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We report three-dimensional quantum mechanical calculations on the photodissociation dynamigs of CH
and CD3l on new ab initio potential energy surfaces. The improved potentials are obtained in the contracted
spin—orbit configuration interaction framework by using a larger basis set and more spin-free configurations.
The dynamical model includes the-C stretch, C-H; umbrella bend, andH4C—H3; bend and allows the
overall rotation. The wave packet is propagated in the Chebyshev order domain. The absorption spectrum,
product vibrational and rotational distributions, I* quantum yield, and state-resolved angular distributions are
calculated for the parent states|dMK[= |000Cand|1110Jand compared with experiments. The new potential
energy surfaces yield a much better agreement with the experimental absorption spectrum, thanks to small
potential gradients in the FranelCondon region. The calculated rovibrational distributions of the methyl
fragment are also in good agreement with experimental data. It is shown that the overall rotation has significant
effects on the methyl rotational and vibrational distributions as well as the I* yield.

I. Introduction reviewed by one of usSubsequent reviews by Johnson efal.,

Methyl iodide is an important benchmark for understanding @nd more recently by Eppink and ParRewrovided additional
polyatomic molecular photodissociation dynamics in the gas @nd updated information on this system. In short, methyl iodide
phase. The first%) absorption band near 266 nm is structureless dissociates directly and prompffythe dynamics is mostly along
and attributable to the €1 n— z* transition to five repulsive ~ the C-I coordinate with some participation of the-Els
dissociative states, leading to two dissociation channels£H  coordinat€’™*> The repulsive potentials along the-Ccoordi-
I(2P3) (the | channel) and CH+ I(2Py) (the I* channel)} nate render large energy disposal into the fragment recoil. Some
Among them, three are dipole allowed. TF@; state, which vibrational excitation in the methyl fragment has been found,
correlates to the | channel, is the weakest and lowest in energymostly in the umbrella bending’4) mode due to the change
in the Franck-Condon region. ThéQy. state, which diabati- ~ from a pyramidal to planar configuration. Experiments from
cally correlates to the I* channel, is energetically lower in the several grougs'* 1" now agree that the methyl fragment in the
Franck-Condon region than th&Q; state, which correlates to  1I* channel is dominated by the ground vibrational state, while
the | channel. As a result, the two diabatic potential energy in the I channel the vibrational population in the umbrella mode
surfaces (PESs) intersect and nonadiabatic transitions play aris slightly inverted with a peak at= 1. Small but significant
important role in the dissociation dynamics. The nonadiabaticity rotational excitation in the methyl fragment has also been
manifests itself both in spectroscopy and final product state observed317181925|n the latter case, the excitation is largely
distributions. An early magnetic circular dichroism (MCD) about the axis perpendicular to th& axis of the methyl
study? indicated that the parallélQy; state dominates at low  fragment, while the rotation around the figure axis is conserved.
energies, while the perpendiculd®; state becomes more Very recently, the dissociation of oriented methyl iodide has
important at high energies. The transition dipole for the lower been studied with parent rotational stati\;K[) selectior?3-26
3Q; state is significantly smaller. However, a recent product using electrostatic hexapolar fieldsSuch quantum state-to-
velocity imaging experimeftconcluded that the MCD result  state experiments allow direct comparison with quantum me-
overestimated the contribution of tR®; state by~20-fold, chanical theory and yield much more information about the
and the®Qo+ state carries almost all of the oscillator strength  dissociation dynamic%:2°
throughout theA band except in the high-energy wing. _ Quantum mechanical studies of the dissociation dynamics of

There_have been extensive expenmental investigations of th'smethyl iodide have relied mostly on pseudotriatomic models.
prototypical system. The literature prior to 1992 has been Ty,.gimensional collinear models, which include both thelC

tVisiting Professor. Permanent address: Department of Chemistry, @d C-Hs Coordinates_, were able to reprod_uce most experi-
Sichuan University, Chengdu, Sichuan, P. R. China. mental observables, including the absorption spectrum and
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product vibrational distributioA2-32 Similar models have been  be written in the body-fixed (BF) frame with two coupled
used to address resonance Raman experiments probing thelectronic statesi(= 1)
dissociation pathwa$t3436 The dynamical study of the dis-
sociation process was put on more solid footing when high 1 9 1 8 1 1 )-2+
J

+

quality ab initio PESs and their couplings were repofted? H=|—5-"S"5""> 2l

In particular, two-! three-$24 and five-dimensional quantum 2R oRE 2 or 2'“RR2 CH,

calculationé344have been reported using the ab initio PESs of 1 SR 3.5 —31 1 0

Amatatsu et at® In addition to the quantum calculations, Rz(‘J —2% -0~y 0 1 +
R

classical trajectory methods have been used to study the
dissociatioR®4%45and the outcome agrees in general with the
guantum results. Both quantum and classical results were found
in reasonably good accord with experimental measurements, but
several discrepancies do exist. For instance, the calculatedwhere ur and u, are the appropriate reduced masses. The
absorption spectrum is approximately 0.4 eV blue shifted from operators) and J, represent the total angular momentum and
measurement and significantly broader, presumably due to theits projection onto the BFz axis, | is the rotational angular
fact the ab initio PESs are too repulsive in the FranClondon momentum operator of the GHragment (see below), anii.
region. In addition, previous theoretical models are deficient in andj.. are the corresponding ladder operators. The moment of
that the total angular momentum was assumed to be zero. Ininertia of the CH fragment is defined as befdre

those calculations, spectroscopic selection rules were not

enforced and the effect of the parent molecule rotational 5 mn

excitation on the dissociation dynamics was not examined. lew, = Mure(1 — cosy) + g ——— —re(1+ 2cosy) (2)

