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Photodissociation spectroscopy and dynamics of the methylthio
radical „CH3S…
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The photodissociation spectroscopy and dynamics of the CH3S and CD3S radicals have been
investigated using fast radical beam photofragment spectroscopy of theÃ 2A1←X̃ 2E electronic
band (T0>26 400 cm21) and an unstructured band near 45 600 cm21. At all energies, only one
major channel, CH3(X̃

2A29)1S(3Pj ), was observed. Photofragment yield spectra for theÃ 2A1

←X̃ 2E electronic band show resolved vibrational progressions extending well beyond those seen
in laser-induced fluorescence studies of this band. Photofragment translational energy distributions
yield the S(3Pj ) fine-structure distribution for each vibrational level of the CH3 product.
Photofragment angular distributions were found to be highly anisotropic~b520.2 to 21.060.1!
with increasing anisotropy at higher photon energies. The results yield a refined heat of formation
for CH3S ~1.34660.018 eV! as well as the mechanism by which theÃ 2A1 state is predissociated.
Results at 45 600 cm21 imply that dissociation occurs on the repulsiveB̃ 2A2 state. © 1999
American Institute of Physics.@S0021-9606~99!04201-4#
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I. INTRODUCTION

Photodissociation of polyatomic molecules provides
rich probe of excited state potential energy surfaces and t
interactions. Measurements of photofragment yield spec
translational energy distributions, product branching rat
and fine-structure distributions, probe the detailed coup
of excited electronic states with the dissociati
continuum.1–3 While there have been many photodissoc
tion studies of stable closed-shell molecules over the pas
years, corresponding studies of open-shell radicals have
limited. Our laboratory has demonstrated the ability to g
erate a well-characterized source of radicals via photodet
ment of negative ions, allowing us to perform photodissoc
tion experiments on reactive open-shell species. In
article, we present the ultraviolet photodissociation spect
copy and dynamics of the methylthio radical (CH3S).

The methylthio radical has been proposed as an imp
tant intermediate in atmospheric oxidation of naturally o
curring sulfur species such as dimethyl sulfide (CH3SCH3),
dimethyl disulfide (CH3SSCH3) and methyl mercaptan
(CH3SH).4 There have been numerous spectroscopic stu
of the methylthio radical since its first spectroscopic obs
vation by Callear and Dickson,5 a diffuse absorption band
centered at 45 770 cm21. Anion photoelectron and photode
tachment spectroscopy,6–8 microwave9 and infrared
spectroscopy,10 and electronic emission11 studies have pro-
vided information regarding the geometry, spin–orbit sp
ting and vibrational frequencies of theX̃ 2E ground state.

a!Current address: Institute of Physics and Astronomy, Univerisity of A
hus, NY Munkegade, DK-8000 Aarhus C, Denmark.

b!Current address: Coherent Inc., Medical Group, 2400 Condensa S
Santa Clara, California 95051.
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The excitedÃ 2A1 state has also been characterized
detail through laser-induced fluorescence~LIF! experiments
on the Ã 2A1←X̃ 2E transition.12–16 Vibrationally-resolved
measurements show progressions in the totally symme
C–S stretch (n3) and CH3 umbrella mode (n2)
modes.12,13,15–18The weak 60

1 Jahn-Teller active transition
involving the methyl rocking mode has also be
observed.15,17 Rotationally resolved LIF experiments b
Miller and co-workers14 show that the C–S bond distanc
increases by 0.3 Å and the HCS bond angle decrease
'4° in the Ã state, thus explaining the observed vibration
progressions. Radiative lifetime measurements show a
nificant decrease forÃ state vibrational levels>800 cm21

above the origin.12,13,15,18This effect, a likely signature of
predissociation, limits LIF measurements to the region
tween 26 200–28 000 cm21, in contrast to low-resolution ul-
traviolet absorption measurements that show theÃ←X̃ band
extends to 31 000 cm21.19

The methylthio radical has also been the subject of t
oretical interest, motivated in part by the interactions b
tween Jahn-Teller and spin–orbit effects in the degene
X̃ 2E ground state.20 Severalab initio calculations have been
performed to determine the energetics and geometry of
methylthio radical in its ground and excited electron
states.8,21–23Figure 1 shows the potential energy surfaces
the CH3S radical along the C–S bond based upon theab
initio calculations of both Cuiet al.24 and Hsuet al.22 The
Ã 2A1 surface, which correlates asymptotically to excit
state products CH31S(1D), is crossed by three repulsiv
surfaces, the4A2 , 4E, and 2A2 states. These correlate t
ground state products CH31S(3P2,1,0) and induce predisso
ciation in theÃ state. Recentab initio studies by Cui and

-

et,
© 1999 American Institute of Physics
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Morokuma24 have focused on the predissociation of theÃ
←X̃ transitions for CH3S, as well as the related speci
CH3O, CF3O, and CF3S, calculating the minimum seams o
crossing and spin–orbit coupling elements between
Ã 2A1 and the repulsive4E and4A2 states.

While most of the experimental and theoretical work h
focused on theÃ←X̃ band the photolysis of CH3S has also
been studied at higher photon energies. Hsuet al.22 have
examined the S(3P2,1,0;

1D) production from 193 nm photo
dissociation of CH3S using a 211 resonance-enhanced mu
tiphoton ionization technique, determining the S(3P)/S(1D)
ratio to be 0.15/0.85 and the fine-structure distribution for
S(3P2,1,0) levels to be nearly statistical. Wilsonet al.25 have
studied the photodissociation of CH3SH using the H-atom
time-of-flight photodissociation spectroscropy observ
CH3S(X̃ 2E)1H(1S) as the major photodissociation pro
ucts. Their results suggest that at 46 230 cm21, the CH3S
photofragment absorbs a second photon and dissociate
H1CH2S(Ã 1A2).

