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The technique of resonance-enhanced multiphoton ionization with time-of-flight mass spectrometry (REMPI-
TOF MS) has been used to study the photodissociation of fully deuterated dimethyl sulfide (CD3SCD3)
following excitation at several wavelengths within the first absorption band (215-229 nm). Analysis of
measured time-of-flight profiles of the nascent CD3 products indicates a strongly anisotropic photodissociation,
with approximately 70-80% of the available energy appearing as fragment recoil translation. A hybrid
statistical-impulsive dissociation model predicts a photolysis wavelength dependence of the translational
energy release that compares favorably with experiment, supporting the suggestion (Manaa, M. R.; Yarkony,
D. R. J. Am. Chem. Soc.1994, 116, 11444) that both the 11A′′ and 21A′′ excited states play an important role
in the photodissociation process. An analysis of nascent CD3 (µ, v, J) vector correlations, where the fragments
are assumed to recoil axially along the CD3S-CD3 bond, adequately accounts for the observed probe laser
polarization dependence of velocity-selected REMPI spectra. The weak observed rotational excitation of the
methyl fragments originates from zero-point vibrational motion of the dissociating parent molecule.

I. Introduction

Since the pioneering work of Wilson,1 Bersohn,2,3 and co-
workers, great progress has been made in the study of the
photodissociation dynamics of polyatomic molecules. Because
more than one excited state must usually be considered upon
absorption at ultraviolet wavelengths, the influence of nona-
diabatic interactions on product observables has attracted
particular attention. An interesting example that has been the
subject of recent theoretical4 and experimental5-9 work is
provided by the photodissociation of CH3SCH3 (DMS) in its
first absorption band (∼215-230 nm). The electronic config-
uration of DMS in its ground state can be written as

where the highest occupied (nonbonding) 3b1 molecular orbital
is dominated by the 3px orbital of atomic sulfur, directed
perpendicular to the C-S-C plane.10,11 In C2V symmetry, two
low-lying excited electronic states, 11B1 and 11A2, resulting from
the promotion of a 3b1 electron to a Rydberg-like sulfur 4s
orbital (9a1) and to a C-S antibonding valence-like orbital (6b2),
respectively, are energetically accessible from the ground, X˜ 1A1

state in the excitation wavelength region of the first absorption
band.12,13 Only the 11B1 r X̃1A1 transition is electric-dipole-
allowed in the limit ofC2V symmetry, although vibronic coupling
of the 11B1 and 11A2 excited states through the CSC asymmetric
stretching vibration allows the 11A2 r X̃1A1 transition to steal
intensity. Employing theCs point group, Yarkony et al.
calculated potential energy surfaces of the two states, 11A′′ and

21A′′, and located a seam of conical intersections occurring close
to the excited Franck-Condon region accessed from the ground
X̃1A1 state.4 The calculations predicted that both the propensity
of initial states prepared by absorption and their subsequent
dynamics should reflect the strong interaction between the 11A′′
and 21A′′ states facilitated by the conical intersection. A
superposition of vibrational states on both the 11B1(11A′′) and
11A2(21A′′) surfaces is produced following excitation on the first
absorption band. The 21A′′ state can only dissociate nonadia-
batically to the ground-state fragments, a process that can occur
efficiently via the surface of conical intersections with the 11A′′
state, accessed by stretching of the CS bond and distortions of
the CH3 and CSC bond angles. This readily accessible region
of electronic nonadiabaticity has attracted several experimental
investigations on the UV photodissociation of DMS. Early
studies using flash photolysis14-16 in the absorption wavelength
region 200-300 nm indicated that breakage of the C-S bond
via the process

is the dominant dissociation pathway. This was later confirmed
by Nourbakhsh et al.17 and Lee et al.18 at the photolysis
wavelengthλPHOT ) 193 nm using translational spectroscopy,
which also allowed the direct determination of the CH3S-CH3

bond dissociation energyD0 ≈ 314 kJ mol-1.
More recently, a number of experimental studies have focused

on the dissociation following excitation to the first absorption
band using the resonance-enhanced multiphoton ionization time-
of-flight (REMPI-TOF) spectroscopy5,6 and velocity map ion
imaging7,8 techniques. Spectroscopy of the nascent methyl
fragments, with the analysis of time-of-flight (TOF) profiles
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and ion images, indicated that approximately 80% of the total
available energy is deposited into fragment translation, ap-
proximately 5% is disposed into internal CH3 modes, and the
remaining 15% appears as internal excitation of the SCH3

fragment.5-8 In addition, the spatial anisotropy parameterâ was
found to be close to the limiting value expected for a
perpendicular-type transition (â ) -1). These findings allowed
the salient features of the dissociation process to be surmised,
suggesting a prompt dissociation mechanism that induces
effective energy transfer into fragment translation.5-8

Although the energy partitioning and anisotropy provide a
coarse-grained picture, understanding of the photodissociation
mechanism can be greatly enhanced by specifying the correlation
between the vectorsJ, the angular momentum, andv, the recoil
velocity of the fragments, in a molecular frame defined byµ,
the transition dipole moment of the parent molecule at the time
of excitation. To this end, a recent study9 of DMS in the first
absorption band (at 219 nm) sought to characterize the labora-
tory-frame (v, J) alignment of the methyl photofragments
immediately after dissociation. Invoking an impulsive dissocia-
tion model, where the fragments recoil axially along the CH3S-
CH3 bond, core-sampled19 REMPI spectra of the nascent
fragments were adequately simulated. The success of the simple
dissociation model allowed the nascent rotational populations
and molecular-frame alignment (i.e.,K-state propensity, where
K is the quantum number of the projection ofJ onto the
symmetric top axis) of the methyl fragment to be deconvoluted
from laboratory-frame alignment effects, an important procedure
if the latter are strong.

In light of this new insight into the dissociation mechanism,
the present work describes measurements, using the REMPI-
TOF technique, over a range of photolysis wavelengths (λPHOT

) 215-230 nm) corresponding to diffuse vibrational features
on the first absorption band, exploring three key aspects. First,
the photofragment recoil energy distributions andâ parameters
are obtained from the TOF profiles using an accurate instru-
mental response function, revealing quite a striking correlation
between energy disposal/anisotropy and photolysis wavelength.
Second, the aforementioned characterization of the (v, J) align-
ment of the methyl photofragments, where cylindrical symmetry
of the J vector aboutv is presumed, is extended to include
possible coherence in a frame attached toµ. Finally, the nas-
cent methyl rotational distributions and molecular-frame align-
ment (K-state propensity) obtained from REMPI spectra, de-
convoluted from laboratory-frame-alignment effects, are exam-
ined in closer detail, indicating a correlation with the internal
motion of the dissociating parent in accordance with an axial,
impulsive-type dissociation. These findings, together with the
results of previous experimental and theoretical work, are used
to discuss further the qualitative features of the excited-state
surface, upon which the dynamics of the photodissociation
intimately depend.

II. Experimental Procedures

The REMPI-TOF apparatus has been described in detail
previously.6,20 Briefly, approximately 200 Torr of pure CD3-
SCD3 (hereafter, DMS-d6) vapor was expanded through a pulsed
valve (nozzle orifice diameter≈ 0.05 cm, opening time≈ 300
µs) into an evacuated chamber (typical working pressure≈ 10-6

mbar), forming a free jet that is perpendicularly intersected∼5
cm downstream by two counterpropagating laser beams.

