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Photodissociation of Glon the shorter wavelength side of the first absorption band has been known to yield
a small but significant amount of CRy,) from the CI1, state, despite its adiabatic correlation to the two
Cl(?Ps5) atoms. We calculated some potential energy curves of the ground and excited statebyofh@l
spin—orbit configuration interaction method and examined the possibilities of several nonadiabatic transition
mechanisms. It was found that the radial Rosener-Demkov (RZD)-type nonadiabatic transition from

the C1, to the thirdQ = 1, (=%, (0 — 0y")) state is responsible for the production of ®}(,), and the
rotational nonadiabatic transition probability from the'KI, to the B°Z[Iy, State is negligibly small. The
wavelength dependence of the product branching rati8PG)/CI(?Ps;z) and the anisotropy parameter
B(CI(?Py1)), which was calculated from the electronic transition moments to tAH#, B °I1y+,, and CHI,

states with the RZD transition mechanism, was in good agreement with their experimental behavior. This
RZD model and Young's double slit model could also reproduce the quantum-mechanical interference pattern
in the orientation of the total angular momentuns 1/, of the products CFPyy).

1. Introduction

Recent advances in both experimental and theoretical studies
of molecular photodissociation enable us to investigate quite
detailed information on the dissociation dynamics. Special
interest has been devoted to molecules with open-shell fragments
with nonzero electronic angular momentum, because they would
have nearly degenerate asymptotic adiabatic potential energy
surfaces and could exhibit significant nonadiabatic interactions.
For example, Singer, Freed, and Baathted that if dissociation
products have nonzero electronic angular momentum, the-Born
Oppenheimer approximation breaks down in the recoupling
regions, and neglect of the nonadiabatic interactions brings
qualitative disagreement between the theoretical and experi-
mental results. -29.78

Therefore, both theoretical and experimental studies of some
details such as anisotropy parameters, nonadiabatic transitions,
product branching ratios, and orientation and alignment of total A,
angular momentum have been very active subjects, especially 2979 * (1st Q=1
for photodissociation of molecules with open-shell fragments :

29.75
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5th =1, (z*, (2332))

-29.76 4th Q=1 (A, (2332))
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Energy / Hartree
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with spin—orbit splittings. For example, Hall and Housfon Req
discussed photofragment angular momentum polarization in 3 4 5 6 7 8 9 10
view of some correlations among the vector properties of the R/ Bohr

photofragments and the parent molecule. Dikayave a ) L . .

semiclassical description of photofragment angular momentum Ecl)gl‘ll::"zc:tédAcsiE‘ig%trlgif o(t:?nggllcirlggx.Cllj\lrl\J/rensbgfrZSCdetr::)lnggr:‘g:gw ttrr:ee
polarization with bipolar moments and presented detailed gominant electronic configurations@mdrg*'o,*9) in the Franck-
equations for the profiles of Doppler-broadened spectral lines. Condon region.

Siebbeles et dltreated quantum-mechanically the dependence

of total angular momentum polarization (orientation and align-  Molecular chlorine (Gl) continues to serve as a benchmark
ment) of photofragments and showed the importance of interfer- system to study photodissociation dynamics, and many experi-
ence effects due to coherent excitation of dissociative states withmental and theoretical studies have been reported. The dis-
different helicity quantum numbers. Orr-Ewing and Zeatso sociation products from the first absorption band of @k two
discussed total angular momentum polarization in terms of C| atoms in the ground-state @) or the spir-orbit excited-
orientation and alignment parameters and showed the analyticaktate CIZP;,,) with the spin-orbit splitting of 881 cnl. In this
techniques necessary to obtain them from spectral intensities.paper, we denote CRs,) and CIéPy;) as Cl and CI¥,

* Corresponding author. Fax+81-45-566-1697. E-mail: yabusita@ '€SPectively. The adiabatic potential energy curves for the
chem.keio.ac.jp. ground and relevant excited states are shown in Figure 1. The
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first absorption band has a maximum at around 330 nm mainly
due to the transition from the X=*4 to the CI1, (second
Q = 1,) state, which adiabatically correlates to<2C1.6 Indeed,
Colson et al.observed that only Cl products were detected and
that the dissociation process was highly adiabatic in the

Asano and Yabushita

Almost two decades ago, Peyerimhoff and Buenker é? al.
calculated the ground and excited states of @hd its positive
and negative ions, by the multireference single and double
excitation configuration interaction method without the spin
orbit interactions. They also calculated the transition moment

wavelength region between 323.6 and 331.0 nm. Matsumi et between the ground and®Pl, excited states by using the first-
al8 also observed that the dominant dissociation products wereorder perturbed wave functions with the spiorbit Hamiltonian

2 x ClI, but found that a small amount (less than 1%) of CI*

and analyzed the spin-forbidden transitidnMore accurate

products appeared on the shorter wavelength side of 308 nmcalculation with the spirorbit Hamiltonian is necessary to

with negative anisotropy parameters.

These facts show that the nonadiabatic transition partly occurs

from the second2 = 1, (C) state to state(s) dissociating into
Cl + CI* during the bond breaking, as indicated by Matsumi
et al® Here, three possibilities for the nonadiabatic transition

can be considered: the radial nonadiabatic transition from the

secondQ = 1, to the third or fourthQ = 1, state AQ = 0),

the rotational nonadiabatic transition from the secéher 1,

to the B3Iy, state AQ = £1), or combination of these two.
The Landau-Zener (LZ) and RosenZener-Demkov (RZD)

models are known as typical models for radial nonadiabatic

analyze the above experimental results in details.

