole moments as a function ofC–C–Obending
angle in the two Cs symmetries. Although the magnitude o
transition dipole moments does deviate from zero as
breaks the C2v symmetry, the absolute value is still ver
small, in the order of 1022– 1021 a.u. No large difference
was found between the two Cs symmetries.

The optimized structures we obtained are shown in F
2. The minimum structures onS0 , S0– C2v , on S1 ,
S1– Cs-II, and on theT1 andT2 are well known from earlier
calculations,9,12 and will not be discussed in detail. It is als
known thatS1 and T1 are strongly stabilized byC–C–O
bending in Cs-II but not in Cs-I, while T2 is stabilized by
C–C–Obending in Cs-I.

11 The minimum structure onT1 ,
T1–Cs-II , has a structure similar toS1–Cs-II . The opti-
mized structures ofS1 and T1 under Cs-I symmetry con-
straint,S1–Cs-I andT1–Cs-I , are actually in C2v , as shown
in the Fig. 2. They are rather similar both in energy and
structure and lie 0.93 and 1.14 eV above the trueS1 andT1

minima, S1–Cs-II and T1–Cs-II , respectively. Vibrational
analysis indicates that these two Cs-I structures each have
one imaginary frequency ina9 irrep. ~irreducible representa
tion! and are the transition states for CO bend connec
S1–Cs-II and T1–Cs-II , respectively, and their equivalen
isomers. The optimized structure forT2 under the Cs-I sym-
metry constraint,T2–Cs-I , is the transition state for CH2
rotation, connectingT1–Cs-II and its equivalent isomer. Ac
cording to these results, it is expected that the molecule p
erentially distorts to Cs-II symmetry after the absorption o
the photon.

The issue, that we shall concentrate on is the nona
batic interactions between these low-lying states. We as
the F–C region what modes are critical for the intersyst

FIG. 1. State correlation diagram for the photodissociation of ketene in
Cs symmetries.
No. 13, 1 October 1997
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4953Q. Cui and K. Morokuma: Photodissociation of ketene
TABLE I. Energies~in eV, relative to the ground-state equilibrium structureS0– C2v! of various critical structures of ketene around the Franck–Con
region at various levels of theory at the (10e/9MO)-CASSCF optimized geometries. No zero-point energy corrections are added to the energies.

Structure
CAS

Ia
CASPT2

IIa
EOM-

CCSD/I
EOM-

CCSD/IIa
ZPE

~kcal/mol!a Other works

S0(1At) 0.0 0.0 0.0 0.0 20.0
S1(1A2) –ver 3.56 3.92 3.98 3.97,b 3.84c, 3.69d

T1(3A2) –ver 3.47 3.79 3.84 3.83,b 3.79,e

3.35f

T2(3A1) –ver 5.27 5.52 5.63 5.56,b 5.29,d 4.99e

S1–Cs-I 3.72 3.37 3.65 18.3
S1–Cs-II 2.54 2.44 2.73 2.81 20.1 2.68b

T1–Cs-I 3.74 3.31 3.33 18.4
T1–Cs-II 2.24 2.17 2.11 2.18 19.8 2.54,b 2.40g

T2–Cs-I 2.60 2.59 2.51 2.58 18.4
S0 /S1–MSX 2.76 2.66
S0 /S1–X– 1.4 3.17
S0 /S1–X– 1.7 3.13
S1 /T1–MSX 3.77 3.29
S1 /T2–MSX 3.89 3.86
T1 /T2–MSX 3.92 3.88

aCAS is (10e/9MO)-CASSCF and CASPT2 is (10e/9MO)-CASPT2. Basis set I is6-31G(d,p); basis II is PVTZ8, the Dunning correlation consistent PVT
basis set excludingf functions on C and O andd functions on H; and basis III is 6-311G(d,p). ZPE is the zero-point energy~in kcal/mol! at the CAS/I level.

bFrom the EOM-CCSD/PBS calculation in Ref. 12.
cReference 6 in Ref. 12.
dFrom electron impact energy-loss spectra, Ref. 8 in Ref. 12.
eFrom Ref. 9 in Ref. 12.
fFrom Ref. 4 in Ref. 12.
gFrom Ref. 9.
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crossing (S1 /Tn) and the internal conversion (S1 /S0) pro-
cess. Therefore, we have located the minima on the sea
the crossing between these states in the two Cs symmetries.
The structures thus obtained are shown in Fig. 2.