In the present study, a mass selected beam of CH3S radi-
cals is generated from laser photodetachment of CH3S

2 ions.
A second laser is then used to probe the dissociative exc
states of the methylthio radical. We report the first obser
tion of several predissociative vibronic transitions of t
Ã 2A1←X̃ 2E electronic band and also observe dissociat
from an unstructured band at 45 600 cm21 that corresponds
to the band originally observed by Callear and Dickson.5 The
primary photodissociation products were found to
CH3(X̃

2A29)1S(3Pj ) for all photodissociation energies, a
though the detection scheme employed in these experim
in relatively insensitive to hydrogen loss channels~i.e.,
CH2S1H!. Photofragment translational energy and angu

FIG. 1. SchematicC3n potential energy surfaces for CH3S along the C–S
reaction coordinate based on calculations by Hsuet al. ~Ref. 22! and Cui
et al. ~Ref. 24!.
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distributions reveal resolved vibrational product state dis
butions of the CH3 fragment as well as fine-structure distr
butions for the S(3Pj ) fragment. The experimental resul
and data analysis are presented in Secs. III and IV. Base
our results, we discuss the involvement of the4A2 and 4E
states in the predissociation of theÃ state, and propose tha
photodissociation at 219.3 nm occurs along the more hig
excitedB̃ 2A2 surface.

II. EXPERIMENT

The fast beam photofragment translational spectrome
Fig. 2, has been described in detail elsewhere,26–28 only a
brief description will follow. In this experiment, a clea
source of neutral radicals is generated by mass-selective
photodetachment of a beam of negative ions. The neu
radicals are then photodissociated by a second laser,

CH3S
2 ——→

hn1
CH3S1e2 ——→

hn2
CH31S. ~1!

Methylthio anions are generated from a pulsed sup
sonic expansion of 800 mTorr of dimethyl disulfid
(CH3SSCH3) seeded in 3 atm of Ar. Ford3-methylthio an-
ions, d6-dimethyl sulfide (CD3SCD3) is used as the precur
sor. The molecular beam immediately passes throug
pulsed electric discharge. This generates negative i
which are cooled both rotationally and vibrationally.29 The
ions are accelerated to a laboratory beam energy that ca
varied from 6000 to 9000 eV and are mass selected using
Bakker time-of-flight ~TOF! method,30,31 resulting in ion
packets with very low energy spread. An excimer-pump
pulsed dye laser then intersects the ion beam at the appr
ate time so as to selectively photodetach the methylthio
ions. Undetached anions are deflected from the beam b
pulsed electric field. Based upon electron affinities det
mined in previous photodetachment measurements,6–8 a pho-
todetachment energy of 1.93 eV was chosen to produce
brationally and rotationally cold CH3S radicals in the2E3/2

and 2E1/2 states. The photodetachment energy was lowe
to 1.88 eV when it was desired to produce CH3S radicals in
the 2E3/2 state exclusively. For the production o
d3-methylthio radicals, photon energies of 1.92 eV and 1
eV were used.8

In the dissociation region, a second excimer-pump
pulsed dye laser intersects the methylthio radicals. The fr
ments from photodissociation of the radical are detected
rectly by one of two microchannel plate detector assembl
An aluminum blocking strip is positioned at the center

FIG. 2. Fast radical beam translational spectrometer. The dotted line s
rates the radical production section on the left from the actual photodi
ciation experiment on the right.
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each detector to prohibit any undissociated radicals from
pacting the detector, so the signal is entirely from recoil
photofragments. In the present experiments, the fundame
output of the dye laser with a bandwidth of 0.3 cm21 was
used between 27 000–29 800 cm21. The dye laser was
frequency-doubled to produce photon energies betw
29 500–32 300 cm21 and 45 045–46 730 cm21 with band-
widths of 0.4 cm21 and 0.5 cm21, respectively.

Two types of experiments are performed. First, the sp
troscopy of the dissociative electronic states is examined
measuring the total flux of photofragments arriving at t
TOF detector, located 0.68 m from the dissociation laser
a function of laser photon energy. The resulting photofr
ment yield ~PFY! spectra are complementary to absorpti
and fluorescence measurements.

Once the spectroscopy of the dissociative states has
examined, the dissociation dynamics are probed using a
incidence detection scheme. Both photofragments from
single parent radical are detected in coincidence usin
time-and-position sensitive detector based on the desig
de Brujin and Los.32 Our implementation of this detectio
scheme has been described in detail elsewhere.26,27 The de-
tector records the positions and difference in arrival time
the two photofragments from a single dissociation eve
This information is then used to determine the masses of
fragments, their relative translational energyET , and the
scattering angleu between the relative velocity vector an
the electric vector of the polarized dissociation laser~perpen-
dicular to the ion beam axis!,

m1

m2
5

r 1

r 2
S 12

v0t

L D , ~2!

ET5E0•
m1m2

M
•

$~v0t!21R2%

L2 S 112
m12m2

M

v0t

L D ,

~3!

u5arctanS v0t

R D . ~4!

Here,r 1 andr 2 are the distances of each photofragme
on the detector face to the center of the radical beamR
5r 11r 2 is the distance between the two photofragments
t is the difference in arrival time of the fragments.M, m1 ,
and m2 are the masses of the parent radical and photof
ments, respectively.E0 and v0 are the radical beam energ
and velocity respectively andL is the distance from the dis
sociation laser to the detector face. A flight distance of 2~1!
m was used for photoexcitation energies less~greater! than
30 000 cm21. The photofragment mass resolution ism/Dm
'10 while the translational energy resolution for these
periments isDET /ET53.0% and 2.2% for data recorded at
and 2 m flight lengths, respectively. This coincidence det
tion scheme is only possible when the mass ratio of the
photofragmentsm1 /m2<4, making coincident detection o
light atom dissociation channels involving H or D impo
sible.
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III. RESULTS

A. Photofragment yield spectra, Ã 2A 1—X̃ 2E band

Figure 3 shows the PFY signal for theÃ 2A1

←X̃ 2E3/2,1/2 band system of CH3S. The spectrum is highly
structured with the first distinct peak occurring at 27 3
cm21. The transition frequencies and vibrational assignme
are listed in Table I. The PFY spectra clearly extend to c
siderably higher energy than the LIF measurements, wh
were limited to transitions below 28 010 cm21, illustrating
the competition between predissociation and fluorescenc
the Ã 2A1 state. The observed vibrational progressions c
be assigned in a relatively straightforward manner using

FIG. 3. Photofragment yield spectrum for theÃ←X̃ band of CH3S.

TABLE I. Observed transitions, lifetimes, and assignments for
CH3S Ã 2A1←X̃ 2E photofragment yield spectrum.

Transition energy~cm21!