In this study, we calculate the ground and some excited states
of Cl, by the spin-orbit configuration interaction (SOCI)
method and examine the nonadiabatic transition processes that
cause branching of the products. It will become clear that the
contribution of the radial nonadiabatic transition is dominant,
while that of the rotational nonadiabatic transition is negligibly
small. This radial nonadiabatic transition is considered to follow
the RZD model rather than the LZ model. Furthermore, we
analyze the guantum-mechanical interference effects in the
orientation of the total angular momentuhs 1/, of CI* with
Young’s double slit model to enforce our conclusion for the

transitions between adiabatic states with the same symmetry,ynadiabatic mechanism.

and play an important role in branching phenomena in chemical
reaction:1%1n the LZ model, the diagonal Hamiltonian matrix
elements in diabatic representatiéfi,andHj;, cross each other
linearly, and the off-diagonal elemeft; is constant, giving
rise to an avoided crossing. On the other hand, in the RZD
model, A = Hj — H; is constant andH; depends on the
internuclear distancR asH;j = A exp(—aR). This model has

been mainly used for the analyses of near resonant charge

transfer reactions such as'Li- Na— Li + Na".'* Gordon et
al.22 discussed the applicability of the RZD model to the spin
orbit branchings in the photodissociation of oxygen molecules.

Besides, the rotational nonadiabatic transition is another
important mechanism, which connects adiabatic states with
different symmetries. It is known to play a significant part in
predissociation mechanisms, for example, of iodine moledgiles.

For the previously mentioned nonadiabatic transition i ClI
Matsumi et af suggested that it is the radial nonadiabatic
transition from the secon® = 1, state, and Kitsopoulos et
all*assumed that it is between the secéhe- 1, and B states
and follows the LZ behavior. More recently, several experiments
on the orientation and alignment in Ciave been reported by
Zare et al>18 and Vasyutinskii et al? In particular, Zare et
al.’> observed the interference effects in the orientation of the
total angular momentum of the photodissociation products CI*,
and modeled them on the basis of the rotational coupling
between the secor@ = 1, and B states in order to reproduce
the experimental behavior.

An anisotropy paramete# contains important information
on photoexcitation, such as directions of the transition moment,
but shows little information about the dissociation dynamics

2. Computational Methods

We used the RECPs by Christiansen e®alith the valence
shell being 3s3p. The associated valence basis functions of 4s4p
were used without contraction and augmented by a set of diffuse
s and p ¢s = 0.059 97 o, = 0.0732) functions. We added two

sets of spherical d-polarization functiongq(= 0.7196 and

0.3671), a set of spherical f-polarization functions € 0.5),
and a set of spherical g-polarization functions, & 0.788).
The basis sets are thus expressed as (5s,5p,2d,1f,1g).

One-electron orbitals for the SOCI calculations must be
chosen with a special care to ensure the correct behavior of the
potential curves at longer internuclear distances. We have
employed the state-averaged SCF molecular orbitals that are
optimized for the averaged state of all the configurations derived
from (ag, 7y, 74*, 04*) 1% namely 10 electrons in the six orbitals.
Here, og, 7y, mg*, and oy* are the molecular orbitals derived
mostly from 3p atomic orbitals of Cl.

For the SOCI calculations, singlet and triplet configuration
state functions (CSF’s) were generated with the reference of
(0g, 7y, g%, 0u*) 10 All the single and double excitations from
these reference CSF's were included in the second-order CI
scheme. We carried out the “contracted SOCI” method where
the total Hamiltonian including the SO part was diagonalized
in the basis of the 16 spin-free Cl eigenstates af &7, 1y,

Mgy, =74, *Ag, 3 x 32F, 3y, gy My, gy, 3=, and
3A,, all of which correlate with the atomic dissociation limits
of CI(3P) + CI(3P). The Davidson correction was included in
the Cl energy. The electronic transition moments and the matrix
elements of the L-uncoupling operator were calculated by the

after photoexcitation, the shape of potential energy curves far first-order SOCI method. All the SOCI calculations were

from the Franck-Condon region, and so on. On the other hand,
since the interference effects in the orientation of the total

angular momentum of the products are quite sensitive to the

performed with the COLUMBUS program packagith an
extension of the spin-dependent GUG®?>

details of the entire photodissociation processes, their theoretical®- Result and Discussion

simulation would provide a wealth of information about the
dissociation dynamics. We thus expect that such information
may be detailed enough to resolve the previously mentioned

(1) Adiabatic Potential Energy Curves of Ch. Calculated
adiabatic potential energy curves are shown in Figure 1.
Spectroscopic constants of theX*,, A 31y, and B3[oy,

controversy on the nonadiabatic mechanisms. Furthermore, sincestates are shown in Table 1, and are in reasonable agreement
some experimental results are not consistent with one anotherwith the experimental valué§-28 We thus expect that quantita-

it is useful to theoretically analyze details of the experimental
results.

tive results can be obtained for the photodissociation processes
with these ab initio potential energy curves.
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TABLE 1: Calculated and Experimental Spectroscopic 16.0
Constants for the X ¥+, A 3Iy,, and B °Ily,, States of Ch

Re (bohr) De(eV) we(cm™) wmexe (cm™2)

X 1=ty this work 3.811 2.335 549.7 2.78
experimert® 3.755  2.475 559.7 2.67

A °[1y, this work 4662 0.2924 2375 5.76
experimer®?’ 4597 0.3132 265 5

B 3[Tg+y this work 4,657 0.3611 240.0 5.26
experimer®?® 4,602 0.3807 259.5 5.3

(a)