This work has a two-fold purpose. First, we report new ab T Me
initio PESs for two coupled dissociative states responsible for
theA-band absorption. These PESs were obtained using & spin
orbit configuration interaction method with a larger basis and . ; . .
more configurations. An important feature of the PESs yields a otation about the axis perpendicular to Ggaxis of the methyl

better agreement with the experimental absorption spectrum thar[O'ety. The negle_ct of th_e parallel part is justified since little
the previous versiof?4°Second, we treated the dynamics more excitation in the axial rotation has been observed experimentally.

rigorously by including the overall rotation of the system and 1h€ potential matrix is discussed in the next subsection.
taking into account the proper selection rules. In particular, the ~ Because of the large-ICH; reduced mass, methyl iodide can
dissociation was modeled by the recently proposed Chebyshe\P€ approximately considered as a symmetric (prolate) rotor with
wave packet propagation with a three-dimensional rotating the figure axis along th& vector. The assumption df (the
pseudotriatomic Hamiltonian. The initial wave packet was Projection of the total angular momentuhon to the BFz axis)
prepared, with proper selection rules, from the parent molecule P€ing @ good quantum number is equivalent to the centrifugal
rotational states|dM;KiC= |0000or |1110) for both CHl and §uqlden (CS) approan_atld‘ﬁ,vvhlch drops the terms |nvoIV|_ng _
CDsl. The absorption spectrum, I* yield, methyl fragment Jiineql. The approximate treatment of the overall rotation is
rovibrational state distributions and their wavelength dependence®XPected to be appropriate for small total angular momentum
were calculated and compared with experimental observations.(d)- Within the CS approximation, the reduced molecular
The state-resolved angular distributions of the photofragments Hamiltonian for specific {,K) values can be expressed as
were also calculated for oriented parent molecules. This paper

is organized as follows. Section Il presents the details of the ~ ;¢ \ 1 9 1 9 ( 1 1 )A2+

Vi(Rry)  Vis(Rry) 1)
Ver(Rrx)  Ve(Rry)

where y is the H-C—H angle andre (= 2.0484g) is the
equilibrium C—H distance. Such a treatment describes only the

theory and computational methods. The calculated results are'" ~ [ 2, 552 24 o2
presented and discussed in section lll. A brief conclusion is :
presented in section IV. JJ+1)—2K

2ueR

Il. Theory and Computational Methods
B. Potential Energy Surfaces.Previous quantum calcula-

A. Hamiltonian. Based on experimental knowledge of the tions***have indicated that the previous version of the ab initio
methyl iodide dissociation, it is reasonable to approximate the PESs calculated by Amatatsu et3f? yields an absorption
system as a pseudotriatomic molecule. The three active degreespectrum that is too broad and blue shifted from the experimental
of freedom in this model are the-@ stretch, C-Hz umbrella one. In particular, the calculated excitation energy of 5.12 eV
bend, and B—-C—I bend. They are approximately represented is about 0.35 eV larger than the experimental data. The broad
by three Jacobi coordinateR(,y),* whereR is the distance  spectrum implies that the PESs are too repulsive in the Franck
between | and the center of mass of £ is the distance Condon region. The discrepancies seem to be mainly due to
between C and the center of mass of the three H atomsy and the quality of the spin-free diagonal elements in the contracted
is the angle between the and R vectors. Although the  spin—orbit configuration interaction (SOCI) calculations.
dissociation follows closely th€s, geometry, the g—C—I To improve the quality of the ab initio PESs in the Franck
bending motion is important in studying the rotational excitation Condon region, we tried the following scheme. The diagonal
in the methyl fragment. It is also necessary in facilitating elements¥Ay, 1E, 3E, 2A;) in the SOCI matrix were recalculated

transitions between thi€y: and!Q; electronic state'*6The by means of the spin-free CI method. The basis set was
two diabatic states do not interact at tig, geometry because  improved by changing the valence doufjleevel to the tripleg
they belong to different symmetry specie®(2and ¥), and one, while other inputs such as the polarization functions and

transitions between the two occur when the molecule distorts relativistic effective core potential were kept the same as the
from theCs, geometry. The rotating molecular Hamiltonian can previous ones. The molecular orbitals were determined by an
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TABLE 1: Modified Parameters for the Diagonal Potential

for Methyl lodide (in a.u.)?

Pio Pi1 Piz
Ao 0.223327 —0.070491 —0.028627
AL —0.109315 0.142368 0.004171
Ao 0.019901 —0.022302 0.0
Ay 1.718200 —0.162716 0.128111
As —0.032418 0.031726 0.0
Ag —0.072448 0.082714 —0.055950
Ag —0.004848 —0.002163 0.001635
Ao —0.009842 0.007512 0.0
Bo 0.142473 —0.042826 —0.012602
B1 —0.119258 0.064387 0.016015
B, 0.113208 —0.139262 0.0
Bs 0.938154 0.276679 0.028479
Bs —0.057911 0.057376 0.0
Bsg —0.051650 —0.132750 0.097001
Bg 0.0 0.0 0.0
Bio 0.0 0.0 0.0
Qio Qi1 Qi2
A’g 0.0 —0.322354 0.096945
A 0.0 0.224101 ~0.141370
A; 0.0 —0.283743 0.055487
A’{l 0.0 0.006063 —0.002086
Bg 0.0 —0.316726 0.086647
B! 0.0 0.220449 —0.142314
B; 0.0 —0.290132 0.000248
B, 0.0 0.0 0.0

aFor details of the potential energy functions see the work of
Amatatsu et af®

open-shell restricted Hartre€-ock calculation for the average
n — ¢* excited states by means of the MELD progr&hihe
second-order CI calculations with the full valenee &, e,
o0*) reference configurations were performed to obtain the
diagonal terms using the GAMESS progréin.