Assignment
Lifetime

~ns!Ã 2A1←X̃ 2E3/2 Ã 2A1←X̃ 2E1/2

27321.3,a 27323.2 27062.2a 30
2 250620a

27707.1,a 27708.2 27447.5 30
3 72630a

28082.3 27824.1 30
4 0.02560.025

28450.7 28186.2 30
5 0.01060.007

28780.5 20
130

3 0.02560.025
28810.3 28536.3 30

6 0.00460.002
29144.3 20

130
4 0.00860.005

29176.5 28998.7 30
7 0.00260.002

29498.7 29241.1 30
8, 20

130
5

29817.4 29580.7 30
9, 20

130
6

30162.4 29889.6 30
10 , 20

130
7

30479.8 30221.1 30
11 0.00260.002

30523.5 30265.7 20
130

8

30787.7 30527.8 30
12

30626.6 20
130

9

31088.0 30
13

31171.9 30910.3 20
130

10

31375.6 30
14

31479.8 20
130

11

31641.5 30
15

31762.6 20
130

12

aTransitions and lifetimes observed in Ref. 15.
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previously determined vibrational frequencies and anhar
nicities from LIF measurements.15–17 All progressions show
a spacing of approximately 390 cm21, characteristic of exci-
tation in then3 C–S stretching mode. Two of these progre
sions are separated by approximately 260 cm21, the spin–
orbit splitting of CH3S in theX̃ 2E state, and are assigned
30

n progression from the2E3/2 and 2E1/2 states. Transitions
from the 2E3/2 level are approximately twice as intense
transitions from the2E1/2, due to the larger cross section fo
photodetachment of CH3S

2 to the~lower! 2E3/2 state at 1.93
eV. A third progression begins at 28 780 cm21, approxi-
mately 1080 cm21 above the 30

3(2E3/2) transition. Based on
the excited staten2 umbrella mode frequency of 109
cm21,15 this band is assigned to the 20

130
n(2E3/2) progression

with n>3. A number of 20
130

n(2E1/2) transitions are resolved
and are indicated in Table I.

Rotational resolution of the vibrational features of t
PFY spectra was not attempted due to spectral conges
resulting from multipleK stacks and a low rotational con
stant B850.345 cm21. The peaks of the PFY spectra a
approximately 20 cm21 FWHM with a tail extending to
lower photon energy. The vibrational bands, scanned w
laser step size of 2.5 cm21 and bandwidth of 0.3 cm21, do
not show significant broadening with increased excitation
ergy. The rotational temperatures of the vibrational pe
have been determined by fitting the peaks to a rotatio
contour using the rotational constants for the vibrationl
level of theÃ state determined by Miller and co-workers.14

These contours yield rotational temperatures between 40
K.

A PFY spectrum has also been obtained for theÃ←X̃
band of CD3S, shown in Fig. 4. The structure in CD3S PFY
spectrum is not as well resolved as in the correspond
CH3S spectra because the ion beam intensity was appr
mately half that for CH3S

2. Four major progressions ar
observed with a spacing of approximately 370 cm21 and sig-
nificant anharmonicity. By applying the vibrational freque
cies and anharmonicities from previous LIF measuremen16

these progressions can be assigned to 30
n and 20

130
n bands

FIG. 4. Photofragment yield spectrum for theÃ←X̃ band of CD3S.
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from the E3/2 and E1/2 states with a spin–orbit splitting o
about 250 cm21. The transition frequencies and vibration
assignments are listed in Table II.

B. Translational energy distributions, Ã 2A 1—X̃ 2E
band

The possible reaction pathways for the methylthio ra
cal for excitation energies in theÃ←X̃ band are

CH3S~X̃ 2E!→
hn

CH3~X̃ 2A29!1S~3P2,1,0! DH rxn,053.04560.015 eV
~I!

CH2S~X̃ 1A1!1H~2S! DH rxn,052.0660.08 eV. ~II !

These reaction energies were calculated using the JAN
Thermochemical Tables33 and DH f ,0(CH3S)51.34660.018
eV, determined in this work~see below!. Our coincident de-
tection scheme is insensitive to the H-atom dissociat
channels as has been discussed by Osbornet al.,28 making
channel I the only detectable photodissociation pathway.

The two-dimensional coupled translational energy dis
bution, P(ET ,u), obtained from Eqs.~3! and ~4! can be
separated into the angle-independent translational en
distributionP(ET) and the energy-dependent anisotropy p
rameterb(ET) which describes the angular distribution
the fragments34

P~ET ,u!5P~ET!@11b~ET!P2~cosu!#. ~5!

The anisotropy parameterb can range from12 to 21, cor-
responding to cos2 u and sin2 u angular distributions, respec
tively.

Figure 5 shows the translational energy distributio
P(ET), for a number of vibrational transitions associat
with the Ã 2A1←X̃ 2E band of CH3S. The mass ratio
m1 :m2515:32, determined via Eq.~2!, confirms CH31S as
the product channel. The structure observed in theP(ET)
distributions can be attributed to theS(3P2,1,0) levels and the
umbrella motion of the CH3 fragment, as indicated in Fig. 5
for the 30

7 transition with two combs representing the max
mum translational energies for theS(3Pj ) fine-structure
states for then250 andn251 vibrational states of the CH3
fragment. The detailed assignment of this structure is

TABLE II. Observed transitions, lifetimes, and assignments for
CH3S Ã 2A1←X̃ 2E photofragment yield spectrum.

Transition energy~cm21!

AssignmentÃ 2A1←X̃ 2E3/2 Ã 2A1←X̃ 2E1/2

28089 30
4

28470 30
5

28564 20
130

3

28849 28601 30
6

28940 28693 20
130

4

29156 28967 30
7

29262 29036 20
130

5

29492 29036 30
8

29357 20
130

6
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scribed in Sec. IV. The dashed vertical lines at each exc
tion energy in Fig. 5 indicateET

max, the maximum transla-
tional energy available, as determined below in Sec. IV.

The P(ET) distributions for 30
n excitations forn53 – 6

are dominated by single narrow peaks with a sharp cutof
ET

max, displaying little or no vibrational and/or spin–orb
excitation. The 30

7P(ET) distribution shows a mild increas
in the internal excitation of the photofragments, and
30

11P(ET) distribution demonstrates a significant increase
photofragment excitation, with a maximum in theP(ET) dis-
tribution at a translational energy 70 meV less than the m
mum translational energy.