12.0

C'M, (2nd Q=1 )
8.0

/104 A%

4.0

(2) Absorption Spectra of Cb. The first absorption band of 0.0 _BD‘
Cl; has a maximum at around 330 nm mainly due to the spin- 280 320 360 400 440 480
allowed vertical excitation from the X2t to the CI1, (second wavelength / nm
Q = 1,) state. However, there are some states that are below 6.0
the C state with nonzero electronic transition moments and can
be excited by a photon between 260 and 480 nm. With the-spin
orbit interactions, the “good” quantum number for nonrotating
linear molecules such as$ thez (molecular axis) component
of the total electronic angular momentum, nam@and g-u
symmetry. The’ll, state splits into four sublevels witQ =
2,, 1,, 0, and 07, although the magnitude of the splittings is
very small especially in the FranelCondon region. The Ally, s
state has a small configuration mixing with the, configu- , ATIL, (1stQ=1)
ration, the B3[To;, state has a small one with the upp&r, 0.0 . T
configuration, and so on, according to the selection rule for the 280 320 360 400 440 480
spin—orbit interactions. The X state also has a small component wavelength / nm
of *Ioy4 besides the dominaRE*, component. These spin Figure 2. (a) Absorption spectra of gl (b) Expanded view of ().
orbit configuration mixings are the origin of the so-called The absorption bands to the %Iy, and B3Iy, States exist in the
intensity borrowing of the A and B states. Therefore, the states edge region of the secord = 1, (C I1,) state.
that are below the C state and can be excited from the X state

Absorption cross-section

4.0

/105 AZ

2.0

Absorption cross-section

are the A (via a perpendicular transitionQ = +1) and B ASI'CO“Ph“g
(via a parallel transitionAQ = 0) states. ﬁ(q;;f _¢j)
In the numerical calculation of the absorption cross sections,
we used the program by Balint-Kurti et&lemploying the time- Hy-o., o®(jj)-coupling
dependent quantum dynamical method. H ... Tk 6! Cl+Cl
The calculated absorption spectra to the A, B, and C states et g
are shown in Figure 2. The peak wavelength of the absorption L(@! +¢4) - ¢ ci+cl
band to the C state is 336.2 nm and in good agreement with V2 " E A>>H, =0
the experimental one, which is 331.1 nm by Kitsopoulos &t al. A<< H;=Ae™™ ’
The theoretical peak intensity of the first absorption band is Figure 3. Rosen-Zener-Demkov (RZD) model applied to the
weaker than the experimental one of about 0.0027This is nonadiabatic interaction in the dissociation regions of two open-shell

mainly because the calculated electronic transition moment, atoms with small spirorbit splittings such as @IA representsl; —
0.258 D, to the C state at the equilibrium internuclear distance Hi in the diabatic representatidr; is the exchange interaction between
R.is relatively smaller than the experimentally estimated values, the two atoms caused by the Coulombic interaction and behaves as an
0.356 D by Coxof32and 0.371 D by Bayiis® Our value exponential function of the internuclear distariRe

was also a little smaller than other theoretical values, 0.3173 D

with the time-dependent Hartre€&ock method and 0.3364 D Q =1, (C L) to hig_her state(s) with the sarr@ - 1.“ .
with the second-order polarization propagator approximation SYMmetry. Inspecting Figure 1 and the corresponding adiabatic

methodBl At R= R., the calculated transition moment to the B SOC! wave functions does not support the Lanézener (LZ)-
state was 0.0756 D and that to the A state was 0.0158 D. ThelYPe behavior for the secord = 1, state. Instead, we have a
corresponding experimental value to the B state is 0.077 D andtheoretical reason for the applicability of the Roseener-
that to the A state is-0.015 D by Coxorf? Ishiwata et af’ Demkov_ (RZD) mod_el by considering the behavior of the
suggested that the ratio of the transition moment to the B state€l€ctronic wave functions.
to that to the A state is about 4.8 and in accordance with our In the dissociation region, since the Coulombic interaction
theoretical value of 4.79. between the two atoms is very weak, the coupling of the two
The peak intensity of the absorption band to the B state is atomic wave functions is represented better byjjif@upling
about 4% of that to the C state, while that to the A state is scheme. Let the two diabatic states be the valence bond type
about 0.3% of that to the C state. These two weak absorptionwave functionsd)id for CI + Cl and ¢>}’ for CI + CI*, as
peaks, however, exist far from the peak position of the C state, schematically shown in Figure 3. In this representation, their
and their relative intensities become more significant in the energy differencé\ = H; — H;i corresponds to the spirorbit
longer wavelength region. Therefore, the A and B states are splitting between Cl and CI* and usually shows only a weak
expected to make an important contribution there, despite their dependence on the internuclear distaRcespecially at longer
weak intensities. R. Their interaction matrix element; corresponds to the
(3) Applicability of the Rosen—Zener—Demkov Model. We exchange interaction caused by the Coulombic interaction
first discuss the radial nonadiabatic transition from the second between the two atoms and is expected to dependR as
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Figure 4. R dependence of the {(§ — E)?> — A% value. The
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Figure 5. R dependence of the radial derivative coupling matrix

parameter fitting is successful and suggests the applicability of the RZD elementsg® between the secon@ = 1, (C I1,) and otherQ = 1,

model.