The photolysis laser, the frequency-mixed output of a Nd:
YAG-pumped dye system, is fired at an optimal time (∼400
µs) after the pulsed valve, interacting with the early edge of

the free jet such that cluster formation is minimized. Around
10 ns later, the tunable frequency-doubled output of a separate
Nd:YAG-pumped dye laser (285-287 nm) delivers the probe
radiation. Two double Fresnel-Rhomb prisms controlled the
polarization direction of the photolysis and probe radiation
independently. The CD3 photofragments were selectively ionized
by (2 + 1) REMPI via the (4pz)2A′′2 r X̃2A′′2 transition.21 Ions
are extracted from the interaction region using continuous
voltages applied to a series of stainless steel plates (6× 6 ×
0.1 cm) that each house a 2-cm-diameter aperture and are ar-
ranged in a Wiley-McLaren22-type setup. The extraction region
consists of two plates, the repeller (P1) (furthest from the de-
tector), and the extractor (P2), mutually separated by 1 cm and
thus creating the extraction field,Eex, which can be adjusted
between 0 and 2000 V cm-1. A third plate (P3), an additional
1 cm closer to the detector, is held at ground potential and de-
fines the Wiley-Mclaren acceleration region.22 The ions pass
an additional 12 cm upstream before encountering the final col-
limating plate (P4), also of 2-cm aperture diameter, which is
held at ground potential. After traversing a second field-free
region (∼16-cm flight path) the ions are detected by a micro-
channel plate detector. The resulting ion signal is amplified and
passed to a computer-interfaced digital oscilloscope for data
analysis.

The REMPI-TOF method is sensitive to the projection of the
3D velocity distribution of photofragments onto the TOF
detector axis. To extract meaningful information, this transfor-
mation must be accurately simulated, taking into account any
inherent velocity discrimination effects of the system. Taking
Z′′ as the TOF detector axis, then, for a trajectory with an off-
axis component of velocityVY′′ (or VX′′), it can be shown that an
ion formed at the center of the extraction region will reach the
detector only if

where t is the time of flight to P4 andR is the radius of the
aperture in P4. Thus, for sufficiently high recoil energies, small
extraction voltages (longer times,t) discriminate against laterally
traveling photofragments.

The capability of the REMPI-TOF system to discriminate
against photofragments recoiling laterally to the TOF axis with
VY′′t > R can be employed to generate an arrival distribution of
photofragments that is a one-dimensional sample through the
core of the complete velocity sphere, as depicted schematically
in Figure 1. In the extreme case of this “core-sampling”19,23

detection scheme, only fragments recoiling up or down, parallel

Figure 1. Schematic representation of the experimental geometry
showing the counterpropagating photolysis and probe laser beams
directed perpendicularly to the TOF axis. The anglesθD and ø are
between the TOF axis and the electric field vectors of the photolysis
and probe lasers, respectively. The vertical cylinder depicts the core
sampling of ions with reduced velocity projectionVZ′′/V ≈ 1 facilitated
by operation of the TOF mass spectrometer with a low ion extraction
field, rejecting off-axis-traveling CD3 fragments.

VY′′t < R (2)
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to the extraction direction, i.e., with reduced velocity projection
along the TOF axisVZ′′/V ≈ 1, are detected. As has been shown
in previous work,9 this apparent disadvantage of the detection
system is particularly useful for the characterization of (µ, v,
J) correlations.

In the present work, photofragment recoil energy and dis-
sociation anisotropy information, where nascent rotational state
selection is not necessary, was extracted from TOF profiles
measured on the maximum of the Q branch of the two-photon
(4pz)2A′′2 r X̃2A′′2 00

0 transition. No core sampling was em-
ployed in those experiments, with the ion extraction field chosen
to satisfy eq 2 (typically,Eex ≈ 240 V cm-1) for the majority
of the photofragment velocity distribution produced by the
dissociation.

For experiments that do require rotational-state specificity
of the photofragments, as is the case in the REMPI spectroscopic
determination of nascent rotational-state distributions, the much
weaker O, P, R, and S transitions must be probed. The advantage
of a core-sampling detection scheme is then two-fold. First,
velocity selection dramatically increases the sensitivity of the
experiment to the (µ, v, J) correlations created by the photo-
dissociation process. Second, the low extraction field (typically,
Eex ≈ 80 V cm-1) allows the separation of the relatively weak
REMPI signal on the O, P, R, and S transitions from the
nonresonant contamination (insignificant on the Q branch) of
slow, isotropic CD3+ ions formed by multiphoton dissociative
ionization of the parent molecule (adiabatic ionization potential
) 8.71 eV),7,8,11allowing clean REMPI spectra to be obtained.

III. Results and Analysis

A. REMPI-TOF Profiles: Anisotropy and Recoil Energy
Distributions. The REMPI-TOF profiles,I(t;θD), of the CD3

fragments measured following the photodissociation of DMS-
d6 at λPHOT ) 215 nm for different anglesθD between the TOF
axis and the photolysis laser electric field vectorε̂D are shown
in Figure 2. The profiles were obtained at the probe laser
wavelength corresponding to the maximum observed intensity
on the congested Q branch of the methyl photofragment 4pz00

0

transition. In accordance with previous studies,5 the CD3
+ ion

signal showed a roughly linear dependence on the photolysis
laser photon flux, indicating that the methyl fragments are
produced at the one-photon excitation level. The slight asym-
metric appearance of the profiles is a consequence of the less
efficient detection of ions flying away from the detector (longer
times t in eq 2), although it is evident from the excellent
agreement between the experimental and simulated profiles that
this effect is well modeled by the instrumental response function
(see below). The contrasting appearances of the profiles at

different polarizations of the photolysis laser,θD, imply that
the photodissociation occurs with a significantly negative recoil
anisotropy parameter,â, in agreement with previous investiga-
tions6 at λPHOT ) 229 nm.

The use of the REMPI-TOF technique as a means of
measuring kinetic energy release and anisotropy in molecular
photodissociation has been described by several authors.24-27

For a single-photon dissociation process induced by linearly
polarized light in an isotropically oriented sample, the angular
distribution of photofragments,I(θ), is axially symmetric with
respect to the electric field vector,ε̂D, of the light and can be
expressed as28

whereθ is the fragment ejection angle relative toε̂D, â is the
recoil anisotropy parameter, andP2 is the second Legendre
polynomial. The REMPI-TOF technique measures the projection
of the 3D recoil distribution along the TOF-MS axis. Trans-
forming the angular distribution in eq 3 to the laboratory
coordinate system in which theZ′′ axis is the TOF-MS axis
and summing over the recoil speed distribution,g(V), gives the
projected distribution29

whereVZ′′ is the velocity component along theZ′′ axis,V is the
speed of the fragments, andθD is the angle between theZ′′
axis and the photolysis electric field vectorε̂D. Other terms in
eq 4 caused by (v, J) correlations,24 which are the focus of
section III.B, were disregarded for the purpose of extracting
speed distributions and anisotropy parameters from the profiles,
the shape of which are, in any case, dominated by the (µ, v)
correlation. The inclusion of these extra terms does not change
the extracted anisotropy parameters and speed distributions
within experimental uncertainty. Under space-focusing condi-
tions,22 the experimental TOF spectra,I(t;θD), can be trans-
formed to the velocity domain,I(VZ′′,θD), by the relation

whereq and m are, respectively, the charge and mass of the
photofragment andt0 is the mean time of flight of the ion. To
simulate the velocity-domain,I(VZ′′,θD), profile and extract the
dynamically significant termsg(V) andâ(V), the expression for
f(VZ′′,θD) (eq 4) must be convoluted with an appropriate

Figure 2. REMPI-TOF profiles (open circles) of the CD3 fragments following photodissociation of DMS-d6 at λPHOT ) 215 nm measured on the
maximum of the Q branch of the (4pz)2A′′2 r X2A′′2 00

0 transition for three different angles,θD, between the photolysis laser electric vector,ε̂D, and
the TOF detector axis,Z′′. The solid curves represent calculated simulations of the profiles (see text).