The P(ET) distributions for the 20
130

n transitions are
quite different. The photon energies used to acquire
P(ET) distributions for the 20

130
n transitions differ from the

30
n13 transitions by only 25 and 22 cm21, for n53 and 4,

respectively, but the combination band transitions prod
significantly more internal excitation in the photofragmen
The P(ET) distribution from the overlapping 20

130
5 and 30

8

bands is not well resolved, as one might expect for a com
nation of two different product state distributions. Due to t
overlapping combination band and C–S stretch progress
between 29 400–30 100 cm21 as well as low signal levels
no attempt was made to measure the dissociation dyna
of the 30

n13 or 20
130

n bands forn56 and 7.
The photofragment angular distributions are highly a

isotropic with values ofb ranging between20.2 to 21.0,
with a decrease inb as the C–S stretch quantum number
increased, see Fig. 9. The negativeb values are consisten
with a perpendicularA←E transition dipole moment.

FIG. 5. P(ET) distributions forÃ←X̃ vibrational transitions of CH3S. The
experimental data is indicated by the open circles. The fit~—! and ET

max

values~ ! are shown for eachP(ET) distribution. The combs shown
for the 30

7 transition represent the maximum translational energies for
three fine-structure states of the S(3Pj ) fragment that correspond to then2

50 andn251 vibrational states of the CH3 fragment.
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The smaller ion beam intensities for CD3S resulted in
reduced signal collection rates, andP(ET) distributions were
obtained at only two photon energies, 29 150 and 29 2
cm21, Fig. 6. These transitions produce photofragments w
a mass ratio of 18:32, consistent with CD31S products. Pho-
toexcitation at 29 260 cm21, which overlaps the 20

130
5(E3/2)

and 30
8(E1/2) transitions, leads to substantially more intern

excitation of the photofragments than the nearby 30
7(E3/2)

transition at 29 150 cm21. The photofragment angular distr
butions are described byb520.3 and20.1 for the 30

7 and
20

130
5 bands, respectively.

C. Higher excitation energies

A PFY spectra has also been obtained for CH3S between
45 000–46 500 cm21, Fig. 7, corresponding to the UV ab
sorption band observed originally by Callear and Dickso5

and in more recent experiments.19,35 Our experiment con-
firms that CH3S is the carrier of this band. The peaks
45 620 and 45 350 cm21 do not correspond to vibronic struc
ture, but to transitions from the2E3/2 and2E1/2 states, respec
tively. The relative intensity of the peaks is governed by t
larger detachment cross section to the2E3/2 state at 1.93 eV.8

The peak at 45 350 cm21 disappears when the detachme
energy is lowered to 1.87 eV.

The photofragment mass ratio for excitation at 45 6
cm21 was found to be 15:32, consistent with CH31S prod-
ucts. TheP(ET) distribution, Fig. 8, peaks at 2.40 eV, ne

e

FIG. 6. P(ET) distributions for the 30
7 and 20

130
5 transitions fr CD3S.

FIG. 7. Photofragment yield spectrum for CH3S from 45 000 to 46 500
cm21. The peaks at 45 620 and 45 350 cm21 are assigned to transition
arising from theX̃ E3/2 and X̃ E1/2 states, respectively.
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the maximum allowable translational energy of 2.6 eV
product channel I. This distribution is structured, but mu
less so than theP(ET) distributions for theÃ←X̃ transitions.
The small feature atET51.5 eV comprises'2% of the pho-
todissociation products and is most likely from dissociat
channels III or IV,

CH3~X̃~2A29!!1S~1D ! DH rxn,054.19060.015, ~III !

CH2~X̃~3B19!!1SH~2P!, DH rxn,054.1460.05. ~IV !

The photofragment angular distribution is highly anisotro
with b520.9860.10.

Attempts to determine the relative branching ratios
the H-atom vs S-atom channels at 45 620 cm21 through the
use of a noncoincident time-of-flight technique28 were un-
successful. Our ability to detect the H-atom dissociat
products H(1S)1CH2S(Ã 1A2) observed by Wilsonet al. at
216.3 nm~Ref. 25! is extremely limited by our detector ge
ometry. The H-atom detection efficiency is<1% and only a
small fraction~,10%! of CH2S(Ã 1A1) fragments are ex-
pected to contain sufficient kinetic energy to clear the 3 m
beam block used to prevent undissociated neutrals from
pacting the detector.

IV. ANALYSIS

A. CH3S photofragment yield spectra, Ã 2A 1—X̃ 2E
band

Our photofragment yield experiments are the first
present resolved vibrational transitions ofÃ←X̃ band with

FIG. 8. ~a! P(ET) distribution from excitation at 45 620 cm21. The maxi-
mum translational energies for the CH31S(3P), CH31S(1D), and
CH21SH(2P) are marked with arrows.~b! P(ET) between 2.0 and 2.8 eV
The experimental data are displayed as open circles while the results
impulsive dissociation model is shown with the solid~—! line.
r

f

n

-

more than three quanta in then3 mode, showing an extende
30

n progression containing up to 15 quanta and a 20
130

n com-
bination band progression. These progressions are consi
with the large change in the C–S bond length upon exc
tion to the Ã state~1.767 Å–2.057 Å!.14 Our observed fre-
quencies for the 30

2 and 30
3E3/2 transitions for CH3S agree to

within 62 cm21 with those observed in previous LIF
studies.15,17 The 30

n progressions,n52 – 15, can be fit effec-
tively using with the frequency,v385409.260.2 cm21, and
anharmonicity, x338 53.960.1 cm21, from Chiang et al.15

The combination band progression, 20
130

n , can be fit by in-
cluding an additional termx238 56.660.1 cm21, from Chiang
et al.15 to describe the interaction of then2 andn3 mode.

Previous fluorescence lifetime measurements revea
sharp decrease in the lifetime of the excited state for the0

2

transition~250620 ns! relative to the 00
0 transition~1130670

ns!, suggesting the former to be the onset of predisso
tion.12,15,18 The PFY spectra obtained in this study inde
shows the 30

2 transition to be the first dissociative transitio
The most energetic peaks observed via LIF are the 30

3 and
20

130
1 transitions, with lifetimes of 72630 ns and 85615 ns,

respectively. While we do observe the 30
3 transition, we are

not able to detect the 20
130

1 transition at 28 016 cm21 even
though the reported lifetime of 85615 ns suggests rapid pre
dissociation. Although extensive efforts were made to o
serve both the 20

130
1 and 20

130
2 bands, the combination band

20
130

n were not clearly observed untiln>3.

B. CD3S photofragment yield spectra

The CD3S photofragment yield spectrum is also com
prised of 30

n and 20
130

n progressions. The 30
n transitions from

the current PFY spectra and LIF transitions found by Suz
et al.16 can be fit using v385402.561.0 cm21 and x338
54.1560.2 cm21. The combination bands can be fit by in
cluding a cross anharmonicityx238 of 4.060.5 cm21.