Hij = A exp(—oaR), satisfying the RZD model. AR becomes
smaller, namely closer to the Frane€ondon region, the
exchange interaction becomes much larger thamand the

states. The peak f@® between the secor@ = 1, and thirdQ = 1,
(3=*14(1441)) states is larger than the other peaks.

The radial derivative coupling matrix elemegjtof eq 1 can
also be calculated directly with the CI vectors in the SOCI

electronic wave functions are appropriately represented by the .5|culation as follows334

AS-coupling scheme. In particular, the spiorbit splitting
between Cl and CI* is 881 cmt and much smaller than that
for Br (3685 cntl) or I (7603 cnrl). Therefore, theAS-
coupling scheme holds very well in the FrargRondon region.

If the nonadiabatic interaction follows the RZD model, the

radial derivative matrix element between the two adiabatic wave

functions®; and ®; behaves approximately as

9 = @)“a% = %

A
2A exp(—aR)

1
cosHa(R — Rya)}

2A exp(—aR)
A

=&
4

@)

with a peak value oft/4 atR = Rnax WhereA exp(—aRmnay) =
AJ2 is satisfied. AR = Rqnax the exchange interaction and the

spin—orbit interaction have an equal magnitude and recoupling

of the adiabatic wave functions takes place. The probability of
the RZD-type nonadiabatic transitiorf-i§

1

TA
1+ ex hva)

)

Przp =

wherev is the relative velocity of fragments & = Rpax It
follows from eq 2 that ag becomes larger with higher photon
energy,przp increases.

In the RZD model, the energy difference of the coupled
adiabatic energieg; andE; would behave as

E — E = V4AZ exp(~20R) + A? 3)
In this study, the three parametéyso,, andA were determined
by fitting a pair of the coupled SOCI adiabatic energies of
the second? = 1, and thirdQ = 1, (3=+1,(1441)) states to
eq 3. Here, fiqrs) stands for the electronic configuration of
ogPmimg*'oy* S in terms of the molecular orbitals. These fitted
parameters werd = 6.198 72 (hartreejy = 1.317 70 (bohr?),
andA = 4.541 09x 1073 (hartree).Rnax = 6.00 (bohr) was

ckj(R + AR) — ckj(R)

g;':l ~ chi(R) (4)

AR

wherec; is thekth element in theéth CI vector. The step size
AR in the numerical differentiation was 4.0 10~ bohr in

this study. The so-called molecular orbital derivative term was
neglected here because its contribution is usually small and to
the extent of 16-15%34 This approximation is partly justified
because the molecular orbitals hardly change at loRger

Figure 5 shows th& dependence of the matrix elemeg%
between théth and secon@® = 1, states. Here the nonadiabatic
transition from the secon® = 1, to the third@Q = 1, state is
considered to be much stronger than that to the fofrts 1,
state. We actually evaluated the latter probability and found it
totally negligible® The matrix elemeng% is relatively large,
but its transition probability can indeed be neglected because
the fifth Q = 1, state correlates to CH CI*, andA ineq 2 in
this case corresponds to twice as much as the atomie-spin
orbit splitting. It is also in accordance with the fact that the
apparent products of CH CI* have not been observed in any
experimental studies. The nonadiabatic transition probability
depends not only on the matrix element of the nonadiabatic
interaction but also on the adiabatic energy difference.

The RZD parameterd), o, andA can be also obtained by
comparing eq 1 with eq 4. We have = 14.5150 (hartree),
o = 1.4959 (bohrl), A = 5.7515 x 1073 (hartree), and
Rmax = 5.7 (bohr) in this way. The nonadiabatic transition
probability with these parameters is a little smaller than that
with the previous parameter set obtained by using only the
adiabatic energy differences. Part of this underestimation comes
from our approximate evaluation of the matrix element in eq 4.
In this study, we thus adopt our previous parameter set and
calculate several properties which follow next.

(4) Branching Ratio CI*/Cl and Anisotropy Parameter
B(CI*) by the RZD Model. From Figure 1, both the AITy,
and CII1, (second® = 1,) states correlate to G+ Cl. The B

calculated from these parameters. The parameter fitting turnedITo+y State and the thir@ = 1, (5<*1,(1441)) state, to which
out to be successful, as can be seen from Figure 4, which plotsthe RZD-type nonadiabatic transition can occur from the second

In{(§ — E)? — A%} vsR

Q = 1, state, correlate to Ci CI*. The branching ratio
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1 secondQ = 1, to the third Q@ = 1, state. The calculated
, wavelength at whicl8(CI*) is equal to zero is around 330 nm

S o8 and in accordance with the experimental one. As is implied by
fs) This work eq 6, this wavelength critically depends on the balance between
% 0.6 , B Kitsonoulos stial the intensity of the absorption bands to the B and C states, and
> P - the nonadiabatic transition probabilipgzp.
£ 04 (5) Contribution of the Rotational Nonadiabatic Cou-
e ‘ plings. We have so far considered only the radial nonadiabatic
g 0.2 transitions from the secon@ = 1, (C I1,) to otherQ = 1,
states. On the other hand, as Figure 1 shows, the seRonrd
0 a 1, and B3I+, States cross each otherR¢= 6.17 bohr. In this
280 320 360 400 440 480

section, we discuss whether the rotational nonadiabatic transition
between these two states plays an important role.

The form of the rotational Hamiltonian for diatomic molecules
in the molecule-fixed coordinate system is as follGWws:

wavelength / nm

Figure 6. Wavelength dependence of the calculated branching ratio
CI*/Cl compared with the experimental one by Kitsopoulos ét hlote

that the values by Kitsopoulos et dlare somewhat different from
those by Matsumi et &l.