The contracted SOCI matrix, which is composed of the
improved diagonal elements and the unchanged off-diagonal
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Figure 1. Comparison of the potentials of the two excited states with
those of the 1996 version along tRecoordinate’® The new potentials
are energetically lower and less steep in the Frar@éndon region.

initial and final electronic states involved in the transitiéns

a unit vector in the polarization direction of the photé&h=

hw is the photon energyn denotes collectively the quantum
numbers of the final photofragments, atd specifies the
scattering angle of the fragment in space-fixed (SF) frame.
PIMK; represents a rovibrational wave functidlif¥<) in the
ground electronic state PES, multiplied by a symmetric rotor
eigenstate[Qfg w)- The cross-section in eq 4 can be calculated
using either time-dependent or time-independent metffods.

In this work, we compute eq 4 using an efficient propagation
method based on the Chebyshev propagétaroiding time
propagation. The Chebyshev propagation states

|®, = cosk arccosH, )| .0 (5)

elements, was then diagonalized to obtain the adiabatic energiesan be generated recursively using the three-term Chebyshev
for each geometry. The adiabatic potential energies were thenrecursion relatiory*

used to fit the diabatic potential functions defined in earlier
work 49 In the fitting, the off-diagonal functions of the potential

|®, 0= 2H,|®,_ 0~ |D,_,00 6)

matrix were unchanged and a new set of potential parameters

of the diagonal elements was determined by a least-squares
method. Table 1lists the new potential parameters, among which

Ao, Ag, Ag, By, Bg, A7, andBj have been modified for the three
diabatic states, nameBQo+(V7), 1Q1(A" branch,Vs), 1Q. (A"
branch,Vs). Other parameters are fixed at their original values.
The excitation energies of the né@,, andQ; potentials are
respectively 0.30 and 0.26 eV lower than the previous PESs.
The potentials of the two states along tRecoordinate are
plotted in Figure 1, along with those of the 1996 versibim

the dynamical calculations reported here, only30g; and'Q;

(A’ branch) potentials were included and coordinates other than

the three Jacobi coordinates were fixed at their equilibrium
values. TheA”" branch of the'Q, state is ignored since it has
no interaction with the twé\' states included in our calculations.

C. Photodissociation Cross-Sections and Chebyshev Propa-
gation. Within the dipole approximation, the photodissociation
differential cross-section from an initial parent state labeled as
(IMiK;) into an exit channel labeled akHn) is>°-5t

~ T =N MK
o(KENIMK) = Z210p " e WM (4)
0

wherep is the transition dipole moment vector connecting the

with |®10= Ha|®ol In the above recursion, the Hamiltonian is
normalized to £1,1]:

H, = (H — H)/AH @)

whereH = (Hmax + Hmin)/2 and AH = (Hmax — Hmin)/2 are
estimated from the grid used in the calculation.

The application of the Chebyshev propagation to photodis-
sociation problems has been discussed by one of us previ-
ously>556The total cross-section can be calculated from a cosine
Fourier transform of the autocorrelation functioGy*

(= @) ®*“) in the Chebyshev order domain:

0
o(0IKIIMK;) = CZZ—:})BZ Z(l - ;)coske)cﬂ'("‘ ®)

where§ = arccoskE is the Chebyshev angleando =T, S
denote the excited states involved in the initial excitation. The
partial cross-section from the initial state to a specific
(m-summed) product state is expressed®as:



1012 J. Phys. Chem. A, Vol. 104, No. 5, 2000

o, (KEvNIIM.K

4o 2041 [2r+1 , .,
; 0%, (0D, (R

;W(JK|hO|JiMiKi)W(J K|h'0]JJM.K))

7 (EIKvNBIh|E I K)t, (ETKYNSIN [EJK;) (9)

whereh = K — K labels the spherical harmonics components

of the transition dipole and is restricted by the selection rules,

v andN are respectively the umbrella vibrational and rotational

Xie et al.

TABLE 2: Fundamental Frequencies (cnr?) for CH 3l(X)
and CDsl(X)

mode  CHltheory  CHil exp® CDsl theory  CDil exp
V3 524 528 490 502
Ve 881 883 651 675
2 1244 1254 949 975

vibrational fundamental frequencies for both £LkHand its
deuterated isotope are in reasonably good agreement with
experimeng?

The selection rules for the electronic excitation are governed
by thew factor in eq 9. For the parallel transition to tF@o+

quantum numbers of the methyl fragment. The above expressionstate,J = J; (forbidden ifK=0), J + 1, andK = K. For the

not only gives the information on the final state distribution of

the fragments but also the state-resolved angular distributionJi, Ji £ 1, K=K £
for an oriented parent molecule defined by the projection of (M) is always conserved. For the parent statgJdt (=

the total angular momentum on the SFaxis (M)). It thus

perpendicular transition to tH€); state, on the other handi=
1.5° The projection of) on the SFZ axis
|ooL)
the nonvanishing initial wave packetQ);{K ) on the excited

provides a direct comparison with photodissociation experiments state are

on oriented methyl iodidé?24.2526
For the majority of experiments that have no initial orienta-

parallel £Q,.): ®5°" = u, W™

tion, the scattering angle averaged partial cross-section is more

appropriate:

o, (EvNIIMK;) =
2

w
;W(JK|hO|JiMiKi)2|tu(EJKvNﬁ|h|JiKi)|2 (10)

wherew is an integral over the three Euler angles and specifies

the selection rules of the transiti8h>%->1Thet matrix elements
can be evaluated in the dissociation asymptéte:

: 2.7'[/4 4B o
(0IKVNBI|IK;) = €’ } / fékaanNK(r,x)\dﬁK' D
N

11)

The wave vectors in the (= 1) and I*(3 = 2) channels are
given by

K= \/ZL‘R(E — Do~ €8~ €sPp2) (12)
whereDy is the dissociation energy of the-CHz; bond, which
is taken as the recent experimental value of 2.4F ey.is the
rovibrational energy of Cklcorresponding to the rovibrational
eigenstatey,nk(r,x) = Ph'()¢.(r), whereP! is the associated
Legendre function and, is obtained numerically by diago-
nalizing the fragment Hamiltonian

1 8

2,ur > T Vi(R—

0,1,0)—€,|p,(r)=0 (13)

perpendicular'Q,): ®5° =, ¥®° &5 = u_ W
whereun (h = —1, 0, 1) are the spherical components of the
transition dipole moments obtained from the ab initio calcula-
tion:*0 up = 0.1531, ancks; = F0.03401— i0.03401.
For the parent state ¢d;K;[= |11[) the nonvanishing initial
wave packets are
parallel £Q,,): ®;"" = u,¥™

DT = 4wt

perpendicular'Q,): ®:°° = u_, W ®X°=, @
DS =y Pt

Since the above initial states do not couple with each other,
individual propagations can be carried out for differéiitvalues
and the final outcome is summed over all the propagations
weighted by the transition dipoles.

Ill. Results

The two nuclear wave packets were discretized usingran

x Ny x N, direct-product discrete variable representation (DVR)
grid. In our calculations, 512 equidistant sine DMRoints in
the R coordinate were used spanning the range of [3.5,017]a
40 Gauss-associated Legendre quadraturé®fdgoints were
employed to represent the angular coordinate, and rthe
coordinate was represented by a 20 point potential optimized
DVR®4 grid determined from eq 13 with 50 equidistant sine
DVR points over the range of-{1.6, 1.6]a. Fast Fourier
transform (FFT$® was used for the evaluation of the kinetic
energy operator in th&® coordinate. The wave packet was

Because of the nonadiabatic coupling, a wave packet startingpropagated with 1200 Chebyshev steps, when the center of the

on any diabatic state will eventually lead to both the | and I*
channels, which are separated by the sqirbit splitting of the
iodine atom éso = 0.943 eV).

D. Initial Wave Packet. The ground X) state wave function

final wave packet is located approximately 36a

A. Absorption Spectra. The absorption spectrum was
calculated from the cosine Fourier transform of the Chebyshev
autocorrelation function wittkk = 300. The autocorrelation

PIKi ysed in the calculation corresponds to the lowest vibrational function decays to less than 0within approximatelyk = 100

state with total angular momenta quantum numllgs It is
determined using the Lanczos algoritBuyhich converges very
rapidly. The ground state PES is obtained from a two-
dimensional Rr) empirical potentidt in which the equilibrium

and never recurs, as the wave packet moves rapidly out of the
Franck-Condon region. The calculated absorption spectra for
both CHl and CDyl from the nonrotating vibrational ground
state (JiM;K;C= |000) are given in Figure 2. Our results show

geometry is replaced by the ab initio values, plus a harmonic that the parallel absorption spectrum of {Ligeaks at 39980
bending potential with a force constant consistent with the cm™ with a half width of 4845 cm?, while the perpendicular
experimental frequency. Table 2 shows that the calculated one peaks at 42370 crhwith a half width of 5805 cmt. The
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Figure 2. Absorption spectra of Citfand CDyl. The dotted lines are  Figure 3. Calculated vibrational distributions of Gk the I* channel
the experimental MCD decomposition of the @i$pectrunt, while from the |0000(upper panel) an¢l11(lower panel) states. Both the
the solid lines are obtained theoretically on the new potentials. parallel and perpendicular transitions are included.

total spectrum peaks at 40170 chwith a half width of 5205 except in the high-energy wing of th& band3 If the latter
cm™L, conclusion is indeed valid, the total absorption is almost

The MCD decomposed spectrum of &R also shown in exclusively that of théQo+ state near the peak of the spectrum.
the same figure in dotted lines, has a parallel component with In that case, the agreement is better: 38420/39980! dor
a maximum at 38300 cnt and a half width of 4120 cnit, and the peak position and 4600/4845 chfor the half width.

a perpendicular one at 41700 chwith a half width of 5120 The absorption spectra of GDhave very similar behaviors
cm~L. The total absorption spectrum peaks at 38420%awith to those of CHI. The dominant parallel spectrum peaks at 39670
a half width of 4600 cm. The calculated parallel absorption cm~! with a half width of 4650 cm?, while the perpendicular
component has a blue shift of 1680 chfrom the MCD data spectrum maximizes at 42030 chwith a half width of 5475
and is broader than the corresponding experimental spectrumcm~1. The results indicate that the total absorption spectrum of
by 725 cnt?. Similar differences also exist for the perpendicular CDsl is about 300 cm! red shifted relative to the GHspectrum
component. and has a width about 200 chnarrower.