I(θ) ) 1
4π

[1 + âP2(cosθ)] (3)

f(Vz′′,θD) ) ∫|Vz′′|
Vmaxg(V)

2V [1 + â(V)P2(cosθD)P2(Vz′′

V )] dV (4)

Vz′′ )
qEex(t - t0)

m
(5)
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instrumental response function, including the duration of the
laser pulse, small deviations from the space-focusing conditions,
contamination by the nonresonant CD3

+ signal described earlier,
and any velocity-discriminating effect of the TOF detector (see
section II). The latter was calculated with the aid of ion trajectory
simulations using the SIMION 5.0 computer program.30

At the “magic angle” ofθD ) 54.7°, f(VZ′′,θD) is independent
of â, allowing the speed distributiong(V) to be obtained directly
by differentiation of eq 4

This direct inversion procedure requires accurate knowledge
of the instrumental function, as well as the use of numerical
filters to suppress the effects of high-frequency noise. Alter-
natively, the forward convolution method of Bergmann and co-
workers26 can be used. Application of eq 6 to the magic-angle
TOF profile, I(VZ′′,54.7°), provides an estimate of the speed
distributiong(V), which is then used to determine the form of
a representative velocity distribution obtained via the transfor-
mationg(V) ) P(Erec)|dErec/dV| from a modified Gaussian recoil
energy distribution function6

wherex ) Erec/Emax is the fraction of the total available energy,
Emax, appearing as fragment translational recoil energy;x0 and
∆x are fit parameters; andN is a normalization constant.
Convolution ofP(x) with the instrument response function yields
simulated TOF profiles that can be compared with experimental
results. Having obtained the speed distributiong(V), theâ para-
meter can be determined by iterative simulation of the measure-
ments atθD) 0° and 90°, with the fits at the three different
geometries providing confidence for the predeterminedg(V).

As can be seen in Figure 2, excellent agreement between the
measured and simulated profiles is found using the function
P(x) with a single velocity-independent anisotropy parameter
â. Figure 3 shows the translational energy distributions obtained
using the forward-analysis procedure at each photolysis wave-

length studied. The distributions indicate that a high fraction
of available energy is deposited into fragment translational
recoil, 〈x〉 ≈ 0.7-0.8 (see inset of Figure 3), decreasing
progressively as a function of excitation energy. Identical best-
fit anisotropy parameters,â ) -0.8 (0.1, were determined at
the three different photolysis wavelengths, in agreement with
the near limiting value determined in previous work6 at λPHOT

) 229 nm.
B. Internal Energy and Alignment of the CD3 Fragment.

Previous investigations of the photodissociation of DMS-h6 in
the first absorption band5 reported only the weak presence of
hot bands in the REMPI spectrum, thus establishing that the
methyl photofragment is vibrationally cold. The rotational
distribution is probed through the 4pz00

0 transition of the
nascent methyl fragments. Figure 4a shows the high-frequency
part (Q, R, and S branches) of the (2+ 1) REMPI spectrum of
this transition after the photodissociation of DMS-d6 (λPHOT )
218.5 nm) at three different angles,ø ) 0°, 35°, and 90°,
between the probe laser electric vector,ε̂P, and the TOF
detection axis,Z′′. The O and P branches were not included in
the analysis because of contamination of those transitions by
the 11

1 hot band.6

The marked dependence of the REMPI spectra on the
polarization of the probe laser indicates that the methyl
photofragments are strongly aligned in the laboratory frame.
This can be understood when one considers that, for the present
case of a high-recoil-energy-release photodissociation employing
a low extraction field, the extreme case of the core-sampling
detection scheme (see section II) is reached. Under these
circumstances, discrimination against ions with even a slight
component of off-axis velocity will occur. The result is a highly
anisotropic effective spatial distribution of theJ vector, rather
than the weaker, translationally averaged anisotropy that is
observed if the entire velocity “sphere” is collected. Evidently,
the effects of these (µ, v, J) correlations must be deconvoluted
in the analysis of the REMPI spectra for accurate nascent
rotational state populations to be extracted. The essential features
of this procedure are explained in the following paragraphs.

Most previous work concerning the measurement of photo-
fragment (µ, v, J) vector correlations has involved the measure-
ment of Doppler-resolved laser-induced fluorescence (LIF) line
shapes,31 REMPI/TOF profiles,24 or ion images32-34 as a
function of experimental geometry and type of probe transition.
The interpretation of the LIF and REMPI work is generally
based on the theoretical treatment of Dixon35 in which the
mutual arrangement of both angular momentum and velocity
are described by a correlated (v, J) angular distributionP(ω′t,
ω′r), whereω′t(θ′t,φ′t) and ω′r(θ′r,φ′r) are the angular coordinates
of v andJ defined in the molecular frame that has itsz′ axis
parallel to the parent transition dipole momentµ (see lower
panel in Figure 5). This distribution is expressed as an expansion
on the basis of the bipolar harmonicsBKQ(k1,k2,ω′t,ω′r), whose
coefficients bQ

K(k1,k2) are the bipolar moments, which com-
pletely characterize the angular relation between the vectorsµ,
v, andJ.

To relate the body-fixed frame (x′, y′, z′) bipolar moments
bQ

K(k1,k2) to experimental observables, the system geometry
must be fully specified. The various frames of reference that
are necessary in this work are defined in Figure 5. The
dissociation frame (X, Y, Z) is defined with theY axis as the
direction of propagation of the dissociation laser and theZ axis
as the direction of its electric field vector, i.e.,Z | ε̂D. The other
two important laboratory frames are defined in terms of Euler
rotations with respect to this frame. The TOF detector frame

Figure 3. Recoil energy distributions,P(x), obtained from the forward
analysis (see text for details) of methyl fragment REMPI-TOF profiles
obtained at the different photolysis wavelengths studied in the first
absorption band (λPHOT ) 215, 218.5, 222, and 229 nm). The inset
plot shows the photolysis energy,EPHOT, dependence of the average
recoil energy,〈x〉, correlating with ground-vibrational-state methyl
products.

g(V) ) -2V d
dVz′′

f(V,54.7o)|
Vz′′)V

(6)

P(x) ) Nx(1 - x) exp[-(x - x0

∆x )2] (7)
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(X′′, Y′′, Z′′) is obtained by an Euler rotation (0,θD, 0) from
the dissociation frame and has itsZ′′ axis defined as the TOF-
MS axis. The probe frame (X′′′, Y′′′, Z′′′) is defined with the
Y′′′ axis as the propagation direction of the probe light andZ′′′
as the direction of its electric field vector,Z′′′ | ε̂P, and is
obtained by the rotation (0,θP, 0) from the dissociation frame,
θP being the angle betweenε̂P and ε̂D.

Dixon35 and Cline et al.36 have described the transformation
of the body-fixedP(ω′t,ω′r) to the velocity-dependent angular
momentum polarization moments37 in the dissociation frame
(X, Y, Z), Aq

R(k), for single-photon electric dipole excitation of
the parent molecule, thus allowing the bipolar moments to be
related to the intensity of a probing transition for a given velocity
projection along the detector axis. Several authors24,36,38have
described fitting procedures for experimental TOF profiles where
the geometry and polarization of the dissociating and probe
radiation are controlled, allowing for the determination of the
various bipolar moments related to the (µ, v, J) vector
correlation.

In the present work, the nonresonant ion signal mentioned
in section II prevents the measurement of clean TOF profiles
on all probe transitions of the methyl photofragment except the
spectrally congested Q branch. Instead, a forward-analysis-type
approach is applied with a presumed (µ, v, J) correlation, based
on a dissociation mechanism suggested by previous studies that
is used to calculate the expectation values of the bipolar
moments from the semiclassical arguments listed in Table 2 of

ref 35. ModelAq
R(k) moments can then be calculated and used

to simulate the REMPI spectra at the different experimental
geometries. Comparison of the calculated polarization-dependent
REMPI spectra with experiment serves as an evaluation of the
model (µ, v, J) correlation.

A model photodissociation is proposed in which a pure
perpendicular-type absorption is immediately followed by an
impulse passing axially along the breaking CS-C bond, directly
through the center of mass of the methyl fragment. This is
reasonable because previous investigations have indicated a
strongly anisotropic photodissociation, where most of the
available energy is channeled into translational motion of the
fragments, imparting only weak internal excitation of the methyl
fragment. Within this model, only parent vibrational and
rotational motion can transfer angular momentum to the methyl
fragment, although under the free-jet-cooled conditions of the
current work, only low-J states are excited, the rotation of which
will be mostly converted into orbital angular momentum of the
half-collision. For this reason, only the effect of parent
vibrational motion (mostly zero-point) on the methyl fragment
rotational distribution and alignment is considered here.