1.2 2 2 2 2
Ho=——>[(F -3+ L*-LH)+(S-S)
20 s _ rot ZMRZ z z Sz
5 s | +(L'S+LSHY-@@'L +IL)—-J'S +ISN
§ ' /’ This work 1 2 2 2 2 2
g =P -3H+ L -L)+(E -8
% 1.0 ”' ZMRZ z z Sz
g 00 * _1Rz-(L+S‘ +L°S) +HG + HY, (7)
g oo 2u
o
2 050 Kitsopoulos et al. where
c
<
1.0 ' L) _ 1 + — -+
280 320 360 400 440 480 He =~ _RZ(J L +JL) (8)
wavelength / nm u
Figure 7. Wavelength dependence of the calculgté@l*) compared and
with the experimental one by Kitsopoulos et'&]3(Cl*) calculated
with the rotational coupling mechanism at the rotational temperature 1 4 .
of 300 K is shown as a dashed line. ng: - ﬁ(\] S +JS) (9)

CI*/Cl and the anisotropy parameie{Cl*) are calculated within

. . s ) In this study, the electronic part of the wave function obtained
axial recoil approximation as follows:

from the SOCI calculation is expanded by tfeASEbasis.

When the total wave function consisting of both the electronic
cr _ 0(B) + o(C)przp ) and rotational wave functions is considered, it is represented
Cl 0(B) + o(C)(2 — przp) + 20(A) by the | JQASE[basis in Hund’s case (a). The first three terms
in eq 7 give rise to the rotational energy and the remaining parts
B(Ch) = 20(B) — o(C)przp ©) correspond to the perturbation terms in tB@ASS[basis. The

o(B) + (C)Pryp fourth term is called the spin-electronic operator. The selection
rule for the matrix element iAA = +£1, AZ = ¥1, AS= 0,

whereprzo is the probability for the RZD-type nonadiabatic and AQ = 0% and gives no interaction between the s?cond

transition from the seconf = 1, to the thirdQ = 1, state. Q = 1, and B states because &f2 = +1. The fifth termH)

cor

Here,o(A), o(B), ando(C) are the theoretical photoabsorption and the sixth term-l(us)’r are the so-called Coriolis interaction
cross sections from the X2ty to the A, B, and C states, terms, and are called as tieuncoupling andS-uncoupling
respectively. The wavelength dependence of the calculatedoperators, respectively. The selection rules for these matrix
CI*/Clis shown in Figure 6 and compared with the experimental elements ardA = +1, AX = 0, AS= 0, andAQ = +1, and

one by Kitsopoulos et df It is found that the wavelength AA =0, AZ = 4+1, AS= 0, andAQ = =£1, respectively?
dependence of CI*/Cl can be reproduced, and the orders of theand they depend on thevalue.

theoretical values of CI*/Cl at shorter wavelengths are in  In the Franck-Condon region, according to the selection

agreement with the experimental ones despite their small rules, especiallyAS = 0, neither theL-uncoupling nor the

magnitude. The wavelength dependence of the calcy{ti) Suncoupling operator can connect these two states. They can
is shown in Figure 7 and in agreement with the experimental thus have only indirect second-order interactions as a result of
one by Kitsopoulos et df weak spir-orbit configuration mixings.

We can understand their behavior on the whole as follows.  The situation changes at longBr The B state is a unique
At longer wavelengths, the parallel transition to the B state Q = 0%, state that correlates to & CI* and can be described
correlating to CH CI* becomes dominant ang(CI*) becomes very well by the®IIy., configuration even in the dissociation
equal to 2. On the other hand, at shorter wavelengths, theregion. On the other hand, both the first and secéne: 1,
perpendicular transition to the C state correlating to+CCI states correlate to Ci Cl with significant configuration
becomes dominant, aff{CI*) becomes closer te-1 since CI* mixings. These two states in the dissociation region are
is originated by the RZD-type nonadiabatic transition from the described by the\S-coupling scheme, as follows:
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11stQ = 1,[0=
13 1. 1 3+
30, (2431 H —|'T1(2431) H —|*=) (2332)]
\/5 1u @ u \/5 1u
12ndQ = 1,0=
%§|3H1u(2431)1— §2|1Hu(2431)]+

2Pl (1441 2PA, (2332

According to the selection rules, tRHy., (= = £1, A = F1,
andQ = 0™) configuration in the B state can have interactions
with the3[1y, (£ =0, A = £1, andQ = 1), 3=, (T = £1,

A =0,andQ = 1), and®Ay, (E = £1,A = F2, andQ = 1,)
configurations in the secord = 1, state. Therefore, the matrix
elements between the B state and the following configurations
need to be taken into consideration.

L-uncoupling®=", (1441),°5*, (2332),°A,,(2332)

S-uncouplingI1, (2431)

TheR dependence of the weights of the spin-free components

included in the seconf = 1, state shows that thd1,(2431)
component is dominant &= R, (3.8 bohr) but thé="1,(1441)
component cannot be neglected30%) at aroundRk = 6 bohr.

It is necessary to consider the rotational nonadiabatic transition

from the second? = 1, to the B state, because it may occur
through the®=*1(1441) component.