First of all, we found that the lowest point whereS0 and
S1 crossed was the structureS0 /S1–MSX in the Cs-II sym-
metry. Compared with the minimum onS1 , S1–Cs-II , the
C–C–Oangle is further compressed from 128.3° to 115.
and C–C is stretched from 1.455 to 1.528 Å. Since the
ergy of theS0 /S1–MSX is only 2.66 eV, lower than the
typical photon energy of 3.53 eV~350 nm! used in the ex-
periments, we have also looked for crossing structures
tween S0 and S1 at higher energy. We restricted the C–
distance to 1.40 and 1.70 Å in the MSX search, on both si
of the real S0 /S1–MSX, to find the structures
S0 /S1–X– 1.4, andS0 /S1–X– 1.7, respectively, in Fig. 2. I
is seen that only theC–C–Oangle changes significantly a
one varies the C–C distance on the seam of the cross
Table I shows that the energies of the two structures are
and 0.37 eV, respectively, higher than that ofS0 /S1–MSX
at the CASSCF level, still below the photon energy. T
seam of the crossing, passing throughS0 /S1–X– 1.4,
S0 /S1–MSX, andS0 /S1–X– 1.7, lies in the vicinity of the
S1 minimum, S1– Cs-II. A trajectory starting from the F–C
geometry on theS1 potential surface and traveling down
the S1 minimum will have many chances to cross the sea
and therefore, the internal conversion process is expecte
be very efficient and immediate after the absorption of
photon. In fact, no fluorescence has been observed ex
mentally in the photolysis of ketene.12 SinceS0 and S1 be-
long toA8 andA9 irrep., respectively, in Cs-II symmetry, the
J. Chem. Phys., Vol. 107,
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A9 H–C–C–Oout-of-plane torsion couples these two sta
and is an critical mode for the internal conversion. It shou
be mentioned that a partially optimizedS0 /S1 crossing struc-
ture was also found in the earlier work of Yoshimine.13 Fi-
nally, since the lowest structure ofS1 is rather high in Cs-I,
it is not expected to cross withS0 at low energy. Therefore
no attempt was made to search for MSX betweenS0 andS1

in Cs-I.
We have also studied the intersection betweenS1 andTn

(n51,2) states in the F–C region. It is found that theS1 and
T1 states are very close in energy in the F–C region. T
optimization of the MSX structure under the Cs-I constraint
actually converged the C2v structureS1 /T1–MSX, with a
low energy of 3.29 eV, as shown in Fig. 2. It is seen that
C–C distance is quite short, 1.390 Å, compared to;1.45 Å
in the S1 andT1 equilibrium structures. The spin–orbit cou
pling element̂ HSO& between the two states should be ze
because they both belong to theA2 irrep. in the C2v symme-
try and, therefore, nol component contributes to the spin
orbit coupling matrix element. Actual calculations in the Cs

constraint gives a negligiblêHSO&. As C–C–Obends,l zsz

starts to contribute tôHSO&; however, both states have sim
lar electronic configurations (p'n(C–C–O!→pi* ~C–O),
which implies that the norm of the coupling will be sma
For example, it is well known that the spin–orbit couplin
between thep–p* S/T states is small, while that betwee
p–p* andn–p* states is much larger.26 Therefore, we con-
clude that the direct intersystem crossing fromS1 to T1 is not
efficient.
No. 13, 1 October 1997



4954 Q. Cui and K. Morokuma: Photodissociation of ketene
FIG. 2. Optimized structures~in Å and degree! of ketene around the F–C region. On the structures, plain numbers are obtained at the (10e/9MO)-CASSCF/I
level, numbers in parentheses at the EOM-CCSD/I level, and numbers in brackets at the EOM-CCSD/I level~using CCSD for EOM-CCSD for theS0 state!.
The underlined numbers are frozen. Beside the structural symbols are the (10e/9MO)-CASPT2/II energy~in eV, relative to theS0–C2v , in italic!, and the
(10e/9MO)-CASSCF/I spin-orbit coupling element~in cm21, in italic!, as well as the number~in parentheses, underlined! and values~in cm21, underlined!
of CASSCF/I imaginary frequencies.
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We have found thatS1 and T1 cross withT2 in Cs-I
symmetry at the structuresS1 /T2–MSX andT1 /T2–MSX,
respectively, as shown in the Fig. 2. The two structures
very similar, and theC–C–Oangle is;159°, nearly linear.
In fact, theS1–T2 and T1–T2 crossings are not surprising
As shown in Fig. 1, in the Cs-I symmetry,S1 andT1 corre-
late adiabatically to the higher excited states of the disso
tion product of CH21CO, whileT2 correlates to the ground
state of CH21CO. SinceT2 is higher in energy thanS1 and
T1 at the F–C geometry, they must undergo crossing so
where. Our results show clearly that this happens very n
the F–C region, where the C–C distance is only;1.45 Å,
and the C–C–Oangle is;160.0°. The energies of these tw
structures, 3.86 and 3.88 eV, are higher than the typical
perimental photon energy of 3.52 eV~350 nm!. The norm of
the spin–orbit coupling element betweenS1 and T2 is
25.7 cm21 at S1 /T2–MSX, and are much larger than tha
betweenS1 and T1 at S1 /T1–MSX. As we have discusse
earlier, this is due to that fact thatS1 andT2 have different
electronic configurations@p'n(C–C–O!→p'