The absorption spectra reported here represent a significant B. Vibrational Distributions. The umbrella vibrational
improvement over those calculated with the previous version distributions of the methyl fragment are more sensitive to the
of the CHl PESs3940 First, the new spectra are considerably global properties of the PESs than the absorption spectra and
narrower, in better agreement with experiment. Secbadised thus provide more detailed information about the photodisso-
in this work (2.41 eV), adopted from the latest experinfeist, ciation dynamics and the quality of the ab initio PESs. In our
about 0.14 eV larger than the one used in previous calculations. calculations, 1100 Chebyshev propagation steps were carried
In other words, the blue shift of the absorption on the previous out before the wave packets were projected to the asymptotic

PESs would have been4400 cnt! if the sameD, were used. basis. Projections at larg&rconfirmed the convergence in the
The improvements are a direct result of the better quality of product rotational and vibrational distributions. The total cross-
the PESs in the FranelCondon region. section obtained from summing over all the fragment rotational

The remaining discrepancies in the absorption spectrum mayand vibrational distributions agrees very well with that from
be due to a number of reasons. The neglect of some degrees othe Fourier transform of the autocorrelation function, further
freedom may be responsible. It is also conceivable that the abconfirming the self-consistency of the calculation. The vibra-
initio PESs may still overestimate the—C repulsion in the tional distributions of the methyl fragment were obtained by
Franck-Condon region, a common feature found in other summing over all the rotational states related to the given
system$® Another possible problem may come from the Vvibrational states.
calculated transition dipole moments. As seen in Figure 2, the  Figure 3 shows the CHumbrella vibrational distribution in
1Q; state carries approximately a quarter of oscillator strength the dominant I* channel as a function of the photon energy.
according to the ab initio dipole moments. While in reasonable The upper and lower panels display vibrational distributions
agreement with the MCD decomposition, this result is at odds from the initial parent states ¢3M;K;J= |000Cand|111 ] with
with the recent product anisotropy-based decomposition, which proper selection rules discussed in IID. The two distributions
indicated that the contribution from tA®; state is negligible, show similar behaviors. For example, there is no population
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Figure 4. Calculated vibrational distributions of Ghkh the | channel
from the|000C(upper panel) andil110(lower panel) states. Both the
parallel and perpendicular transitions are included.

inversion and the ratio of = O/v = 1 at the 266 nm is 5.60
and 8.00, respectively. For the initial state|@M;K;J= |000]]
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Figure 5. Calculated vibrational distributions of Ghh the I* (upper
panel) and | (lower panel) channels from tf@®0]state. Only the
parallel transition is included.

both cases, the = 0 state is more populated than= 2 in
Figure 4, but the reverse is true in Figure 5. Also noted is the

the calculated ratio is in excellent agreement with the most energy dependence of the distributions. The parallel/perpen-

recent experimental ratio of 5.86The |1110initial state,

dicular mixed distributions show much stronger dependence on

however, produces a slightly colder distribution. Overall, the E, which can be attributed to the combination effect of different

influence of the parent rotation is minor in this channel.
Figure 4 displays the corresponding ©¥brational distribu-

dissociation pathways facilitated by nonadiabatic transitions. As
a hypothetical experiment, we also calculated vibrational

tions in the | channel. It shows that the distribution is inverted distributions for dissociation witd = 0. The difference in the

with a peak atv = 1 in both cases. However, the quantitative
distributions depends on the overall rotation of {LH'he |111]
parent state yields a hotter distribution than f@@0state, in
contrast to the case of the I* channel.

The difference in vibrational excitation in the two dissociation

I* channel is minimal, while some quantitative changes were
found in the | channel.

To compare our calculated results with experiments and
previous theoretical calculations, we list in Tables 3 and 4 CH
vibrational distributions in both dissociation channels at two

channels can be traced back to the topology of the PESs involvedphoton wavelengths. At 248 nm, our results are in excellent

in the dissociatio§?3%49The 3Qy+ PES has itg equilibrium
very close to the ground state geometry in the Frar@@&ndon
region, and the pyramidal GHs switched smoothly to the
planar geometry as GHdissociates. Thus, the-€H3 coordinate
experiences little force and the final vibrational excitation is
minimal. On the other hand, the equilibrium geometry intthe
coordinate of théQ, PES is quite different from that of thé
state. Thus, dissociation on th&); PES produces more
vibrational excitation.

To better understand the influence of the initial excitation,
we present in Figure 5 the GHibrational state distributions
in both the | and I* channels with the exclusively parallel
excitation of the|JiMiKi[J= |000Cstate. In the I* channel, the

agreement with the experimental data of Zhu etéah both

the I* and | channels and those of Suzuki et al. in the I*
channel® The agreement is much better than previou$ &

5D quantum mechanical (QM) calculatiotfsand consistent
with the broad band classical trajectory (CT) calculations of
Amatatsu et af? all of which used the previous version of PESs.
At 266 nm, the vibrational distribution is colder than at 248
nm. The agreement with the experimental data of Eppink and
Parkef is fairly good, although our calculations seem to yield
a colder distribution in both dissociation channels. Overall, the
agreement is quite satisfactory. The discrepancy in the absorp-
tion spectra should not change the picture qualitatively since
the vibrational distributions are not strongly wavelength de-

distribution is similar to the upper panel in Figure 3 since the pendent.