The electronic Hamiltoniaidg in the usual ClI calculation
does not include the molecular rotational Hamiltonipy
represented by eq H: acts as perturbation that brings a
nonadiabatic transition between the eigenstatétoHowever,
the rotational nonadiabatic coupling does not straightforwardly
follow the Landau-Zener (LZ) behavior in the usual adiabatic

basis. Nakamufadefined the dynamical states as the eigenstates

of Hel + Hrow. In this dynamical-state representatibly + Hrot
is completely diagonal with respect to nuclear rotations and

electronic degrees of freedom, and a nonadiabatic transition

Asano and Yabushita

Suncoupling operators have only to be calculated between
R (o) andllfi(lu). Therefore, the eigenvalue problem to be
solved for the two states under consideration is

[@(0,";r:R)[Hy (0, ;R +
Erot(ou+) - EJ(R)
w0, ")HG: + HRIWL (L) e

W (1,)IHG, + HIW (0, 0k

[ (1,r:R)[Hg|P(1,r:R)+
Erot(lu) - EJ(R)

=0 (12)

where the matrix elements dfle are the adiabatic SOCI
energiesk«(2) in the diagonal parts are the rotational energies,
and the subscripts and R describe the integration over all
andR. E;(Q2) was calculated in the Hund’s case (a) basis by

h {JJ+ 1) — 2Q3%
2uR?

The matrix element of thé&-uncoupling operator is repre-
sented as follows:

Eol ) =

(13)

(0, HEIWL (1) =

- ZuiRz[J(J + 12 %2[@(0”+;r:R)|L_|<I>(+1u;r:R)Q +
@(0,";r:RILT|P(—1,r:R)L] (14)

Furthermore, the brackets in eq 14 lead to
[@(0,";r:R)|IL™|D(+1,r:R)]

= [@(0,";r:RIL, — iLy|é{ (1,1 :R), +iP(1,;r:R)} 0

— Vi@ (0,";r:R)IL, | P(L,r:R) [

(15)

and

caused by molecular rotations can be treated as if it were a radial@(ou+;r;R)| LY ®d(—1,r:R=

coupling problem.

When a diatomic molecule such as,@ considered, the
dynamical states with the total angular momentdroan be
expanded in terms of the electronic rotational basis functions
P(Q) defined as

PI(Q) = ¢(Q:r:R) YU,Q:R) (10)
where ®(Q;r:R) is the electronic wave functior, are the
electronic coordinates in the molecule-fixed coordinate system,
Y(J,Q;IA?) is the nuclear rotational wave function, aRdlescribes
the molecular orientation. The electronic rotational basis func-
tions for the B and secor@ = 1, states are written a&J(0,")
andWJ(£1,), respectively. HereéPJ(41,) can be transformed
to the following two components with opposite paritf@s.

W1y = Logd Wi
+(1u) \/é{ (+1u) + ( 1u)}

1

wl(1)=
(1) N

{W(+1) - W(-1)} (11)

—V2®(0,"r:R)IL,|P(L,r:R), L] (16)

where the subscriptsandy represent the- andy-components

in the molecule-fixed coordinate system, respectively. The
matrix element of thé_-uncoupling operator of eq 14 can be
rewritten with eqs 15 and 16 as follows:

(0, )IHG W (1) e =

E[J(J + 1@ (0, ir:R)IL, | B(L,r:R), (17)

The R dependence of the calculated matrix element oflthe
operator in eq 17 has a maximum at arode 6 bohr due to
the R dependence of th&&*;,(1441) component in the second
Q = 1, state.

On the other hand, as described before, the matrix element
of the Suncoupling operator is not zero only when the
8[1;,(2431) component in the secoldl = 1, state is not zero.
Therefore, the matrix element of tHeuncoupling operator
between the secord = 1,, and B states can be simply estimated

WI(0,+) and W(1,) have the same parity and interact with from the matrix element between tiEl;(2431) and the B
each other, but¥’ (1,) has the opposite parity and has no S3[g:, components, multiplied bg(3[1,), which is the coef-
interaction. The matrix elements of tHe-uncoupling and ficient of the®I1;,(2431) component in the secofd= 1, state.



Photodissociation Processes of Cl J. Phys. Chem. A, Vol. 105, No. 43, 2004879

4.0x10™ . . . . ‘ becomes clear now that the rotational nonadiabatic transition
probability is negligibly small, as suggested by Matsumi ét al.
(6) Comparison with Other Works. We have so far showed

3.0x10% Pec that the RZD-type nonadiabatic transition is the dominant
8 mechanism to yield CI* from the secorfd = 1, (C I1,), but
& Lox10® ; other groups have considered different nonadiabatic transition
s x processes.
o . Kitsopoulos et al* estimated the probability that Cl is
1.0x10 * 250K ' transferred to CI* by the nonadiabatic transition from the second
Prot x A—-—S—O;——% Q = 1, to the B3Iy, State,pc in Figure 8, as follows:
0T 200K
280 300 320 340 360 380 400 Ao (B)
wavelength / nm Pec = m (22)

Figure 8. Wavelength dependence of the rotational nonadiabatic
transition probabilitypr, calculated by the LandatZener-Stueckelberg  whereo(B) and o(C) are the partial absorption cross sections
_('-%3) S?henzjetin g?ml?aftison Wimccj’_V‘l')hi;?h itsramgit?(;gbf?gmt);tfga;ecélond from the X 13+, to the B and C states, respectively, ahds
is transferred to CI* by the nonadiabatic tr: the coefficient of the perpendicular component when the angular
Q = 1, to the BIlo:, state, estimated by Kitsopoulos et‘al. distribution of the fragments is representedf@® O A sir?
w0, ) HS W (1, ) 6+ c_o§ 6, where@ is t_he angl_e b_etween the fragmer_1t recoil

u cort T HLWITR direction and the electric polarization vector. They noticed that