* ~C–C–O) for
J. Chem. Phys., Vol. 107,
re
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e-
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T2#. Due to the high energy of the crossing structu
S1 /T2–MSX, the intersystem crossing formS1 to T2 is not
likely to contribute to the photodissociation process, exc
for photodissociation at a shorter wavelength where it m
compete with theS1–S0 internal conversion. No low-energ
crossing betweenS1 or T1 andT2 is found in Cs-II, which is
not surprising because in Cs-II, S1 and T1 correlate to the
low-lying states of products, andT2 correlates to the high
excited states.

As a short summary, according to the above calculatio
we have seen that after the absorption of a photon of 350
~3.53 eV! range, the molecule will preferentially fall into th
Cs-II symmetry, where the possibility of direct crossing fro
S1 to T1 is very small due to the vanishingly small spin
orbit coupling element. Rather, the molecule is likely to u
dergo with a very high probability an internal conversion
the S0 state. The hot molecule inS0 then may dissociate
adiabatically into the excited products in singlet, if there
enough energy for the adiabatic dissociation. If there is
enough energy, it has to cross over to theT1 or T2 state and
No. 13, 1 October 1997



4955Q. Cui and K. Morokuma: Photodissociation of ketene
FIG. 3. Optimized structures~in Å and degree! of ketene molecule along the dissociation pathway. For notations, see Fig. 2.
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dissociates into the ground-state products in triplet. Exp
mentally, it has been found that the singlet/triplet prod
branching ratio increases from 0 to 2 in the first 125 cm21

above the singlet threshold.27 At a higher excess energy o
2365 cm21 above the singlet threshold, no triplet produc
were observed in either the molecular beam study of Hay
et al.28 or the vacuum UV induced fluorescence study
Nesbittet al.29

IV. POTENTIAL-ENERGY SURFACES ALONG THE
DISSOCIATION REACTION COORDINATES: S0 /Tn
„n 51,2… INTERACTION

In this section, we consider the interaction between
Tn (n51,2) states and theS0 state along the dissociatio
reaction coordinate, because they are the states correla
the two lowest asymptotic of CH21CO. As clearly shown in
the earlier studies,11,9 S0 dissociation to (1A1) CH21CO is
orbital forbidden in Cs-II, but allowed and barrierless in
Cs-I. As also indicated in the Fig. 1,T1 dissociates to the
ground state (3B1) CH21CO in Cs-II, while in Cs-I symme-
try, T2 does so. The dissociation transition state onT1 ,
T1–TS–Cs-II , and the second-order saddle point onT2 ,
T2–TS–Cs-I , with an imaginary frequency for dissociatio
J. Chem. Phys., Vol. 107,
i-
t

n
f

e

to

(a8) and another for CH2 rotation (a9), with the optimized
structures shown in Fig. 3, are well characterized.9,7 There-
fore, we will not discuss them in detail, but note two poin
The imaginary vibrational frequencies atT1–TS–Cs-II ,
552i and 403i cm21 at the CASSCF/I and CCSD/I leve
respectively, are not far from Allen and Schaefe
379i cm21.9~b! At the CASPT2/II level, the energy o
T1–TS–Cs-II is lower than the dissociation limit withou
the ZPE and becomes higher only with ZPE; this may be
to the fact that the CASSCF optimized transition state i
little too early.