Radiative lifetime measurements of Suzukiet al.suggest
the onset of predissociation occurs at the 30

3 transition. We
have been unable to locate the 30

3 transition in our PFY ex-
periments and do not observe significant dissociation sig
until the 30

4 transition. Our inability to detect the 30
3 transi-

tion probably results from a combination of poor Franck
Condon factors and small ion beam intensities.

C. Translational energy distributions, Ã 2A 1—X̃ 2E
band

The P(ET) distributions in Fig. 5 demonstrate how th
excess energy above the dissociation threshold is distrib
between the photofragments. The energy balance for C3S
photodissociation is described by

hn1ESO~CH3S!1Eint~CH3S!

5D0~CH3–S!1ET1EV~CH3!1ER~CH3!

1ESO~S 3Pj !, ~6!

where hn is the photon energy,ESO(CH3S)50 and 260
cm21 for 2E3/2 and 2E1/2 states, respectively, of the pare
radical andEint characterizes the average rotational energy
the parent.ET is the measured center-of-mass translatio

an
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TABLE III. Product branching ratio for CH3S→CH3(n25n)1S(3Pj ).

Transition
hn

~cm21!

n250 n251 n252 Fine-structure
ratio

3P2 :3P1 :3P0
3P2

3P1
3P0

3P2
3P1

3P0
3P2

3P1
3P0

30
3 27 705 87 5 4 3 1 ¯ ¯ ¯ ¯ 90:6:5

30
4 28 082 82 6 6 6 ¯ ¯ ¯ ¯ ¯ 88:6:6

30
5 28 450 79 6 5 10 1 ¯ ¯ ¯ ¯ 89:7:5

30
6 28 810 76 6 4 11 2 1 ¯ ¯ ¯ 87:8:5

30
7 29 160 53 15 4 13 5 5 4 ¯ 1 70:20:10

30
11 30 479 7 27 31 4 12 10 4 3 2 15:42:43

20
130

3 28 780 61 5 1 29 ¯ 2 2 ¯ ¯ 90:5:5
20

130
4 29 134 29 11 3 39 7 4 5 1 1 73:19:8
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energy,EV and ER are the CH3 product vibrational and ro-
tational energies,ESO(S 3Pj ) is the spin–orbit state of the
sulfur atom, andD0(CH3–S) is the C–S bond dissociatio
energy.Eint(CH3S) for a temperature of 50 K is 33 cm21.

D0(CH3–S) can be extracted from these distributions
we can determineET

max, the value of the translational energ
corresponding to production of photofragments with zero
ternal energy. This is marked by a vertical dashed line
each photon energy. AlthoughET

max is not always obvious
from a P(ET) distribution, it can be readily ascertained fro
the distributions in Fig. 5 because of the steep falloff
intensity toward highET . Note that theP(ET) distributions
for the 30

6 and 30
7 transitions show broad tails which exten

to higher translational energies thanET
max. This ‘‘signal’’

arises when the dissociation cross section is large eno
that photofragments from different dissociation events
pact the detector. While our data analysis allows us to eli
nate most of false coincidences, a small contribution rema
when large photofragment fluxes as present.

D0(CH3–S) is obtained independently at each pho
energy; the resulting values are then averaged togethe
yield a value of 3.04560.015 eV. Our value ofD0 along
with the known heats of formation of CH3 and S determines
DH f ,0(CH3S)51.34660.018 eV,33 in good agreement with
the value 1.36360.023 reported by Nicovichet al.36 deter-
mined from reaction kinetic measurements and with theo
ical values 1.346, and 1.37 eV.23,37 Our current value dis-
agrees with the values of 1.5460.086, 1.5360.065, and 1.48
60.065 obtained by Nourbakhshet al. from molecular beam
photofragmentation studies of CH3SH,38 CH3SSCH3,

39 and
CH3SCH3,

40 respectively. The discrepancy of this value wi
other recent literature values has been previously discu
by Ruscic and Berkowitz41 and by Nicovichet al.36

The CH3 product umbrella mode (n2) vibrational distri-
bution and the S(3Pj ) fine-structure distribution can also b
determined from theP(ET) distributions. Since both photo
fragments are detected in coincidence, this is a correla
distribution in the sense that we obtain the S(3Pj ) distribu-
tion for each CH3 vibrational level. These distributions hav
been obtained by using a similar procedure to that emplo
by Osborn et al.42 for CH3O dissociation with additiona
terms included to account for the resolved fine-struct
states of the sulfur atom. The data are fit to a series of r
tional distribution functions separated by the fine-struct
energy levels of the sulfur atom and the term energies for
f

-
r

gh
-
i-
s

n
to

t-

ed

ed

d

e
a-
e
e

CH3 n2 umbrella mode.43,44 The distribution functions
f j ,n(ET), where j labels the sulfur atom fine-structure lev
and n labels the number of quanta in CH3 n2 mode, are
Boltzmann distributions described by a rotational tempe
ture T ~characteristic of the CH3 fragment! and convoluted
with a gaussian experimental energy resolutiond,
FWHM520 meV.

The total distribution is given by

F~ET!5(
j 50

2

(
n50

n8

a j ,nf j ,n@ET2~hv2nv2

2SOj2D0!,T,d#, ~7!

wherev2 is the fundamental frequency of then2 mode~606
cm21, 75 meV!43,44, a j ,n represents the coefficient associat
with each individual distribution function and SOj is the in-
ternal energy associated with the S(3P2,1,0) spin–orbit levels,
which have energies of 0, 49, and 71 meV,33 respectively.
The rotational temperatureT was manually adjusted for eac
peak to produce the best fit. The results of the best nonlin
least squared fits are shown as solid lines in Fig. 5. Table
contains the vibrational and spin–orbit distribution for ea
data set. The rotational temperature of the CH3 fragment var-
ied between 170 to 220 K for all correlated product distrib
tions except for the CH31S(3P1) distributions for which the
CH3 fragment rotational temperatures varied from 50 to 1
K.