Of the 21 fundamental vibrations of DMS discussed by
Allkins and Hendra,39 the two torsional (V1 and V2) and four
CD3 rocking (V6-V9) modes are most strongly correlated with
methyl fragment rotational excitation. Most of the torsional
energy will be transferred to spinning rotational motion of the
fragments, as no corresponding vibrational modes exist in either

Figure 4. (a) Experimental (2+ 1) REMPI spectra of the CD3 (4pz)2 A′′2 r X2A′′2 00
0 transition for three different angles,ø ) 0°, 35°, and 90°,

between the probe laser electric vector,ε̂P, and the TOF detector axis,Z′′. The simulated spectra are shown in b-d. In d,J is cylindrically symmetric
about thev vector; in b and c, theJ vector lies in thex′z′ andx′y′ planes, respectively (see text).
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CD3 or SCD3. In the case of the rocking-type vibrational modes,
it is difficult to assess quantitatively the expected energy transfer
without the aid of detailed dynamical calculations, although it
is clear that this type of motion will give rise to tumbling methyl
fragments. Tacitly assuming that theC3 axis of the methyl
fragment is parallel to the recoil velocity vector, the torsional
vibrational modes will give rise to high-K′′ state propensity (v
| J alignment), whereas low-K′′ state propensity (v ⊥ J
alignment) would be expected from the contribution of the
rocking modes.

The angleθ′t, between the parent molecule transition mo-
ment µ and the translational velocity vectorv of the CD3

fragment, is fixed to 90° for this purely perpendicular-type
transition. Within the model, the angleθ′tr (ω′tr in the notation
of ref 38) betweenJ andv and the angleθ′r can be estimated
by invoking the vector model of the angular momentumJ.37

The state|JK〉 of the CD3 fragment is then represented by a
vector of lengthxJ(J+1) making a fixed projectionK on the
methyl C3 axis that is also coincident with the velocity vector
v. The average angle〈θ′tr〉 is then given by

In previous work,9 the distribution ofJ was assumed to be
cylindrically symmetric with respect to the recoil velocity vector
v. Here, the two extreme cases of deviation from this assumption
are also considered: (i) TheJ vector is confined to the plane
x′z′; thus,φ′r - φ′t ) 0, and the angleθ′r betweenJ andµ is θ′r
) π/2 - θ′tr. (ii) J is restricted to lie in the planex′y′; thus,θ′r
) π/2, and 〈θ′tr〉 ) φ′r - ω′t. In both cases, highK values
converge toJ, v ⊥ µ at increasing values ofJ.

The two-photon intensityI of the nascent CD3 fragment 4pz
00

0 transition can be written as40

whereC is a detection constant;n is the total population of the
nascent state (N′′, K′′); and thePq

k are two-photon line-strength
factors, the calculation of which is described elsewhere.40 (Note
thatN denotes the total angular momentum excluding the spin
of the unpaired electron; fine-structure depolarization effects
are taken into account through the line-strength factors.40) For
consistency with earlier work9 the alignment parametersR′′Aq

(k)

are defined in the detection laboratory frame with respect to
the TOF-MS axisZ′′. These are obtained from theRAq

(k) mo-
ments in the dissociation laboratory frame by the transformation

Note that, for the present case, whereVZ′′/V ≈ 1, theR′′Aq
(k)

are equivalent to the molecular-frame polarization parameters
aq

(k)(⊥) of Rakitzis et al. for which explicit expressions in terms
of the bipolar moments are given in ref 41.

B.1. Polarization Scans: Determination of the ApparentR′′

Aq′
(k′)(app) Moments.Figure 6 plots the intensity of the R(5)

transition as a function ofø, the angle between the electric field
vector of the probe laser,ε̂P, and the TOF axisZ′′. In accordance
with eq 9, a linear combination of the individual unresolved
K′′-state alignment moments weighted by the population
n(N′′,K′′), and appropriatePq

k(Ni,Ki;Nf,Kf;Ω) line-strength fac-
tors determine the intensity change that is observed. In previous
work,9 a constrained least-squares fit to the data in Figure 6

Figure 5. Frames of reference used in the analysis. Upper panel: The
dissociation frame (X, Y, Z) is defined with theY axis as the direction
of propagation of the dissociation laser and theZ axis as the direction
of its electric field vector,Z | ε̂D. The TOF detector (R′′) and probe
(R′′′) frames are obtained by respective (0,θD, 0) and (0,θP, 0) Euler
rotations from the dissociation frame. Lower panel: The body-fixed
system used to calculate the model bipolar moments, with thez′ axis
parallel to the parent transition dipole momentµ at the instant that the
photolysis radiation is absorbed.

〈θ′tr〉 ) cos-1{ K

[J(J + 1)]1/2} (8)

Figure 6. (2 + 1) REMPI ion signal (spheres) of the nascent CD3

(4pz)2A′′2 r X2A′′2 00
0 R(5) transition versus the angleø between the

electric field vector of the probe laser,ε̂P, and the TOF axis,Z′′. The
dotted line shows a constrained least-squares fit of eq 9 to the data
with R′′Aq*0

(k) ) 0. The dashed line represents a least-squares fit of eq
12 to the data.

I ) Cn(N′′,K′′)∑
k,q

Pq
k(N′′,K′′;N′,K′;Ω) RAq

(k)(N′′,K′′) (9)

R′′Aq
(k) ) ∑

q′)-k

k

Dq′q
k (0,θD,0) RAq′

(k) (10)
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with R′′Aq*0
(k) ) 0 was only partly satisfactory. Although the

maximum observed when the probe electric field vector was
parallel to the TOF detection axis was qualitatively reproduced,
the asymmetric intermediate maximum was barely present in
the simulations. The reason for this discrepancy was postulated
as the contribution ofR′′Aq

(k) moments withq * 0, which are
zero within the assumption that theJ vector is cylindrically
symmetric aboutv. When the probe laser propagation direction
is fixed, the noncylindrically symmetric moments have line
strengthsPq

k that are linearly dependent on those for the
cylindrically symmetric moments, thus impeding the unique
determination of the real moments. Kummel et al.40,42,43

expressed thePq
k of eq 9 in terms of a set of mutually

independentPq′
k′(ind) over the plane of space in which the

probe laser electric field vector rotates

where the expansion coefficients are specific to a given
rotational transition and can be derived either numerically, by
least-squares fitting of eq 11, or analytically,42 by multiplying
both sides of eq 11 byPq′

k′(ind) and integrating over the plane
of rotation of the probe electric field vector. Substituting eq 11
into eq 9, grouping together all coefficients for eachPq′

k′(ind)
factor, and renaming these coefficients as the apparent moments
R′′Aq′

(k′)(app) gives an expression for the total intensity in terms
of mutually independent line strengths

where

In eq 13,k′ andq′ are restricted to the ranks and components
of the independent moments of the line strength,Pq′

k′(ind), butk
andq are completely general. Although the current experimental
configuration cannot provide a measurement of the real align-
ment moments, its sensitivity to the apparent moments is useful
for comparison with theoretical values derived from the model
dissociation process. Least-squares fitting of the data shown in
Figure 6 to eq 12 yields theR′′Aq′

(k′)(app)/R′′A0
(0)(app) moments

listed in Table 1. Also shown in the figure is a comparison with
the constrained fit from previous work,9 using eq 9, where
R′′Aq

(k) moments withq * 0 were assumed to be zero. Evi-
dently, the apparent moments provide a much more satisfactory
fit to the experimental data.

CalculatedR′′Aq′
(k′)(app)/R′′A0

(0)(app) moments within the im-
pulsive model dissociation, using Table 2 of ref 35 and eqs
8-13, are reported in Tables 2 and 3 for the two limiting cases
whereJ is confined to thex′z′ and x′y′ planes, respectively.