What we found interesting was the crossing structu
between theS0 and Tn (n51,2) states. In Cs-II, we have
located betweenS0 andT1 the MSX structureS0 /T1–MSX
and also some restricted MSX structures with the C–C d
tance fixed at 1.40, 1.70, and 1.90 Å, respectively. We h
obtained in the Cs-I symmetry the MSX structure
S0 /T2–MSX and some restricted MSX structures betwe
S0 andT2 . The obtained structures are shown in Fig. 3 w
quite obvious notations.

In Cs-II, S0 /T1–MSX is very close in geometry to the
T1 equilibrium structureT1–Cs-II . This would imply that
the T1 molecule will be produced at this crossing mainly
No. 13, 1 October 1997
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TABLE II. Energies ~in eV, relative to the ground-state equilibrium structureS0–C2v! of various critical
structures of ketene along the dissociation pathway at various levels of theory at the~10e/9MO!-CASSCF
optimized geometries. No zero-point energy is added to the energies. Definition of the basis sets and m
is the same as in Table I.

Structure CAS/I CASPT2/II CCSD/I CCSD/II8
ZPE

~kcal/mol!
Reverse barrier

heighta

T1–TS(3A9) 2.95 3.18 3.23 3.28 16.6 0.17
T2–TS(3A8) 3.02 3.22 16.5 0.41
S0 /T1–X– 1.4 2.60
S0 /T1–MSX 2.31 2.21 2.12
S0 /T1–X– 1.7 2.72
S0 /T1–X– 1.9 3.51
S0 /T2–X– 1.4 2.94
S0 /T2–MSX 2.62 2.59 2.51
S0 /T2–X– 1.7 2.82
S0 /T2–X– 1.9 3.11
CO1CH2(

3B1) 2.31 3.24 2.99 3.01 14.1 0.00

aFrom Ref. 9.
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the vibrational ground state because of the Franck–Con
factor. In the restricted MSX structures, only theH–C–C
angles and theO–C–Cangle change significantly from tha
of S0 /T1–MSX. Near the F–C structure with the C–C di
tance fixed at 1.40 Å, theO–C–Cangle is compressed from
122.6° inS0–T1–MSX to ;113.8°. ForS0 /T1–X– 1.7 and
S0 /T1–X– 1.9, bothO–C–C and H–C–Hangles open up
and deviate substantially from the minimum energy disso
tion path. For instance, inS0 /T1–X– 1.9, theO–C–Cangle
is 149.5°, far from;116.3° in the dissociation transitio
state. The energies of these crossing structures are lower
the typical experimental photon energy of 3.52 eV, as see
Table II. In the Cs-II symmetry, S0 is 1A8 and T1 is 3A9,
therefore, bothl xsx and l ysy contributes tô HSO&. The norm
of calculated spin–orbit coupling element^HSO& betweenS0

and T1 at these structures, also shown in Fig. 3, is qu
large, suggesting a strong coupling. The norm decrea
somewhat as the C–C distance increases. As discu
above,S1 does not couple withT1 strongly in Cs-II and the
directS1→T1 intersystem crossing is unlikely. However, th
coupling S0 to T1 is quite strong, as is theS1-S0 coupling.
Therefore, the dissociation pathway of ketene at low pho
energy is most likely to be:S1→S0→T1→CH2(

3B1)1CO.
We also find an interesting singlet–triplet crossing

Cs-I. The MSX betweenS0 and T2 , S0 /T2–MSX, is also
very similar to the structureT2–Cs-I , on the T2 surface,
which is a transition state for CH2 rotation. As one freezes
the C–C distance, there is a small variation of theO–C–C
angle in the restricted MSX structures. However, theH–C–
C–O dihedral angle changes more significantly. At t
S0 /T2–MSX, the H–C–C–Odihedral angle is 72.4°, a
S0 /T2–X– 1.7 it becomes 83.7°, and more interestingly,
S0 /T2–X– 1.9, it becomes 106.7°, larger than 90°. Co
pared to the dissociation ‘‘TS’’ within Cs– I, T2–TS–Cs-I ,
the C–C distance and theO–C–Cangle are similar, yet the
CH2 fragment is inverted. The energy of these restric
MSX structures are all lower than the photon energy
;3.52 eV. Comparing the energies ofS0 /T2–X–R in Cs-I
with those ofS0 /T1–X–R in Cs-II, as shown in Table II,
J. Chem. Phys., Vol. 107,
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the restricted MSXs for short C–C distances,S0 /T2 cross-
ings are higher in energy thanS0 /T1 crossings. While for
longer C–C distances,S0 /T2 crossings becomes lower i
energy. For instance,S0 /T2–X– 1.9 is considerably lower
than S0 /T1–X– 1.9. It might be related to the fact thatS0

dissociation is orbital forbidden in Cs-II, and therefore, lies
higher in energy than in Cs-I for considerably stretched C–C
distances. In Cs-I, both states~S0 andT1! belong to theA8
irrep., and therefore, onlyl zsz contributes to HSO and the
coupling matrix element is pure imaginary. In Fig. 3, only
absolute value is shown. In contrast to the case of Cs-II, the
magnitude of spin–orbit coupling element increases sligh
as C–C is stretched, and is smaller than that betweenS0 and
T1 in Cs-II.