The fundamental frequency of the CH3 umbrella mode,
n2 , is '75 meV which is very close to the energy splittin
between the S(3P2) and S(3P0) levels'71 meV. This leads
to product states, CH3(n250)1S(3P2) and CH3(n251)
1S(3P0) which are nearly degenerate within the experime
tal resolution of 20 meV and cannot be distinguished by
fit. This near degeneracy is removed as the number of qu
in the strongly negatively anharmonic CH3 umbrella mode is
increased. For product state energies separated by more
15 meV, the fits were sensitive to changes in the spin–o
and vibrational state distributions of more than 5%. The u
certainty in the product state distributions for produc
CH3(n250)1S(3P2) and CH3(n251)1S(3P0) could not
be determined.

The P(ET) distributions from 30
n(n<6) transitions are

remarkably similar with at least 86% of the CH3 produced in
the n250 state. These transitions also exhibit a strong pr
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erence for the S(3P2) level with an average S(3P2:1:0) dis-
tribution of 88:7:5 compared to a statistical distribution
5:3:1. However, these trends change forn.6. The 30

7 tran-
sition has a spin–orbit distribution of approximately 73:18
showing an increase in the higher energy3P1 and3P0 levels.
This transition also shows increased vibrational excitat
with a vibrational distributionn250:1:2 of72:23:5. The 30

11

transition is dramatically different from the other 30
n transi-

tions in Fig. 5 showing a spin–orbit distribution o
S(3P2:1:0) of 15:42:43 and a vibrational distributionn2

50:1:2 of 65:26:9.
Excitation of the 20

130
n combination band transitions pro

ducesP(ET) distributions with a substantial increase in t
excitation of the CH3 product umbrella mode, e.g., CH3(n2

51) is the dominant channel from excitation of the 20
130

4

transition. Since the dissociation products, CH3(n250)
1S(3P0) and CH3(n251)1S(3P2), cannot be distin-
guished by the fit, it was assumed that the spin–orbit dis
butions for the 20

130
n transitions were the same as for th

nearly isoenergetic 30
n13 transitions. The spin–orbit distribu

tions were then adjusted slightly to see if a better fit could
produced.

D. Excited state lifetimes

Due to spectral congestion of rotational levels in o
experiment, we were unable to obtain rotationally resolve
transitions of theÃ←X̃ band and therefore could not dete
mine the excited state lifetime from linewidth measuremen
We have therefore attempted to extract the excited state
times from the anisotropic photofragment angular distrib
tions and a defined excited state rotational distribution i
manner similar to that performed by Blacket al.45 in their
study of ICN photodissociation. The anisotropy parameteb
can be described classically as

b52•P2~cosx!g~v,t!, ~8!

whereP2 is the second Legendre polynomial,x is the orien-
tation of the transition dipole moment with respect to t
molecular axis~x590° for a perpendicular transition! and
g(v,t) describes the effect of molecular rotation on the ph
tofragment angular distribution with a given dissociati
lifetime t.46–48 The angular velocity of the separating fra
ments is given byv.

For a diatomic molecule,

g~v,t!5
11~vt!2

114~vt!2 . ~9!

Equation~12! describes the dependence of angular veloc
upon the rotational quantum numberJ,

v~J!5
BcJ~J11!

2p
, ~10!

whereB is the rotational constant of theÃ state, andc is the
speed of light. The anisotropy parameter as a function
lifetime, b~t!, is then given by,

b~t!52•P2~cosx!(
J

cJ•S 11v~J!•t2

114v~J!•t2D , ~11!
,

n

i-

e

r
e

s.
e-
-
a

-

y

f

where cJ is the fractional population for each rotation
quantum number,J. The experimental value ofb can then be
associated with a lifetime.

Equation~9! applies to diatomic molecules and to sym
metric top rotational levels withK50. In our experiment, the
excitation energies correspond toK850←K951 transitions;
the upper state (J8,K850) levels can then be considered
pseudodiatomic rotational levels, so that Eq.~9! is appropri-
ate. We note that these are the most prominent transit
betweenK levels; most of the CH3S X̃ 2E population is in
rotational levels withK951, and fora–e type vibronic tran-
sitions,DK521 transitions are most intense.49–51

A cursory inspection of Eqs.~8!–~11! reveals that the
upper state rotational distribution is required in this analys
Although individual rotational lines are not resolved, it
assumed that the excited state contains discrete rotati
levels and that the excitation laser with a bandwidth of'0.3
cm21 selects a narrow distribution of rotational levels. T
excited state rotational distribution is determined by first
ting the contour of each vibronic transition using the know
rotational parameters of theX̃ and Ã states,9,14 a laser reso-
lution of 0.3 cm21 and then considering which part of th
rotational manifold is excited for eachP(ET) measurement.

The b parameter dependence upon C–S stretch exc
tion is plotted in Fig. 9 for both 30

n and 20
130

n transitions with
the corresponding lifetimes and uncertainties listed in Ta
I, clearly illustrating the rapid decrease inb and in lifetime
with increasing C–S stretch excitation. The uncertainty
the lifetime increases substantially as the photofragment
isotropy approaches its limiting classical value of20.25
making the lifetimes for nearly isotropic distributions such
the 30

3 and 30
4 transitions less reliable. While the extracte

lifetime values are only approximate, they agree surprisin
well with the lifetime values of theÃ←X̃ band of the CF3S
radical reported by Powerset al.52 A more detailed compari-
son of the CH3S and CF3S radicals and their excited sta
lifetimes will be provided in Sec. V.

FIG. 9. Dependence of the anisotropy parameter,b, as a function of C–S
stretch quantum number for the 30

n progression~—! and the 20
130

n progres-
sion ~ !. Error bars of60.1, for the uncertainty in the experimenta
value ofb are shown.
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V. DISCUSSION

A. Translational energy distributions, Ã 2A 1—X̃ 2E

1. Vibrational state distributions

The product state distributions from photodissociat
provide detailed information about the electronic surfa
which mediate dissociation. In this and the following sectio
we discuss how the product vibrational and fine-struct
distributions provide insight into the role of the three rep
sive surfaces in the predissociation of theÃ state.