For linearly polarized photolysis and probe radiation, within
the approximation of a perfect core-sampling experiment (Vz/V
) 1) with a pure, single-photon, perpendicular transition (â )
-1), R′′Aq′

(k′) moments with oddq or even q > 2 are zero.
Deviations from the model give rise to the experimental nonzero
R′′A1

(2)(app) andR′′A1
(4)(app) moments (see Table 1); only the

R′′A0
(k′)(app) parameters can be compared with the values

obtained from the model impulsive dissociation. The experi-
mentally obtainedR′′A0

(2)(app)/R′′A0
(0)(app) and R′′A0

(4)(app)/R′′

A0
(0)(app) parameters listed in Table 1 show a better qualitative

correlation with those predicted for theK′′ ) 4 andK′′ ) 5
states where theJ vector is restricted to lie in thex′z′ plane of
the body-fixed frame (see Table 2).

B.2. REMPI Spectra: Nascent CD3 Rotational Population
Distributions.High-sensitivity, velocity-selected REMPI spectra
of the 4pz00

0 transition were collected for fixed geometries of
the probe laser (ø ) 0°, 35°, 90°) after photolysis of DMS-d6

at λPHOT ) 215, 218.5, and 222 nm. Typical REMPI spectra at
218.5 nm are shown in Figure 4a; assignments of the R (∆N )
+1) and S (∆N ) +2) rotational branches can be found in ref
9. Calculated REMPI spectra with intensities computed from
eq 9, using a line-width function described elsewhere6 to account
for natural and instrumental line-broadening effects (fwhm≈
1.6 cm-1), are shown for comparison with experiment in Figure
4b-d. The nascent population distribution was obtained by
empirical weighting of then(N′′,K′′) quantum states to achieve
the best fit with the experimental spectra. The simulations begin
with comparison of the spectra atø ) 0°, because at this
geometry, thePq

k line-strength factors withq * 0 are zero and,
hence, fitting is dependent on only the (v, J) correlation;
consequently, the simulations shown in Figure 4b-d for ø )
0° are identical. TheK′′ population distribution within eachN′′
manifold is modeled empirically following the methodology of
Pisano et al.38 Within that formalism, theK′′ population function
for each value ofN′′ is assumed to have the form of a Boltzmann
distribution with an effective temperature ofTK′′(N′′). For the
oblate methyl fragment, a low, positiveTK′′ value corresponds
to a propensity for rotation about theC3 axis (high K′′, spinning
motion), whereas at the other extreme, a negativeTK′′ value

TABLE 1: Experimentally Determined Apparent Moments
R′′Aq′

(k′)(app)/R′′A0
(0)(app) for the R(5) Transition of the Nascent

Methyl Fragments
R′′Aq′

(k′)(app)/R′′A0
(0)(app) experimental value

k ) 2, q ) 0 0.7( 0.1
k ) 4, q ) 0 -1.3( 0.1
k ) 2, q ) 1 -0.6( 0.1
k ) 4, q ) 1 -0.06( 0.04

Pq
k(Ni,Ki,Nf,Kf,Ω) ) ∑

k′,q′
c(k,q,k′,q′,Ni,Ki,Nf,Kf) ×

Pq′
k′(Ni,Ki,Nf,Kf,Ω)(ind) (11)

I ) Cn(N′′,K′′)∑
k′,q′

Pq′
k′(N′′,K′′;N′,K′;Ω)(ind) R′′Aq′

(k′)

(N′′,K′′,N′,K′)(app) (12)

R′′Aq′
(k′)(app)) ∑

k,q

c(k,q,k′,q′)Aq
(k) (13)

TABLE 2: Model R′′Aq′
(k′)(app)/R′′A0

(0)(app) Parameters for the
N′′ ) 5 State of the Nascent Methyl Fragments, where J is
Confined to the Planex′z′a

K′′ R′′A0
(2) R′′A2

(2) R′′A0
(4) R′′A2

(4) R′′A0
(2)(app) R′′A0

(4)(app)

0 -1 0.612 0.375 -0.198 -0.872 0.471
1 -0.9 0.592 0.255 -0.146 -0.865 0.336
2 -0.6 0.531 -0.048 -0.011 -0.810 -0.027
3 -0.1 0.429 -0.361 0.154 -0.612 -0.474
4 0.6 0.286 -0.395 0.257 -0.072 -0.664
5 1.5 0.102 0.254 0.17 1.107 0.039

a See text for details.

TABLE 3: Model R′′Aq′
(k′)(app)/R′′A0

(0) Parameters for the N′′ )
5 State of the Nascent Methyl Fragments, where J is
Confined to the Planex′y′a

K′′ R′′A0
(2) R′′A2

(2) R′′A0
(4) R′′A2

(4) R′′A0
(2)(app) R′′A0

(4)(app)

0 -1 -0.612 0.375 0.213 -1.30 0.08
1 -0.9 -0.592 0.255 0.158 -1.00 0.03
2 -0.6 -0.531 -0.048 0.013 -0.25 -0.09
3 -0.1 -0.429 -0.361 -0.163 0.64 -0.14
4 0.6 -0.286 -0.395 -0.268 1.41 0.01
5 1.5 -0.102 0.254 -0.161 1.89 0.51

a See text for details.

7942 J. Phys. Chem. A, Vol. 108, No. 39, 2004 Barr et al.



corresponds to a tendency for rotation about an axis in the plane
of the methyl radical (low K′′, tumbling motion).

As a consequence of the differingK′′ dependencies of the
Pq

k(N′′,K′′,N′,K′) line-strength factors for the R and S branches,
TK′′ for eachN′′ state could be estimated by comparing the
relative intensities of common R and S transitions. Low-N′′
states (N′′ ) 1-3) are better described by a low-K′′ propensity
[e.g., in both spectra, the S(3) transition is stronger than its R(3)
counterpart], whereas a high-K′′ propensity better describes the
higher-N′′ states (e.g., forN′′ > 5 the S branch is barely observed
in any of the spectra). An intermediate-K′′ propensity was found
for the states between these limits (N′′ ) 4 andN′′ ) 5) and
for the stateN′′ ) 11. The spectrum atø ) 90° is particularly
sensitive to thePq

k line-strength factors withq * 0 so that,
provided that then(N′′,K′′) is reliable, comparison of experiment
and simulation at this geometry provides an indication of the
full (µ, v, J) correlation. The simulations in Figure 4b represent
the best qualitative agreement with experiment, indicating that
theJ vector lies preferentially in thex′z′ frame after dissociation
and that the nascent (µ, v, J) correlation is well described by
the axial impulsive model.

The N′′ distribution determined from the data atλPHOT )
218.5 nm is plotted in Figure 7 and cannot be fitted with a
Boltzmann distribution of nascent rotational CD3 states; this
finding is examined in section IV.

The above analysis was repeated for the REMPI spectra
obtained following photolysis at the other wavelengths studied.
The empirically fittedN′′ distributions were found to be almost
identical in each case, with an average rotational energy of the
nascent CD3(V)0) fragment,〈EROT〉 ≈ 200 cm-1, representing
only ∼1% of the total available energy, in reasonable agreement
with previous experiments5-9 at other photolysis wavelengths
within the first absorption band.

IV. Discussion

A. Implications of the Experimental Data. The most
important experimental results are as follows: (i) DMS dis-
sociates via reaction 1 across the entire first absorption band
(215-230 nm). (ii) A large fraction of the available energy is
deposited into photofragment translation,〈x〉 ≈ 0.7-0.8,
decreasing as a function of excitation energy. (iii) The anisotropy
parameterâ is negative and converges toward its limiting value

for an instantaneous, perpendicular-type transition (â ) -1) at
the onset of the first absorption band (∼230 nm). (iv) Only about
5% of the available energy is channeled into internal excitation
of the methyl fragment, the rotational excitation of which is
found to be nonstatistical. (v) (µ, v, J) correlations are shown
to be well approximated by an axial impulsive model, with a
noncylindrically symmetric distribution of theJ vector with
respect tov.