Although we have restricted our potential-energy sea
to Cs-II and Cs-I symmetries~see Fig. 4!, one should note
that theT1 state in the Cs-II symmetry connects smoothly to
the T2 state in the Cs-I symmetry via C1 symmetry. This
means the transition stateT1–TS–Cs-II at 3.18 eV is con-
nected smoothly to the second-order transition st
T2–TS–Cs-I at 3.22 eV. Although we have not examine
the structures in the C1 symmetry, one would expect that
relatively flat ridge of the ‘‘transition state’’ between keten
and the dissociation products should persist all along
internal rotation of the CH2 group from Cs-II to Cs-I. The
situation would be also similar for the seam of the crossi
Upon the CH2 internal rotation, the minimum seam of th
crossing, starting withS0 /T1–MSX in Cs-II, should persist
in the C1 symmetry and connect smoothly toS0 /T2–MSX in
Cs-I. Thus, the dynamic processes we have been discus
only in Cs-II and Cs-I should apply at least qualitatively to
all the geometries in the C1 symmetry, and the reaction ca
occur at any symmetry.

It is interesting to briefly consider the competition b
tween the intersystem crossing and internal conversion f
the S1 state. For a qualitative estimation of the transiti
probability, the simple Landau–Zener~LZ!30 formula can be
used. According to LZ, the probability of hopping from on
adiabatic state to the other is, in general, given
No. 13, 1 October 1997
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FIG. 4. The potential-energy profiles for photodissociation in Cs-I and Cs-II symmetries. The labels of the structures coincide with those in Figs. 2 and 3. T
solid arrows are for probable pathways on singlet potential surfaces, and open arrows are for those on triplet potential surfaces.
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P5exp@2(p/4)j#, where j is the Massey parameter. Th
transition between states with different spin multiplets can
handled most conveniently in the diabatic representation,
the Massey parameter is givenj58(HSO)2/(\DFy i), where
DF is the difference in the energy slop between the t
states andy i is the velocity of the nuclei in the directio
tangent to the crossing seam. The transition between
adiabatic states caused by the derivative coupling matrix
ement can be handled conveniently in the adiab
representation,31,32 and the Massey parameter is given byj
5DE/(\y'd), where d is the derivative coupling matrix
element between the two adiabatic electronic states andy' is
the velocity of the nuclei along the direction of the derivati
coupling. At theS0 /S1–MSX, we have computed analyti
cally the derivative coupling element between theS0(1A8)
and S1(1A9) states with the CASSCF wave function.33 The
magnitude of the nonadiabatic coupling elementd, thus cal-
culated, is;30 bohr21. The velocityy' should be that in the
symmetry breaking modes, becauseS0 andS1 belong to dif-
ferent spatial symmetry. Using the normal mode of onea9
H–C–C–Htorsion mode (1061 cm21) at theS1 minimum,
we have estimated the velocity along the symmetry break
direction and then obtained the Massey parameter!1, which
indicates that the internal conversion fromS1 to S0 is ex-
J. Chem. Phys., Vol. 107,
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nd
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o
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pected to be very efficient. The intersystem crossing pr
ability is harder to estimate. Using HSO;20 cm21 ~from Fig.
3!, y i;103 m/s ~the order of magnitude velocity of th
C–C–Obending ground state! and DF;0.01 hartree/bohr,
one obtains the transition probability of;0.01. Clearly, the
internal conversion is much more favored over the inters
tem crossing.