The P(ET) distributions for theÃ←X̃ 30
n(n<6) transi-

tions show negligible excitation of the umbrella mode in t
CH3 fragment with a slight increase in̂Evib& asn increases
from 3 to 6.^Evib& rises noticeably for the 30

7 transition even
more so for the 30

11 transition, suggesting that a fundamen
change in the dissociation dynamics occurs over this ene
range. Cui and Morokuma24 have performed detailedab ini-
tio calculations for the predissociative surfaces of the me
oxy family ~CH3O, CH3S, CF3O, and CF3S!. In particular,
these authors have analyzed how fast theH–C–O bond
angle opens in CH3O as the C–O bond breaks on both t
4A2 and4E surfaces. They find that theH–C–Obond angle
opens more quickly as the C–O bond distance increase
the 4E surface than on the4A2 surface. The resulting highe
curvature along the minimum energy path on the4E surface
promotes increased vibrational excitation of the CH3 photo-
fragment at higher photon energies as observed by Os
et al.53 Assuming that the same trend holds for CH3S, the
increased CH3 product vibrational excitation observed for th
30

7 and 30
11 transitions is consistent with involvement of th

4E surface in the dissociation. No calculations of this ty
were performed for the2A2 state, so one cannot assess
role of this state based on the vibrational distributions alo

The 20
130

3 and 20
130

4 transitions result in more vibrationa
excitation of the CH3 photofragment as compared to the0

n

bands, with initial excitation of the CH3S parent umbrella
mode leading to population of the umbrella mode in the C3

fragment. While this result is not entirely surprising, t
20

130
4 results in significantly more vibrational excitation o

the CH3 fragment than the 20
130

3 transition, with the vibra-
tional distribution peaking atn251. This suggests that th
upper level of the 20

130
4 transition is also predissociated b

the 4E surface. Note that the 20
130

4 transition is at nearly the
same energy as the 30

7 transition, the first member of the 30
n

progression in which the4E state appears to play a role.

2. Fine-structure distributions

The experimentally observed sulfur atom S(3Pj ) fine-
structure distributions yield further insight into the dissoc
tive electronic states. In this section we compare the p
dicted fine-structure distributions for an adiaba
dissociation model for the repulsive4A2 , 2A2 , and4E states
to the experimentally observed fine-structure distributio
For simplicity, CH3S will be regarded as a pseudodiatom
The Ã 2A1 state has angular momentum valuesL50,
S51/2, andV51/2 whereL, S, and V refer to the elec-
tronic, spin, and total angular momentum along the C
axis, respectively. TheÃ 2A1 state can couple to the repu
s
,
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S

sive 4A2 , 2A2 , and 4E states via a spin–orbit interaction
Because of the spin–orbit coupling selection rules,DV50,
DS52DL561, or DS5DL50,54 we need only conside
theV51/2 states4A2(V51/2) ,

2A2(V51/2) ,
4E(V51/2) states in

our dissociation model.
In the relativistic adiabatic limit, the nuclei evolv

slowly on relativistic adiabatic potentials all the way to th
asymptotic products.27,54 Adiabatic curves with the sam
value ofV will undergo avoided crossings, so a one-to-o
mapping between the molecular electronic states and
asymptotic fine-structure states can be performed. In the
sociation limit, V is defined as the projection of the tot
electronic angular momentum vector~spin1orbital! of the
separated atoms along the internuclear axis. Following
calculations of Cui and Morokuma,24 we have constructed a
adiabatic correlation diagram, Fig. 10, for theV51/2 levels
of CH3S. This diagram shows that the4A2(V51/2) state cor-
relates with the3P2 products, the2A2(V51/2) state correlates
with 3P1 products, and the4E1/2 states correlate with both
3P1 and3P0 products.

Comparison of Table III with Fig. 10 shows that fo
energies below the 30

7 and 20
130

4 transitions~i.e., photon en-
ergies <29 000 cm21 for transitions originating from the
2E3/2 state!, the average distribution of 88:6:6 agrees re
tively well with adiabatic dissociation on the4A2 state,
which should yield3P2 products exclusively. At higher en
ergies, the spin–orbit distribution changes abruptly and
hibits an increased fraction of the3P1 and 3P0 states, with
these states dominating theP(ET) distribution for the 30

11

transition, S(3P2:1:0)514:39:46. The spin–orbit distribution
for the 30

7 transition of 70:20:10 suggests that while diss
ciation on the4A2 surface dominates, some dissociation a
occurs on both the2A2 and4E states. For the 30

11 transition,

FIG. 10. Adiabatic correlation diagram for CH3S to products CH31S(3Pj )
for the V51/2 levels based upon calculations of Cuiet al. ~Ref. 24!.
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the dominance of the3P1 and 3P0 products and the nearl
equal 3P1 : 3P0 ratio indicate that the dissociation main
occurs on the4E state. Due to the extensive overlap of com
bination bands with the 30

8– 30
10 transitions, we have bee

unable to examine how the spin–orbit distributions chan
between the 30

7 and 30
11 transitions.

The interpretation of the vibrational and spin-orbit d
tributions in terms of which repulsive states contribute to
dissociation are fairly consistent, the main difference be
that the the spin–orbit results offers more direct evide
that the2A2 state plays a role in dissociation following exc
tation of the 30

7 transition. However, the increasing role
the 4E state at energies above 29 000 cm21 ~3.6 eV! is sup-
ported by both sets of measurements.

This is consistent with the strength of the spin–or
coupling between theÃ 2A1 state and the three repulsiv
states. Cui and Morokuma24 have calculated the spin–orb
~SO! coupling matrix elements between theÃ 2A1 surface
and the repulsive4A2 and 4E surfaces for CH3S, finding
HSO(4A2 ,2A1) and HSO(4E,2A1) to be 75 and 152 cm21,
respectively with minimum seams of crossing located at 3
and 3.61 eV above the ground state for the4A2 and4E sur-
faces, respectively. The SO matrix elementHSO(2A2 ,2A1)
was not calculated for CH3S. However, based on the anal
gous calculations for CH3O, we expectHSO(2A2 ,2A1) to be
approximately 20% less thanHSO(4A2 ,2A1). These trends in
HSO arise because the dominant electronic configurations
the Ã 2A1 state and the2A2 and 4A2 states differ by two
spin–orbitals while the4E state differs by one spin–
orbital.22,24 In any case, the stronger coupling to the4E state
state suggests that it should dominate the dissociation o
the crossing seam is energetically accessible, and the c
lated energy minimum of the crossing seam lies very clos
the experimental value at which both the vibrational a
spin–orbit distributions change.

B. Excited state lifetimes and mode specificity

Our excited state lifetime measurements as well as
vious LIF radiative lifetime measurements15 show that the
predissociation of CH3S is mode specific, with then3 mode
more strongly coupled to the dissociation coordinate than
n2 mode. The excited state lifetime decreases from 72630 ns
for the 30

3 transition down to 262 ps for the 30
7 transition

over an energy range of approximately 180 meV. The li
time of the 20

130
n transitions is longer than the nearly isoe

ergetic 30
n13 transitions and shorter than the 30

n transitions
indicating that the umbrella mode is not completely dec
pled from the dissociation coordinate, but is more wea
coupled than the C–S stretch.