In general, these observations corroborate earlier evidence
that photodissociation of DMS in the first absorption band occurs
via an abrupt, impulsive mechanism following a perpendicular
polarized transition. However, points ii and iii would seem to
imply that dissociation does not occur by direct coupling to a
repulsive surface, where one would generally expect the
anisotropy and fraction of available energy in translation to be
invariant with respect to excitation energy. In the following
section, each of the above findings is rationalized with a view
toward understanding the dissociation mechanism that is
responsible. It is shown that the set of results presented here is
consistent with the earlier picture developed for the photodis-
sociation of the lighter sulfur homologue H2S molecule,44 where
photoabsorption to a bright bound state of1B1 symmetry is
strongly predissociated by a repulsive dark state of1A2

symmetry.
B. Energy Partitioning. Knowledge of the way in which

the available energy,Eav, is partitioned into the photofragment
degrees of freedom can provide information on both the
energetics and dynamics of the reaction. Simple models predict-
ing this energy partitioning following molecular photodissocia-
tion can be divided into two categories.Statistical modelsare
most appropriate for slow reactions occurring on barrierless
potential energy surfaces; all product states are equally likely
within a series of constraints. Examples include prior distribu-
tions45 in which energy and linear momentum are conserved,
and phase space theory46 (PST), which also conserves angular
momentum.ImpulsiVe models47 are more suitable for direct
dissociation on a repulsive potential.

The energy available,Eav, to be partitioned between the
degrees of freedom of the photofragments CD3 and SCD3 is
given by the following expression

whereEphoton is the photolysis photon energy,D0(CD3S-CD3)
is the zero-point bond dissociation energy (313.59 kJ mol-1 from
ref 17), andEint is the internal energy of the parent molecule.
Most of the contributions toEint should involve the low-
frequency modes, skeletal bends, and methyl torsions that are
expected to undergo partial or complete relaxation in the
supersonic expansion.

Although weak excitation of the “umbrella” vibrational mode
of the nascent CD3 fragments to that reported in a previous
communication from our group5 (<4% of the available energy)
was also observed in this work at all photolysis wavelengths,
for the purpose of comparison with theoretical predictions, it is
assumed that vibrational excitation of the methyl fragment is
negligible at all photolysis wavelengths. The resulting experi-
mental values for〈x〉 can then be directly compared with average
translational release fractions,〈fT〉, calculated by theory. The
average fractions〈x〉 obtained from the experimental measure-
ments are listed in Table 4 for each photolysis wavelength
studied.

The large fraction of available energy found in product
translation clearly indicates that statistical theories are inap-
propriate for describing the dissociation dynamics of this system.

Figure 7. Empirically fitted N′′ state populations extracted from
simulations of the REMPI spectra of nascent CD3 fragments following
photodissociation atλPHOT ) 218.5 nm. Circles, squares, and triangles
indicate high-K′′ (spinning motion), low-K′′ (tumbling motion), and
intermediate-K′′ propensities, respectively.

Eav ) Ephoton- D0(CD3S-CD3) + Eint (14)
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The impulsive model is based on the assumption that the
available energy acts as a repulsive potential along the breaking
bond, with the conservation of linear and angular momentum
determining the energy partitioning among fragments. A limiting
impulsive formalism for energy partitioning between photo-
fragment degrees of freedom was devised by Busch and
Wilson47 (BW) for the modeling of triatomic molecular pho-
todissociation. The basic idea of this model, based on the
spectator stripping model used for nuclear48 and bimolecular49

reactions, is that the atoms of the dissociating bond recoil so
sharply that the energy is released before the other atom has
had time to respond. The model has been used frequently since
and has undergone several refinements, including the extension
to polyatom-polyatom half-collisions.50 A modification of the
impulsive model was proposed by the same authors47 where
product vibrational degrees of freedom were decoupled from
the dissociation coordinate. Later, Lim51 noted that this modified
impulsive model does not conserve linear momentum and
implemented a new vibrationally adiabatic impulsive dissocia-
tion model (V-AID), in which the method of undetermined
Lagrange multipliers was used to decouple vibrations from the
dissociation reaction coordinate.

Calculations using the BW and V-AID impulsive models,
where it is assumed that the geometry of the excited parent
molecule is that of the ground state calculated by Manaa and
Yarkony,4 are compared with the experimental data in Table 4.
This is a reasonable approximation, given that the dominant
excitation is nonbonding (3b1) to Rydberg (9a1) and, conse-
quently, would not be expected to provoke a dramatic change
in equilibrium geometry. The preferential partitioning of avail-
able energy into translational recoil is qualitatively reproduced
by the BW model; however, this model predicts substantial
vibrational excitation of theV2 umbrella mode of the CD3
fragment (∼24% of the available energy). In contrast, only weak
excitation (<4% of the available energy) of this mode has been
observed experimentally.5 As a consequence, the BW〈fT〉
fractions are smaller than the experimental values. Accounting
for this observation, it is suggested that the dissociation of DMS
mimics the photolysis of ICH3 in its first absorption band,52-56

where the CH3 moiety gradually relaxes to its equilibrium planar
geometry prior to cleavage of the C-S bond. The surplus energy
not observed as CD3 vibrational excitation must be partitioned
into the other available degrees of freedom of the fragments.
Comparison of the experimental data with the V-AID model,
where vibrational energy in the methyl fragment is assumed to
be frozen at its zero-point energy, predicts the translational
energy release to within 10% of the observed value at 229 nm,
supporting the suggestion that the photodissociation occurs along
a path in which the potential energy in the CD3 bending
coordinate is a minimum for a given CS-C distance.

The observed decreasing fraction of available energy depos-
ited into translation with increasing excitation energy (see Table
4), also reported in a recent ion imaging study of the undeu-
terated molecule in the first absorption band,8 suggests that an
exit barrier on the excited potential energy surface mediates
the dissociation dynamics. This would certainly be consistent
with the work of Manaa and Yarkony,4 where a surface of
conical intersections caused by the avoided crossing of the
excited 11A′′ and 21A′′ surfaces (anaccidental same-symmetry
conical intersection in the classification of Yarkony57) was
located in the Franck-Condon region of the X˜ 1A1 state. Figure
8a depicts the excited 11B1(11A′′) and 11A2(21A′′) surfaces of
Manaa and Yarkony,4 calculated as a function of the CS-C
dissociation coordinate with all other geometrical parameters
fixed to the ground-state equilibrium structure. A qualitative
explanation of the experimental results can be obtained by
considering the following points: After one-photon absorption,
a superposition of states on both the 11B1(11A′′) and 11A2(21A′′)
potential energy surfaces is produced, the latter as a result of
vibronic coupling of the 11B1 and 11A2 states through the CSC
asymmetric stretching mode. In the case of the dominant,
symmetry-allowed excitation to the 11B1 state, dissociation
proceeds mainly as a consequence of zero-point nonsymmetric
vibrational motion, through nonadiabatic coupling to the
repulsive 11A2 surface over a barrier in the dissociation
coordinate formed by the avoided crossing. In the case of the
vibronically allowed absorption to the 11A2(21A′′) state, excita-
tion at wavelengths corresponding to the region of conical
intersections, at the base of the excited potential in Figure 8a,
facilitates almost instantaneous dissociation. However, at shorter
λPHOT, molecules are produced with higher, Franck-Condon-
favored, asymmetric stretching vibrational excitation. These
excited molecules must undergo, at least partially, intramolecular
vibrational redistribution (IVR) to reach a surface of conical
intersections at their corresponding energy. These processes are
depicted schematically in Figure 8b and c using the torsional
degree of freedom as an example energy redistributing vibra-
tional mode through which the evolving excited system could
be funneled toward a seam of conical intersections. IVR
processes are particularly facile in polyatomic molecules, where
low-frequency torsional and/or bending modes can dramatically
increase rovibrational state densities.