influence of the perpendicular excitation in this channel is

Figure 6 presents the GDvibrational distributions in both

minimal. As expected, the perpendicular excitation has a morethe I* and | channels from the photodissociation of ££D

pronounced effect on the vibrational distribution in the | channel,

prepared in theJM;K;[l= |000Cand|111states. Both parallel

due to its correlation to th&Q; state. This can be readily seen and perpendicular transitions are included. In the I* channel,
by comparing the lower panel of Figure 5 with the upper panel the population decreases monotonically with the umbrella
in Figure 4. While ther = 1 state has the highest population in vibrational quantum number, similar to the gHase. This is
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TABLE 3: Vibrational Distribution of CH 3 from the 248 nm Photodissociation of CHI (000)

this work this work
exp® exp'® CT39:40a 3D QMm* 5D QMm*4 (mixed) (pure®Qo+)
I*, v=0 0.65 0.66 0.74 0.53 0.79 0.72 0.71
¥ v=1 0.28 0.26 0.19 0.38 0.20 0.24 0.25
", v=2 0.06 0.08 0.06 0.09 0.01 0.04 0.04
l,v=0 0.23 0.14 0.13 0.27 0.29 0.21
lLv=1 0.33 0.32 0.35 0.56 0.38 0.37
lLv=2 0.23 0.37 0.32 0.16 0.22 0.28
lLv=3 0.12 0.11 0.15 0.01 0.09 0.11
lbv=4 0.04 0.04 0.05 0.02 0.03
a Classical trajectory results are for broad band excitation.
TABLE 4: Vibrational Distribution of CH 3 from the 266 nm — y ‘ T T
Photodissociation of CHl (000) ! — - CD,l (000) v=0
this work this wor c I* channel —0—vy=1
exgp CT* 3DQM* 5D QM* (mixed) (pure3Qos) % veD
I*, =0 0.63 0.47 0.58 0.76 0.84 0.84 2
*, v=1 0.28 0.26 0.36 0.22 0.15 0.15 0
I*, v=2 0.07 0.14 0.06 0.02 0.01 0.01 T 1
l,v=0 0.19 0.19 0.16 0.32 0.28 0.24 ©
lLy=1 027 027 0.39 0.54 0.39 0.39 IS
lbv=2 0.22 0.20 0.30 0.13 0.23 0.26 ® | i
Lv=3 017 011 0.01 0.08 0.09 S
l,bv=4 0.05 0.03 0.01 0.02 >
TABLE 5. Calculated Vibrational Distribution of CD 3 from = —
the Photodissociation of CRI (000) 80000 ‘ ?5000 ‘ |4(‘)090‘ : 4,5000‘ ‘ 5|000°
26_6 nm 266 nm 24_8 nm 248 nm CD._| (000) —o—vy=0
(mixed)  (pure®Qoy) (mixed)  (pure®Qo+) g 3 X ——vy=1
2 | channel ¢ 0
I, v=0 0.70 0.70 0.64 0.63 3 —A—VZB
¥, v=1 0.25 0.25 0.28 0.28 = Y/ V:4 ]
I*, =2 0.05 0.05 0.07 0.07 k7 /i _0_335
l,v=20 0.02 0.02 0.01 0.02 ° :6
Lv=1 0.11 0.11 0.08 0.11 S v=
’ c
lbv=2 0.26 0.27 0.20 0.27 2 i
lLv=3 0.31 0.32 0.27 0.32 ® '
lbv=4 0.20 0.20 0.23 0.20 £ -
lLv=5 0.08 0.07 0.13 0.07 >
l,v=6 0.02 0.01 0.06 0.01
™ O ey
30000 35000 40000 45000 50000 55000

consistent with earlier quantidfand classical calculatiorf8.
The calculated population ratio for the three lowest states is
1.0:0.44:0.11 at 248 nm. This can be compared with the IR Figure 6. Calculated vibrational distributions of Glin the I* (upper
absorption experimental ratio of 1.0:0.75:0520% uncer-  Panel) and | (lower panel) channels from t[@(state. Both the
tainty)l4 and TOF experimental data of 0.93:1.0:68§Note parallel and perpendicular transitions are included.
the uncertainty and inconsistency of the experimental data.) of distinguishing the ortho and para methyl fragments. As a
Apparently, the agreement is not as good as in thel Chke, result, we will compare our calculated results to experimental
but not unacceptable. The excitation in the Lbbration in N distribution with K = 0 or 1 for CH/CDs. Fortunately,
the | channel is more pronounced than LAt 248 nm, for experimental evidence indicated that the rotational excitation
example,y = 3 is the highest populated state for @hereas in the methyl fragment is dominated by smkll
the CH; distribution maximizes av = 1. Unfortunately, no Our results indicate that the rotational and vibrational degrees
experimental data has so far been reported for this channel. Theof freedom of the methyl moiety are largely decoupled. The
guantum results are consistent with earlier classical trajectory rotational distributions also depend weakly on the photon
results, which showed a broad band peak at 3.40 frequency. Figure 8 displays the vibrational state averageg CH

Figure 7 displays CB vibrational distributions in both rotational distributions at 266 nm for two initial parent states
dissociation channels with pure parallel excitation. In the I* and that from a hypothetical dissociation with= 0. The
channel, the difference between Figures 6 and 7 is minor. In inclusion of the latter case is to examine the validity of previous
the | channel, however, the distribution with the pure parallel quantum calculations in which the total rotation was igndfed.
excitation depends weakly on the excitation frequency while These distributions indicate that the extent of the rotational
that with mixed excitation shows strong frequency dependence, excitation is slightly different in the two dissociation channels.
particularly at high frequencies where the influence of {Qe For the|00Qinitial state, the I* channel is dominated by the
state is large. The difference can be attributed to various rotational statefN = 1 — 6 with a peak alN = 2, and the |
nonadiabatic pathways, as discussed in thelCHse. channel by the rotational statBs= 1 — 9 with a peak alN =