Similar effects have been reported for theÃ 2A1

←X̃ 2E electronic band of CF3S based on fluorescenc
depletion spectroscopy~FDS! linewidth measurements.55

The Ã state of CF3S demonstrates a sharp reduction in lif
time with increased C–S stretch excitation. The lifetime d
creases from 38 ns for the first predissociative transition0

4

located 1211 cm21 above the origin, down to 1.1 ps for th
30

8 transition, over an energy range of approximately 1
meV. The lifetimes of the 20

130
n combination band transition
-
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of CF3S display mode-specific behavior analogous to t
observed in CH3S. The 20

130
2 transition (00

011354 cm21)
possesses a lifetime of 333 ns, considerably longer than
30

4 transition and shorter than the 2.95ms lifetime for the 30
2

transition (00
01615 cm21). The lifetimes of these combina

tion band transitions decrease rapidly with increasedn3 ex-
citation, decreasing down to 0.9 ps for the 20

130
8 transition

(00
013082 cm21).

C. Higher excitation energies

Photodissociation of the CH3S radical following excita-
tion excitation at higher energy is significantly different fro
that observed for theÃ←X̃ band. The structureless photo
fragment yield peak, Fig. 7, observed near 45 600 cm21 has
a FWHM of 270630 cm21. While this peak is broader tha
those observed in the predissociative levels of theÃ state, it
is not as broad as one might expect for a completely rep
sive surface. The ‘‘narrowness’’ of his feature indicates th
the electronic state is either bound or relatively flat in t
Franck–Condon region. Calculations on the doublet state
CH3S performed by Hsuet al.14 show that theB̃ 2A2 state is
indeed flat in the Franck–Condon region, Fig. 1, due to
avoided crossing between theC̃ 2A2 and B̃ 2A2 states.22

The P(ET) distribution obtained from excitation a
45 600 cm21, Fig. 8~b!, is considerably broader~500 meV!
and less structured than theP(ET) distributions obtained
from excitation in theÃ←X̃ band. The fine-structure distri
bution could not be resolved in theP(ET) distribution. How-
ever, since the dissociation has'2.6 eV available for trans-
lation, we have assumed that the fine-structure distribu
from this 2A2 state can be described within the diabatic lim
resulting in a statistical fine-structure distribution of 5:3:156

Assuming the excited state to be repulsive, we have
tempted to model the product state vibrational distribut
using the sudden approximation.

In the sudden limit, the dissociation is sufficiently rap
so that there is minimal coupling between the translatio
and vibrational degrees of freedom.1,57 The CH3 umbrella
mode vibrational distribution is obtained by a Franck
Condon projection of the CH3 group of the excited state
methylthio radical onto the CH3 photofragment. We assum
the geometry of the excited state in the Franck–Condon
gion to be the same as the ground state geometry, i.e
vertical transition. The ground state/HCS of 107.8°, de-
rived from /HCH5111° from the calculations of Janouse
et al.,8 is projected onto the planar CH3 fragment, corre-
sponding to/HCS590°. Figure 8~b! shows the results o
this calculation convoluted with a statistical fine-structu
distribution, an instrument resolution of 40 meV, and a C3

Boltzmann rotational distribution with a temperature of 3
K. This model provides a reasonable fit to the experimen
data with a vibrational distribution peaking atn252 and
showing excitation up ton255.

The photofragment anisotropy,b520.98, is consistent
with a perpendicular electronic transition indicating that t
excited state is either of either2A1 or 2A2 symmetry. The
P(ET) distribution, Fig. 8~a!, shows ground state product
CH31S(3P) to be the dominant dissociation chann
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~>98%!. The B̃ 2A2 state correlates adiabatically to the
ground state products. Our results are in contrast to prev
photodissociation experiments22 at 193 nm~51 800 cm21! in
which S(1D)1CH3 was found to be the primary produc
channel with S(1D):S(3P)585:15. It appears that photodis
sociation at this energy occurs on a different electronic s
face than at 45 600 cm21. Ab initio calculations performed
by Hsuet al.14 imply that excitation at 193 nm accesses t
boundC̃ 2A2 state which is predissociated by a repulsive2E
state that correlates to S(1D)1CH3 products. The combina
tion of our PFY spectrum, the CH3 vibrational distribution,
and the observation of ground state products indicates
dissociation at 45 600 cm21 occurs on theB̃ 2A2 state.

VI. CONCLUSIONS

In this study, we have investigated the photodissociat
of CH3S via theÃ←X̃ andB̃←X̃ bands. For theÃ←X̃ band,
we have obtained a structured PFY spectrum containing
tended 30

n and 20
130

n progressions and have determined t
onset of predissociation to occur for the 30

2 transition.
Measured photofragment anisotropies,b520.2 to21.0

60.1, have been obtained, consistent with the expected
pendicular transition dipole moment. The measured aniso
pies have been used to estimate the excited state lifetim
which decrease rapidly with increased excitation of then3

mode.
Translational energyP(ET) distributions have been ob

tained with sufficient resolution to observe the CH3 fragment
vibrational and S(3Pj ) fine-structure distributions. The fine
structure distributions and vibrational distributions allow
to assess the relative importance of the4A2 , 2A2 , and 4E
repulsive electronic surfaces in the predissociation of
Ã 2A1 state at various photon energies. At photon energ
,29 000 cm21, the vibrational and fine-structure distribu
tions suggest that the dissociation takes place on the4A2

surface, while the increased vibrational excitation a
change in fine-structure distributions at higher energies p
to dissociation on the4E surface. The 20

130
3 and 20

130
4 transi-

tions lead to a larger fractional population of the CH3 frag-
ment umbrella mode than the nearly isoenergetic 30

n13 tran-
sitions, suggesting that the umbrella mode does not coup
the dissociation coordinate as well as the C–S stretch.

Photodissociation of CH3S at 45 600 cm21 shows
CH31S(3P2,1,0) to be the dominant product channel, wi
most of the available energy being partitioned into trans
tion. We have modeled this dissociation using the sud
approximation to describe the vibrational distribution and
diabatic limit to describe the fine-structure distribution. T
product channel, photofragment anisotropy,b520.98, and
photofragment yield spectra suggest that the excited sta
the B̃ 2A2 state.
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