Because energy partitioning in the purely impulsive type
models is based solely on mass factors, such models predict
that the fraction of available energy in translation is invariant
with respect to the excitation energy. However, the nature of
the dissociation mechanism implied by the above discussion
requires a model that reflects both the impulsive nature of the
half-reaction at the conical intersection and the statistical
redistribution occurring at higher energies. For the excited-state
dissociation of a polyatomic molecule with as many degrees of
freedom as DMS, accurate quantum dynamical calculations are
not yet feasible. Nevertheless, qualitatively useful impulsive-
statistical treatments have been proposed by Sonobe et al.,58

Gejo et al.,59 North et al.,60 and Osborn et al.61 The common
theme of these models is the partitioning of the available energy,
Eav, for the products into two independent reservoirs:Estat, the
available energy in excess of the barrier, andEimp, the height
of the barrier with respect to the products (see Figure 8a). The
treatment of each energy reservoir is dependent on the respective
theories, although the qualitative predictions are not expected
to change significantly. Here, we assume that the V-AID model51

accurately represents the impulsive “vibrationally adiabatic” part
of the dissociation mentioned above, while the partitioning of

TABLE 4: Experimentally Determined Anisotropy
Parameters,â, and Average Fractions of Available Energy
Deposited into Photofragment Translation,〈x〉, as Functions
of the Photolysis Laser Wavelength,λPHOT

a

observed impulsive

λPHOT (nm) â ( 0.1 〈x〉 ( 0.02 BW〈fT〉 V-AID 〈fT〉 hybrid 〈fT〉
229c -0.9 0.80 0.66 0.87 0.83
222 -0.8 0.77 0.66 0.87 0.77
218.5 -0.8 0.75 0.66 0.87 0.75
215 -0.8 0.72 0.66 0.87 0.73

a Experimental values are compared with calculations of〈fT〉 based
on the Bush and Wilson (BW) impulsive (ref 47), V-AID impulsive
(ref 51), and hybrid models for energy partitioning.c Ref 6.
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the statistical fraction follows the recipe of North et al.60 where
energy is assumed to be freely distributed among the parent
vibrational modes. Distribution of the statistical energy among
photofragment degrees of freedom is achieved by the judicious
assignment of three ensembles of vibrational parent modes
correlating with translational, rotational, or vibrational motion
of the products.60 For the calculation of the statistical reservoir

in this work, ground-state DMS vibrational frequencies calcu-
lated at the B3LYP/6-31G(d,p) level of theory with the
Gaussian98 software62 were used as an approximation to those
of the excited state; these are listed in Table 5, together with
their respective product mode assignments. The Whitten-
Rabinovitch method63 was used to calculate the vibrational
density of states for all ensembles. Because the calculations of
Manaa and Yarkony4 indicate that the surface of conical
intersections occurs in the Franck-Condon region accessed from
the ground X̃1A1 state, the first feature in the absorption
spectrum (∼234 nm) of ref 8 is taken as a lower limiting value
for the excitation energy corresponding to the impulsive barrier.
Eimp therefore takes the valueEphoton- D0 ) 16 538 cm-1 above
the ground-state products, while the statistical reservoir isEstat

) Ephoton - Eimp. The predictions from thishybrid model are
listed in Table 4 for comparison with the experimental data.
Although the excellent agreement between the values might be
fortuitous, it does suggest that the above model provides a
qualitatively correct description of the dissociation mechanism
taking place.

C. Anisotropy and Vector Correlations of the Photoprod-
ucts. C.1. Recoil Anisotropyâ. The anisotropy parameterâ is
sensitive to both the lifetime,τ, and the geometry of the
dissociating molecule. For an instantaneous dissociation,â is
related to the dissociation geometry by

whereθ′t is the angle between the absorbing transition dipole
momentµ and the recoil velocity of the photofragmentv. The
anisotropy parameter therefore ranges fromâ ) -1, for a
dissociation wherev is perpendicular toµ, to â ) 2, where the
two vectors are parallel. Because the transition moment for the

Figure 8. (a) Schematic diagram illustrating the electronic states involved in the photodissociation of DMS at 215-229 nm with the various
energy quantities (Eimp andEstat) used in the hybrid statistical-impulsive model described in the text. (b) Schematic representation of a 2D cut of
the 11B1(11A′′) and 11A2(21A′′) excited potential energy surfaces as a function of the torsional and CS-C reaction coordinates. The vertical double
arrows indicate a seam of conical intersections. Excitation (E1) of low asymmetric stretching vibrational levels on the 11A2(21A′′) surface facilitates
almost instantaneous dissociation by direct access of the conical intersection. (c) Excitation (E2) of higher asymmetric stretching levels on the
11A2(21A′′) surface can reach a seam of conical intersections by IVR among other vibrational modes. The torsional mode was chosen as an illustrative
case

TABLE 5: Ground-State DMS-d6 Vibrational Energies
Calculated at the B3LYP/6-31G(d,p) Level of Theory Using
Gaussian98

mode
energy
(cm-1)

product
assignmenta

CD3 asym. torsionV1 128.9 rotation
CD3 sym. torsionV2 130.5
C-S-C deformationV3 221.5

C-S-C sym. stretchV4 623.8 translation
C-S-C asym. stretchV5 689.4

in-plane CD3 asym. rockV6 684.3 rotation
out-of-plane CD3 asym. rockV7 710.3
out-of-plane CD3 sym. rockV8 751.2
in-plane CD3 sym. rockV9 837.2

CD3 asym. deformationV10 1024.2 vibration
CD3 sym. deformationV11 1042.3
out-of-plane asym. deformationV12 1061.4
out-of-plane sym. deformationV13 1068.5
out-of-plane asym. deformationV14 1074.9
out-of-plane sym. deformationV15 1078.1
in-plane sym. C-H stretchV16 2174.7
in-plane asym. C-H stretchV17 2176.9
out-of-plane sym. stretchV18 2305.7
out-of-plane asym. stretchV19 2311.5
out-of-plane asym. stretchV20 2319.4
out-of-plane sym. stretchV21 2320.5
a Product degree of freedom assignments used in the partitioning of

the statistical reservoir,Estat, (see text) are indicated.

â ) 2〈P2(cosθ′t)〉 (15)
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11B1 r X̃1A1 transition is directed perpendicular to the plane
containing the C-S-C framework, the axial recoil limiting
anisotropy parameter for excitation in the first absorption band
is â ) -1. As shown in Table 4, the measured recoil anisotropy
parameterâ is close to this limit at all of the photolysis
wavelengths studied, although this observation should be treated
with care given that, for a jet-cooled sample of a polyatomic
molecule, the rotational period is long and so, therefore, is the
time scale required for significant loss of anisotropy. Assuming
that parent rotation is the dominant factor in the “washing out”
of the limiting anisotropy, then an approximation for the excited-
state lifetime,τ, can be obtained from the classical expression
for the reduced effective anisotropy parameter used for the
treatment of diatomic molecules64

whereω is the angular velocity of the parent rotation. Calculat-
ing the average rotational period of the excited state assuming
a rigid ground-state geometry4 predicts upper limiting excited-
state lifetimes of∼1.3 and∼1.9 ps for the experimentally
measured anisotropy parametersâeff ) -0.9 (atλPHOT ) 229
nm) andâeff ) -0.8 (at λPHOT ) 222, 218.5, and 215 nm),
respectively. These values would certainly seem reasonable,
bearing in mind the suggestion that at least partial IVR occurs
before bond rupture and given that the benchmark for relaxation
in molecules that are about the same size as DMS is∼1 ps.63

C.2. (µ, V, J) Correlations.Although far from providing a
comprehensive analysis, forward simulations of the polarization-
dependent REMPI spectra provide strong evidence that the
proposed axial impulsive model adequately describes the
dissociation mechanism. As was suggested to be the case in a
previous study,9 the analysis here indicates that theJ vector
does not have cylindrical symmetry aboutv.