= — Li{[z JA + 1Y%y + [230 + 1)), )} the behavior ofpg follows the LandawZener (LZ)-type
2uRE /2 relationship,
1 12,3
=——[J0+ 1)l 18 C
R0 1T (18) Pec 01— ex{~ ] (23)

The eigenvalue includinglo is calculated from eq 12 with  wherec is a constant and is the velocity at the crossing point
the above matrix elements. The radial nonadiabatic transition of the two potentials. Although their experimental results
probability between these two potential energy curves in the approximately followed eq 23 between 310 and 340 nm, they
dynamical-state representation can be obtained by the semiclasalso showed significant deviations at wavelengths longer than
sical Landat-Zener-Stueckelberg (LZS)-type expression and 340 nm.

actually corresponds to the probability that a fragment still  As shown in Figure 8, theip.. value becomes larger as the

remains on the same adiabatic state after it passes the crossingiavelength is longer, namely, the velocity of the fragment is

point in the usual adiabaitc representation. This probalulity smaller. On the other hand, the RZD-type nonadiabatic transition

is calculated from the following expressiéh, probability calculated in this study becomes smaller, as the
wavelength is longer. Moreover, the magnitude of thpgiris

PLzs = €XpP(20) (29) very different from that of the rotational nonadiabatic transition

probability, prot, calculated in this study, although: shows a

where wavelength dependence similar to thatpgf.

Kitsopoulos et al# further discussed that the nonadiabatic
transition may occur at around 3 eV above the zero-point energy

. 1
otio= > ﬁSAE drR (20) of the X state, namely, 0.021 hartree above the dissociation limit
of Cl + ClI, and follows the LZ-type behavior according to the
_ 2 2 velocity dependence of eq 23. Their assumption, however, is
AE= \/ (B, — B+ 4H,; (21) not justified because no LZ-type nonadiabatic transition was

found in the potential energy curves in Figure 1, and the curve
and v is the velocity at the crossing poirf®; is the complex crossing between the secof2l= 1, and B states occurs at

internuclear distance therBy is the real part o, E (i = 1 almost the same energy as the dissociation limit oftCClI.
and 2) andHi, are the matrix elements in eq 12. This difference in the interpretation of the nonadiabatic
pLzs depends on the total angular momentdrhecauses; transition mechanism could originate from the uncertainty of

and Hj;, are functions ofJ. Assuming that the rotational the experimental intensities of the absorption bands. Kitsopoulos
population follows the Boltzmann distribution, we calculated et all* had precise information about the branchings only at
thep.zs value as a function of the rotational temperature, which wavelengths longer than 350 nm, where both the CI*/CI and
was assumed to be 200, 250, or 300 K because we do not havgd(CI*) values were observed. They have obtained the partial

precise information about the experimental one. absorption cross sections at wavelengths shorter than 350 nm
The wavelength dependence of the rotational LZS-type by extrapolating them at the longer wavelengths side. Therefore,
nonadiabatic transition probability from the secdRd= 1, to their values, in particular at the shorter wavelengths side, might

the B stateprot = 1 — pizs, is shown in Figure 8 and is too  include some errors. In fact, their intensity ratio 4x610°

small to explain the observed results. In facipdbp in eq 6 is between the absorption band to the C state and that to the B
replaced by thigy, S(CI*) based on the rotational coupling  state amounts to about 5 times of ours &9L.? at 310 nm.
mechanism can be calculated. The wavelength dependence of Zare et al® modeled that CI* is produced by the rotational
B(CI*¥) thus calculated for 300 K is shown as a dashed line in nonadiabatic transition from the secofd= 1, to the B state.
Figure 7 and deviates from the experimental one very much. They estimated that these two potential energy curves cross each
We have almost the same rotational transition probability by other atRx = 5.97 bohr and calculated an effective potential
using the new formula proposed by Nakamura and 2hit. by which the secon® = 1, state could smoothly transfer to
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the B state in such a way that the matrix element of the Q = 1, states has a maximurk, is the wavenumber in relation

nonadiabatic coupling between them had a maximurR at to the adiabatic energy for theh state E,, as follows:

Rx. They simulated the qguantum-mechanical interference effects

in the orientation of the total angular momentdrs ¥/, of CI* k.(R) = 1 2u{E — E(R)} (26)
with this effective potential and obtained fair agreement with h "

experiment. On the other hand, our analysis showed that the
rotational nonadiabatic transition probability from the second
Q = 1, to the B state is on the order of 19 as shown in
Figure 8, and is too small to reproduce the wavelength
dependence of CI*/Cl and(ClI*).

However, CI* should be produced by some nonadiabatic
transitions at aroun® = 6 bohr, because Zare et'alcould
reproduce the experimental behavior assuming that the matrix
element of a nonadiabatic coupling had a maximun®at=
5.97 bohr. It is interesting that olRyax value (6.00 bohr) in
the RZD model is very close to theR value. In fact, we have ~ wherev is the relative velocity aR = Rnaxand A ando. are
seen that the RZD-type nonadiabatic transition from the secondthe parameters for the RZD model. The phase difference
Q = 1, to the thirdQ = 1, state can reproduce the wavelength between the two paths is defined as follows:
dependence of CI*/Cl an@(CI*). Therefore, we expect that
the radial RZD-type nonadiabatic mechanism can also reproduce A¢= ¢2nd€2:1u—'3rd9:1u B ¢’B3I'Io+u (28)
the interference effects.