C. Rotational Distributions. The rotation of the methyl 3. Experimentally, Chandler et #.found that at 266 nm the
fragment is approximately treated in our model, which can only most dominant feature in the GHotational distribution (I*
provide information about rotation around the axis perpendicular channel) isN = 2, K = 0. Our distributions are also consistent
to theC; axis of the methyl radical. Furthermore, it is incapable with other experiments17 The difference in rotational excita-

Photon energy (cm™)
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Figure 7. Calculated vibrational distributions of GIn the I* (upper
panel) and | (lower panel) channels from t[@®0state. Only the
parallel transition is included.

tion in the two dissociation channels can be attributed to the
angular anisotropy of the PESs: the angular minimum of the
1Q, state is away from th€s, geometry where théQy, state
has its minimum at theC3, geometry34° Consequently, the
wave packet on th¥Q; state experiences a larger torque, which
leads to more rotational excitation.

The CH; rotational distribution is to a limited extent affected
by the overall rotation of the parent molecule. The | channel
distribution obtained with the artificial constraintdf 0 (lower
panel in Figure 8) differs slightly from the one with a nonzero

Rotational distribution

B | channel |

RSP JRRSPION A I

I* channel ]

012345678 91011
r LA L AL I DL L B M L B

Rotational distribution

121314
T

266 nm CH,| J=0

B | channel

| | |
15616171819
————

I* channel

(J = 1) angular momentum (upper panel in Figure 8) excited
from |JM;K;J= |000C] The difference can be attributed to the
perpendicular excitation which changes & value by 1 and
results in a slightly hotter rotational distribution. Because the
transition dipole to théQ; state is much smaller than that to
the 3Qq; state, however, the total rotational distribution is
obviously dominated by thi€ = 0 component. The dissociation
of the |FMiK;O= |111state (middle panel in Figure 8) yields
much more rotational excitation due to its largeandK, as

012345678 910111213141516171819
Rotational state (N)

Figure 8. Calculated vibrational state averaged rotational distributions
of CH; from the |000(upper panel) andl110)(middle panel) states.
The lower panel is for the hypothetical= 0 dissociation. Both the
parallel and perpendicular transitions are included.

distribution in the I* channel has a peak ldt= 4 (K = 1),
which agrees reasonably well with the calculated I* channel
CDs distribution (lower panel in Figure 9) which has a peak at

specified by the selection rules outlined in section IID. These N = 5. The rotational distribution obtained by Kim etZal.
examples underscore the importance of the parent rotation inappears to be much colder. With no initial parent rotational state
the photodissociation. We have also carried out calculations with selection, the peak was found experimentalliNat 3 (K = 0)

pure parallel excitation, and the distributions are qualitative

similar to those shown in Figure 8.

Vibrational state averaged rotational distributions of;@ie
given in Figure 9. Excitation to higher rotational states is found
for CDs. Like the CH; case, the | channel has a slightly higher
degree of rotational excitation than the I* channel. The
dependence on the parent rotation is also similar to the CH
case. The rotational distributions from thEl1Iparent state

for cold parent molecule%;?2 consistent with our distribution

in upper panel in Figure 9. The extension of the distribution to
N = 11 for the I* channel and t&\ = 19 for the | channel is
also consistent with the observation of Powis and Bck.

D. I* Quantum Yield. The I* quantum yield is an important
indicator of nonadiabatic transitions between ¥#@g andQ;
states during the dissociation. Figure 10 presents the I* yield
for the dissociation of both Ci and CD;l as a function of

are particularly interesting because several recent experimentphoton energy. In both cases, the I* yield is a slowly varying

have studied the CDrotational distribution upon the dissociation
of oriented parent states at 266 Afn?2> The latest experiment
of Janssen et a3 for example, found that the GDotational

function of the energy near the absorption maximum. The [I*
yield is sensitive to the excitation mode and the overall rotation
of the parent molecule. As expected, the calculated I* yield is
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Figure 9. Calculated vibrational state averaged rotational distributions
of CD3 from the |000C(upper panel) andl11(lower panel) states.
Both the parallel and perpendicular transitions are included.
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Figure 10. Calculated photon energy dependence of I* quantum yield
for both CHl and CDyl from different initial excitations.

larger if the excitation involves only the parallel transition. At
266 nm, the I* yields for mixed parallel/perpendicular and pure
parallel excitation from théJM;K;= |000Istate are 0.84 and
0.86 for CHl, and 0.85 and 0.88 for GJD At 248 nm, the

J. Phys. Chem. A, Vol. 104, No. 5, 2000017

corresponding values are 0.85 and 0.91 forICEnd 0.83 and
0.90 for Chyl. These values are not very different from previous
calculations'394044|t is also noted that the isotope effect in
the I* yield is not particularly conspicuous, as observed in
previous theoretical calculationg®

The perpendicular excitation to tH, state affects the I*
yield mostly at high energies. As shown in Figure 10, the I*
yield above 40000 cmt is dramatically lower than the pure
parallel case if both excited states are populated in the initial
excitation. The calculated I* yield appears to have strong
dependence on the parent rotation. Excitation from JhK;(]
= |1110state shows a marked decrease in the I* yield, even
with pure parallel excitation. Apparently, the excitationKn
significantly enhances transitions from @y state to théQ,
state. This can be readily understood from the fact that the
coupling between the two diabatic states is proportional to sin
x. Since the coupling is strictly zero at ti&, geometry § =
0), transitions between the two diabates require distortion from
the Cs, geometry*146 The angular wave function fdf > 0 is
zero aty = 0 and has significantly more amplitude away from
linearity than itsK = 0 counterpart. Consequently, stronger
transitions ensue.