Figure 9 shows a schematic diagram of the dissociating parent
DMS molecule. Strictly speaking, because the model impulse
passes through the center of mass of the methyl fragment, only
vibrational motion of the excited parent molecule can induce
its rotational excitation. As shown in the figure, the two in-
plane rocking modes (V6 andV9) exert a torque about thez′ axis
of the molecule-fixed frame (J in planex′z′), whereas the two
out-of-plane rocking modes (V7 and V8) result in angular
momentum about they′ axis (J in plane x′y′). Hence, a
cylindrically symmetric distribution ofJ about v should be
expected, unless a further source of in-plane torque can be
invoked to explain the experimental observation thatJ is
preferentially located in planex′z′. In the hybrid model
calculations mentioned above, theV3 C-S-C deformation mode
was included in the rotational product ensemble, following the
guidelines of North et.al.,60 although much of that angular
momentum is expected to be converted into orbital motion of
the products. It is tentatively suggested here that this mode could
be the source of the additional in-plane torque, as well as the
distortion of the CSC bond angle (105.5° at the equilibrium
geometry compared to 112° on the surface of conical intersec-
tions) that is expected to occur on reaching the surface of conical
intersections.4

D. Rotational Excitation of the Methyl Fragment. As noted
on above, parent vibrational motion is the main source of the
angular momentum imparted to the methyl fragments, giving
rise to the rotational stateN population distribution shown in
Figure 7. The two torsional (V1 andV2) and four CD3 rocking
(V6-V9) modes are most strongly correlated with methyl
fragment rotational excitation. Particularly, in a Franck-
Condon-type picture, the torsional modes are expected to be
well correlated with “spinning”, high-K′′-state propensity methyl
fragments, because the parent vibrational wave function is very
similar to that of the product free rotor. Reference to Table 5
shows that the two torsional modes vibrational frequencies are

Figure 9. Rocking methyl parent vibrational modes can induce rotational angular momentum of the photofragment withJ perpendicular tov(x′).
The two in-plane modes (upper) exert a torque about thez′ axis of the molecule-fixed frame (J in planex′z′), whereas the two out-of-plane rocking
modes (lower) result in angular momentum about they′ axis (J in planex′y′).

âeff ) â( 1 + ω2τ2

1 + 4ω2τ2) (16)
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almost the same; the zero-point (V1 ) 0, V2 ) 0) combination
has an energy of∼130 cm-1. This energy is not quite sufficient
to account for the average excitation observed (∼200 cm-1),
although a significant contribution to product angular momen-
tum should also be expected from the CD3 rocking modes (V6-
V9). Previous investigations54,56,65,66on the dissociation of cold
ICD3 following absorption to the A band (λPHOT ≈ 266 nm)
reported “tumbling”, low-K′′-state-propensity, nascent methyl
fragments. It was concluded that approximately half of the
rotational energy observed (∼94 cm-1) originates from zero-
point I-C-D3 bending vibrational energy and approximately
half from a torque exerted by the bent superposition of excited
states. Assuming that a similar quantity of energy is channeled
from the DMS “rocking” modes, then this would approximately
make up the balance that is observed experimentally.

Continuing the comparison with ICD3 photodissociation, the
N′′ states in the present work (N′′ ) 3-12) that favor a higher-
K′′ propensity mirror more closely the study of the A band
photodissociation of warm ICD3 reported by Black et al.67

Presumably, in that case, the warm, spinning motion of the
prolate ICD3 parent preferentially correlates with the high-K′′
propensity of the methyl photofragment. In contrast, the
rotational motion of the cold, tumbling ICD3 can only correlate
with orbital angular momentum of the fragments. Rotational
excitation of the methyl fragment must then originate from ICD3

zero-point vibrational motion that can only correlate with a
nascent low-K′′ propensity given that there are no parent
torsional modes.

The above considerations allow some tentative comments to
be made on theN′′ population distribution extracted from the
REMPI spectra (see Figure 7). In the limit of very similar wave
functions for the parent vibration and methyl free rotor degrees
of freedom,N′′ rotational states in close resonance with the
torsional energies are expected to be preferentially populated.
Shown in Table 6 is a comparison of the average energies of
the prominentN′′ ) 6 andN′′ ) 9 states, both found to have
high-K′′-state propensity, as evidenced by the nonappearance
of their corresponding S transitions, with the first three torsional
energy levels of the parent molecule. The energies are suf-
ficiently close to be speculatively assigned as resonantly
associated with the torsional modes, bearing in mind the
approximate nature of theTK′′ temperature and the ground-state
approximation to the torsional frequencies of the dissociating
DMS parent. As one might expect for a cold sample, theN′′ )
6 state corresponding to the (0, 0) zero-point torsional vibration
is preferentially populated, though some population of the (1,
0) and (0, 1) levels should also occur, as a consequence of both
nonvertical transitions and also the retention of the initial
Boltzmann population of the ground state. Weak excitation of
these higher levels could account for the apparent tendency for
formation of theN′′) 9 state.

Because the statesN′′ ) 0-3 appear to be formed with a
low-K′′ propensity, it would seem reasonable to assign their
origin to the rocking vibrational motion (V6-V9) of the parent
DMS. The remainingN′′ states are presumably populated by a
less specific continuum of dissociation mechanisms involving
parent vibrational and rotation, as well as energy-redistribution

processes considered previously. The correlation of parent
vibrational motion with fragment rotation is less clear for the
prominent peak obtained atN′′) 11. As remarked in section
III.B.2, this N′′ state is associated with an intermediateK′′
propensity and might be tentatively assigned to mixed contribu-
tions from rocking and torsional modes of the parent molecule.

V. Conclusions

This paper describes the results of a further investigation of
the photofragmentation dynamics of DMS following excitation
at a variety of wavelengths within the first absorption band. In
accordance with previous work,5-9 measurements of REMPI-
TOF profiles of the nascent CD3 products indicate a strongly
anisotropic dissociation, with approximately 70-80% of the
available energy appearing as relative fragment translation. At
all of the photolysis energies studied, only weak vibrational
excitation of the umbrella mode of the methyl fragment is
observed, which is contrary to intuitive expectations for an axial
repulsion along the CS-C bond. This finding is rationalized in
terms of a vibrationally adiabatic dissociation that mirrors that
following the excitation of ICD3 to its first absorption band,
where the CD3 moiety gradually relaxes to its equilibrium planar
geometry prior to cleavage of the CS-C bond. Analysis of the
REMPI spectra reveals similar weak excitation in the rotational
degree of freedom of the methyl fragment, corresponding to
approximately 1% of the available energy. Thus, the available
energy is partitioned primarily into translational recoil and
internal excitation, presumably mainly rotational, of the SCD3

fragment.
At λPHOT) 229 nm, the observed translational energy released

into the products is very similar to that predicted by a modified
impulsive model that takes into account the vibrational adia-
baticity of the CD3 fragment. At higher excitation energies, the
fraction of available energy deposited into product translation
decreases, a finding that cannot be rationalized in terms of either
the modified impulsive model or a statistical model in which
too little translational excitation is predicted. A possible
interpretation of the qualitative features of the excited-state
surface, aided by previous theoretical calculations,4 suggests that
a more realistic picture should combine at least partial statistical
redistribution prior to an impulsive release of energy. A hybrid
statistical-impulsive dissociation model predicts a photolysis
wavelength dependence of the translational energy release that
compares favorably with experimental measurements.

Rotational excitation of the methyl fragments is thought to
arise mainly from zero-point vibrational motion of the dis-
sociating parent. Low-N′′ states (N′′) 0-3) are produced with
a low-K′′ propensity, indicating that they originate from rocking
vibrational motion. In contrast, higher-N′′ states are formed with
a high-K′′ propensity, correlating with torsional parent modes.
Preferentially populatedN′′ states are tentatively suggested to
be resonantly associated with torsional vibrational frequencies
of the dissociating DMS parent. A simple model used to
approximate the correlations of theµ, v, andJ vectors just after
dissociation satisfactorily reproduces the observed probe-
polarization-dependent, velocity-selected REMPI spectra.
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