The exact effect of the intersystem crossing between
S0 and Tn (n51,2) states on the microcanonical rate co
stant of the triplet ketene is not very clear at the moment.
one hand, we have found that the MSX between theS0 and
Tn (n51,2) states are energetically well below the trip
dissociation transition states. Therefore, one tends to th
that the intersystem crossing is relatively fast compared
the dissociation process as the total energy is quite high
a result, the dissociation on the triplet state can just be
scribed with the standard statistical model on a single po
tial surface. However, this certainly cannot explain the sh
stair structure in the rate constant found in Moore’s expe
ment or why tunneling does not destroy the stair structure
found in the theoretical study of Milleret al. Since the MSX
lies very close to the minimum on the triplet states, the tr
jectory has a large possibility of recrossing back and fo
between theS0 /Tn states, even though the spin–orbit co
No. 13, 1 October 1997
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pling is not exceedingly large. A similar situation has be
analyzed by Miller and co-workers in the study of th
quenching process of O(1D) by N2.

34

On the other hand, we have shown thatS0 andTn cross
all along the dissociation path. In contrast, if the molecu
undergoes a nonadiabatic transition at a crossing, whic
high in energy, in particular, close in energy to that of t
transition state on the triplet state, the corresponding tra
tory has a large probability to dissociate. Therefore,
crossings at higher energies might play an important role
the overall dissociation process. In addition, we have fou
that the crossing structures at higher energies generally
viate substantially from the minimum energy path on t
triplet states. The energy gradient vector35 at S0 /T1–MSX
represents mainly theO–C–Cbending motion. ThisO–C–C
bending is also the promotion mode for direct passage f
the high-energyS0 /T1 crossing structure toT1–TS–Cs-II ,
as can be seen in theS0 /T1–X– 1.9. This means that th
promotion mode is different from the reaction path motio
which reduces the effect of the tunneling process, thus,
vents the stair structure in the rate constant from be
washed out. AtS0 /T2–MSX the energy gradient vector con
sists of theO–C–C bending and the CH2 wagging. These
modes are promotion modes for direct passage from
high-energyS0 /T2 crossing structure toT2–TS–Cs-I , as
can be seen in theS0 /T2–X– 1.9. Again, the promotion
modes are different from the reaction path motion. The C2

wagging in the process may cause the CH2 product rotation
along thea axis, as has been observed by Wodtkeet al.10

Obviously, much more quantitative work based on qu
tum dynamics has to be done to further clarify the role
theseS0 /Tn crossings. Currently, we are planning to car
out a two-dimensional model quantum calculation to exa
ine the relative importance of the crossings at lower a
higher energy.

V. CONCLUSIONS

We have carried outab initio calculations on the photo
dissociation of ketene, paying particular attention to
nonadiabatic interactions between the low-lying electro
states. We can summarize our findings as the following:

~1! S0 andS1 states cross extensively around the F–C reg
in the Cs-II symmetry. The promoting modes are th
C–C–Obending, which brings the two states close, a
the H–C–C–Oout-of-plane torsion, which couples th
two states of different symmetry. A trajectory onS1

from the F–C geometry can crossS0 many times, as it
travels down theS1 potential surface in Cs-II to the
S1–Cs-II minimum and theS1 /S0–MSX. Therefore,
the S1→S0 internal conversion is expected to be ve
efficient.

~2! S1 andT1 stay close in energy in the F–C region. How
ever, they do not couple strongly due to the vanishin
small spin–orbit coupling element. Therefore, the dir
S1→T1 intersystem crossing is weak. The triplet sta
molecule, which produces the ground-state product
likely to be formed via the processS1→S0→Tn .
J. Chem. Phys., Vol. 107,
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~3! S0 crosses withT1 in the Cs-II symmetry andT2 in the
Cs-I symmetry all along the dissociation pathway. A
C–C is stretched further out, the energy of the cross
increases and the crossing structure deviates subs
tially from the reaction path, although the norm of th
spin–orbit coupling does not change significantly. T
effect of the intersystem crossing on the dissociation r
constant depends on the relative importance of the cr
ings at lower and higher energies. If the former is t
most important, the dissociation process should be
scribed well with a statistical theory on a sing
potential-energy surface. On the other hand, if the cro
ings at higher energy play more important roles, the d
namics of the intersystem crossing process and the
lowing dynamics on the triplet surface are expected
control the rate. The expected effect of this would be
reduce the tunneling, therefore, prevent the stair str
ture in the rate constant from being washed out. A qu
tum dynamics study is underway to further clarify th
relative importance of the crossings at different energ

~4! At a higher photon energy~.3.9 eV!, S1 strongly
couples withT2 in Cs-I, and the directS1→T2 intersys-
tem crossing, followed by dissociation on theT2 poten-
tial surface in Cs-I, may become an important triple
pathway.
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