Experimental values of the I* yield vary in a wide range (see
Table 3 in ref 3). Using an ionization imaging technique, Eppink
and Parket recently observed a week frequency dependence
of the I* yield in the range from 280 to 240 nm. At 266 nm,
the I* yield was found to be 0.73 and changes little in the
vicinity. Our results from theéO00 parent state are somewhat
higher than the experimental observation. The I* yield at 266
nm from the rotationally excitedl11]state is significantly
smaller (0.71).

For the parent state o000 bf CHzl, the calculated I* yields
at 266 nm for the Cklvibrational statey = 0, 1, 2 are found
to be 0.94, 0.75, 0.55, in excellent agreement with the recent
experiments of Eppink and ParRgi0.94, 0.83, 0.51) and of
Loo et al*? (0.92, 0.77, 0.47). The corresponding I* yield for
the parent state dfLl11lwas calculated to be 0.90, 0.62, and
0.51 at 266 nm. The decreasing I* yield with the methyl
umbrella vibrational quantum number reflects the fact that the
methyl fragment in the | channel is much more vibrationally
excited than that in the I* channel. The corresponding values
for v =0, 1, 2, 3 of CR from the dissociation of thé000]
state of CRI at 266 nm (0.99, 0.93, 0.51, 0.08) reproduce the
trend observed experimentally by Chandler et*40.96, 0.92,
0.79, 0.42) and by Loo et a&f.(0.95, 0.92, 0.84, 0.60). The
guantitative discrepancies between theory and experiment could
arise from uncertainties in highly excited glibrational state
populations.

E. State-Resolved Angular Distribution of the CD} Frag-
ment. Bernstein et a¥® have demonstrated previously that the
fragment angular distribution upon the photodissociation of the
hexapole oriented methyl iodide is asymmetric about the
polarization direction of the photolysis laser. Combined with a
product imaging technique, Janssen e°ahave measured
internal state resolved product angular distributions for oriented
CDsl. These authors showed that in the strong field limit the
CDs product recoils with angles near the 8Faxis when the
parent molecule is prepared in thEMK;(O= |1110state. We
have calculated the angular distribution for a number of fragment
states using eq 9.

The upper panel in Figure 11 shows the angular distribution
for thev = 0, N = 1 state of CI3 in the I* channel from the
dissociation of thd;, Ki = 1, 1 parent states with three different
Mi. The angular distribution for th&; = 1 state maximizes
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Figure 11. Angular distributions of ther = 0, N = 1 state of CRin
the I* channel (upper panel) and= 2, N = 1 state in the | channel
(lower panel) from the photodissociation of initially oriented £D
(Ji, Ki = 1, 1). The scattering angle is measured from thezSkxis.

near6, = 0° and decreases with increasing angle, owing to the
predominantly parallel excitation. It is in excellent agreement
with the experimental observation, which is not surprising since
the angular distribution is primarily determined by the orienta-
tion of the parent molecule in such fast and axial dissociation.
The distribution forM; = —1 is a mirror image of that fol;
= 1, while theM; = 0 distribution is symmetric about 90If
all three distributions are added together, the overall distribution
corresponds to the limit of randomly oriented parent molecules,
which can be described by ¢@% with the anisotropy param-
eter = 2.50 For this internal state, the contribution from the
perpendicular excitation to th€); state is minimal.

We have also calculated angular distributions for other

internal states where the perpendicular excitation does play an

important role. The lower panel in Figure 11 displays such a
distribution for they = 3, N = 1 state of CR in the | channel,
produced from the parent stafgdM;KiO= |111] While the
distribution resulted from pure parallel excitation to (g
state is essentially the same as Me= 1 case in the upper
panel, the distribution from mixed parallel/perpendicular excita-
tion produces a significant increase of population neér 80e

to the contribution from théQ; state.

IV. Conclusion

In this work, we revisited the photodissociation of methyl
iodide in itsA band, using new and improved PESs. Our three-
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dynamics was studied using the Chebyshev polynomial propa-
gation. The calculated absorption spectrum shows much im-
provement in both the center position and width over that
obtained from the previous PESs. The improvement can be
attributed to the higher quality of the new PESs in the Franck
Condon region, which were obtained using a large basis and
more configurations. A better agreement with experimental data
in the internal state distributions of the photofragments has also
been achieved. Our results indicate that the overall rotation has
significant effects on vibrational and particularly rotational
distributions of the methyl fragment. An interesting finding in
this system is that the excitation i can significantly enhance
transitions between the diabates. This is because the initial
angular wave function has larger amplitudes away fromhe
geometry where the potential coupling is zero. We have also
calculated product state resolved angular distributions for the
dissociation of oriented parent molecules. Our results are in
excellent agreement with experimental measurement.

A major remaining uncertainty for this system is the relative
strength of the transition dipole moments to the two excited
states. The latest experiment based on product velocity imaging
concluded that the contribution of tH€); state is minimal
throughout theA band, whereas the ab initio theory indicates a
significant 1Q; component in the high-energy wing of the
absorption spectrum. Another issue is the strength of the
nonadiabatic coupling. The theoretical I* yield near the center
of the absorption band from tH@00parent state is significant
higher than experiment values. Finally, it is clear that our model
provides no information on the rotational distribution of the
methyl fragment along its figure axis or the—€l stretch
excitation. These questions have to be addressed with higher
dimensional models.
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