(7) The Quantum-Mechanical Interference Effects in the
Orientation of the Total Angular Momentum J = ¥, of the
Fragment CI* (2Py,). Classically, if an electric field oscillates
to a direction between parallel and perpendicular to the
molecular axis, it induces electronic oscillations in both the
parallel and perpendicular directions coherently, that is, with
the same phase. According to the potential energy difference
between parallel and perpendicular types, the difference in the
oscillation frequencies emerges as the molecule dissociates an
induces the rotational motion of the electron, namely, the
nonstatistical orientation of the angular momen#in&uch a
preferential orientation is subject to the quantum-mechanical
interference effects due to the presence of the two paths, that
is, one via the parallel transitiod\Q = 0) and the other via

whereu is the reduced mass of £AndE is the total energy,
which is the zero-point energy of the XX, state added to the
photon energy. We use = O for the B staten = 2 for the
secondQ2 = 1, state, andh = 3 for the third@Q = 1, state.og

in eq 24 is the so-called dynamical phase and represents the
additional phase due to the RZD-type nonadiabatic transition.

0, = %{\/E —In(1+ v2)} 27)

The interference effects between one path via the parallel
transition and the other via the perpendicular transition result
from the symmetry breaking induced by a mixed transition in
which both parallel and perpendicular components are ac-
cessed? Quantum-mechanically, the mixed transition is de-
scribed by a sum of the incoherent and coherent “interference”
contributions from parallel and perpendicular transitiéhin
the case of linearly polarized photolysis light, there only exists

e imaginary part of the photofragment orientation parameter,
m[a;®M(I1,0)] in the angular momentum distribution. This
Im[a,M(11,00)] parameter is estimated as follows:

Im[a{’(1L,0)] O |A 1A sin(Ag) (29)

the perpendicular transitiol\@ = +1). wherg |Al and |Ag| are the coefficients o_f the transition
) amplitudes for the parallel and perpendicular transitions,
In the wavelength region from 270 to 390 nm, from our | oqpectively, and is the phase difference between the parallel

previous analysis, such interfeie{\ce effects in the orientation and perpendicular paths. For a pure parallel or perpendicular
of the total angular momentuth= ¥/, of the fragment CI* are transition, Impy®(11,0)] becomes zero becausa-| or [A| in

thought to be caused by both CI* from the®Ho.., (AQ = 0) eq 29 is equal to zer®5.If one parallel and one perpendicular

state and CI* from the thir@ = 1, (°£*1(1441)) AQ = £1) path are considered, eq 29 can be rewrittef as
state produced by the radial RZD-type nonadiabatic transition

from the second? = 1, (C dI,) state. After an electronic @ By .
excitation to both the B and C states, the molecule dissociates Im[a;”(IL,0)] O 4 /(1 + ﬂ)(l - E) sinA¢)  (30)
on the different potentials but finally arrives at the same

dissociation products, Gt CI*. The potential energy difference The calculated Ing;®)(1,00)] value from eq 30 as a function
produces the phase difference between these two paths an@f an excitation wavelength is compared with the experimental
causes the interference effects. one by Zare et &P in Figure 9. In this calculation, we scaled
We apply Young's double slit mod€*° to estimate the  the calculated potential energies by multiplying a factor of
interference effects. The total phases for the two dissociation 0.3807/0.3611, because the dissociation en&gyor the B
paths given in a semiclassical form are state was underestimated by this factor.
The wavelength dependence of this interference pattern is in
7T Rma fair agreement with the experimental one, and the isotope effect
Pondo=1,~3ra0=1, =Z+ sz 2(R) dR+ 0 + between3*Cl* and ’Cl* was also reproduced, despite the
" sensitivity of Imfa;0)(/1,00)] to the shape of the potential ener
f Rmax[k:”(R) ~ kg(2)] dR = k() Ryyay (24) curves. 1¥his isftlop((e ef)f]ect comes Ff)rom the F;nass dependgeynce
of the phase difference through eq 26.
_T o0 _ _ However, there are some discrepancies between the theoreti-
¢B3I'Io+u 4 + fro[k"(R) Ko()] AR~ ko(=2)To - (25) cal and experimental behavior. It may suggest that there still
remain errors in the potential energy curves although they were
whereT; is the turning point of the C state for a given photon corrected by a scale factor. Moreover, the disagreement may
energy, Ty is that of the B state for the same energy, &ydx result from the fact that the nonadiabatic transition from the
is the R value at which the matrix element of the RZD-type third Q = 1, to the fourthQ = 1, ((Ay,) state cannot be
nonadiabatic coupling between the secdédd= 1, and third neglected. Zare et &f.discussed that its transition probability
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s V - wavelengths and from the behavior of the transition moments
a (a) at longer wavelengths. The RZD model could roughly reproduce
iy 10 the quantum-mechanical interference effects in the orientation
= 030 /\ of the total angular momentuth= Y/, of the products CI*.
£ 001-(5> : — : - For further details, it is necessary to calculate the radial
- . o (b) derivative coupling matrix elements including the molecular
& 0.1 *  a-Zareetal. ”Cl orbital derivative terms with much larger basis set and use a
e : more rigorous quantum-mechanical method to analyze the
§ 005 . This work 25GI dissociation dynamics including the fourh = 1, state. Such
§ o . . work is now in progress in our laboratory.
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